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Introduction:2D

Materials

Since the discovery of fullerene and single layer carbon nanotubes
(CNT), which are 0D and 1D carbon nanomaterials respectively,
researchers tried to isolate 2D graphitic materials or to make 1D nano-
ribbons from 2D crystals. The same chemical element or compound
can exhibit different properties in different dimensionality, which not
only defines the atomic structure of the material but also determines
the properties to a significant degree [1, 2, 3, 4, 5]. The early results
came since 2004 with the first isolation and electrical characterization
of graphene (Gr) transistors published by Geim’s group [6]. In the last
10 years more than a dozen kinds of 2D crystals have been isolated
and studied and now the 2D materials family includes not just carbon
materials but also transition metal dichalcogenides (TMDCs), oxides,

and layered metals.

Layered Van der Waals materials, existing in nature in the bulk
form, represent the most common source of 2D materials. Layered
materials exhibit strong in-plane bonds, while weak Van der Waals
forces between the layers make them ready for exfoliation. Among the
most promising applications of 2D materials are electronic devices [2,
3, 7). Inrelation to electrical properties, we can have a complete family
of electric materials from the 2D crystals, such as superconductors,
metallic materials, semimetals, semiconductors, insulators. Figure 1
shows the list of all the current members in the 2D layered materials
family. However, stability is a critical issue. The blue shaded materials
are stable under ambient conditions (room temperature in air) in

monolayers; those probably stable in air are shaded green but those
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that may be stable only in inert atmosphere are shaded pink. Grey
shading means monolayer has been exfoliated and verified by atomic

force microscopy (AFM), but no further information has yet been

provided.
Graph hBN 2
rfzgn ”eyne Graphene ‘white graphene’ BCN Fluorographene Graphene oxide
. N Metallic dichalcogenides:
o Semiconducting NbSe,, NbS,, TaS,, TiS,, NiSe, and so on
2 dichalcogenides:
chalcogenldes MoS,, WS,, MoSe,, WSe, MoTe,, WTe,,
ZrS,, ZrSe, and s0 on Layered 93”""3?""“‘310’5:
GaSe, GaTe, InSe, B’zse:s and so on
Micas, Hydroxides:
BSCCO il e, Perovskite-type: Ni(OH), Eu(OH), and so on
LaNb,0,, (Ca,Sr),Nb,0,,,
2Donc ‘ Bi,Ti,0, ,, Ca,Ta,TiO,, and S0 on
Layered Ti0,, MnO,, V,0,, Gth
Cu oxides | TaO,, RuO, and so on ers

Figure 1: 2D materials family [7].

Three rules of thumb to obtain a 2D crystal from its 3D layered
parent can be helpful for the search of new 2D materials: first,
3D layered materials with high melting temperature, typically over
1000°C, have better chances; second, potential 3D layered better
parents have chemical inertness; third, insulating and semiconducting
2D crystals are more likely to be stable after exfoliation or synthesis
[7].

In addition to the isolation of a single atomic plane of 2D material,
the overlap of the individual layers by means of Van der Waals
bonds, with consequent formation of heterostructures, would reveal
new phenomena.

These Van der Waals heterostructures, as schematically shown in
fig. 2, are promising for the creation of new devices with multilayer
specially chosen, because there is no strict requirement related to
lattice matching between the stacked 2D crystals [7].

Besides the exfoliation from parent bulk crystals, from which small
flakes of 2D materials for laboratory experiments are typically ob-
tained, research have been focused in the last years to develop meth-

ods for the growth of high quality 2D materials on large area.
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Figure 2: Common 2D materials: Graphene, MoS2, hBN, WSe and Fluo-
rographene, with a schematic example of the “building” of Van der Waals

heterostructures [7].

In the case of Gr, the two main scalable approaches to obtain
single or few layer films with excellent electronic quality on large
area are the chemical vapour deposition (CVD) on catalytic metal
substrates [8] and the thermal decomposition of silicon carbide by
high temperature thermal processes [9, 10]. CVD approaches for the
growth of other 2D materials beyond Gr, such as TMDCs, are also
under development [11, 12]. Futhermore, the possibility of growing
2D materials heterostructures by the so-called Van der Waals epitaxy

concept is also under investigation [13].

The thesis work is mainly focused on two 2D materials: graphene
(Gr) and molybdenum disulfide (MoS;). Particular attention has been
placed on the production and characterization of the two materials,
and mainly on the investigation of the effects of doping of these materi-
als by opportune post-production treatments in controlled atmosphere
by thermal procedures. One of the aims of this work, apart from con-
sidering and clarifying the physical aspects of the thermally induced
processes, is to improve the performances of these 2D materials in
electronic and optoelectronic field and in the perspective to study the
materials for the preparation of opportune Gr/MoSs heterostructures.

This thesis is mainly organized in five chapters, as follows:
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Chapter 1 contains an overview of the general physical properties
of Gr and its main applications; the production methods (in particular
the exfoliation from graphite, the growth by chemical vapor deposition
(CVD) and the epitaxial growth on SiC) and transfer of Gr on insulat-
ing substrates (such as SiOs); of the effects due to doping (intentional
or not) and how to evaluate, using the p-Raman spectroscopy, vari-
ous aspects such as the number of Gr layers, doping effects and strain
effects.

Chapter 2 collects an overview of the general physical properties
of MoS, and its main applications; the synthesis and exfoliation of
layered MoSs (in particular the mechanical exfoliation from bulk of
MoS; and the growth by chemical vapor deposition (CVD)) and the
identification of a single layer or a few layers of MoSs.

Chapter 3 reports an overview of the experimental techniques
used, in particular Raman spectroscopy and atomic force microscopy,
with a description of the equipments used.

Chapter 4 describes the samples used and the treatments to which
they were subjected during the thesis work.

Chapter 5 collects the experimental activity on samples used. In
particular graphene on different substrates samples were employed
(SiC, SiO4/Si, Al,O3/Si) and MoSy samples on a SiOs/Si substrate.
The graphene samples on SiO5 and on Al; O3, as well as MoSs samples,
were subjected to thermal treatments in air and in controlled atmo-
sphere, in order to evaluate the effects and identify changes control-
lable as a function of temperature, atmosphere and treatment time.

A chapter with the main conclusions closes the thesis.



Chapter 1

Graphene

1.1 Physical and chemical properties

Graphene is a crystalline allotrope of carbon, consisting of a two-
dimensional (2D) layer of atoms packed in a honeycomb lattice (see
Fig. 1.1) [4]. The atomic monolayer graphene can be considered
the basic structure for many carbon allotropes [4]: for example,
the overlapping of different planes of graphene, bound by weak Van
der Waals type forces constitutes the graphite; carbon nanotubes
(CNT) are two-dimensional structures obtained by wrapping a layer
of graphene in the form of a cylinder; while the fullerene, generally
indicated as zero-dimensional structure, is obtained by folding on

itself, in spherical form, the graphene sheet [14] (Fig. 1.1).

Figure 1.1: Schematic representation of the allotropes of carbon derivable
from graphene. To the left, it is shown a typical structure of fullerene; in

the center a carbon nanotube; to the right the graphite multilayer structure

[4, 15].
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In the electronic configuration of carbon (Z = 6), 1s* 2s? 2p?
the 1s orbital electrons are inert and do not contribute to chemical
bonding, while those of orbitals 2s, 2p, and 2p,, following hybridiza-
tion, form the planar sp? orbital, which generates the strong o bonds
among C atoms that guarantee high mechanical stability of graphene.
The hybrid sp? orbital gives rise to bonds with angles of 120° in the
plane and determines the shape of the typical hexagonal lattice struc-
ture. The remaining 2p, orbital is directed perpendicular to the sp?
orbital plane and originates the extraordinary electronic properties of
graphene or gives rise to m bonds with other atoms. By linear Combi-
nation of Atomic Orbitals (LCAO) method it is possible to calculate
the distribution of molecular orbitals in an aromatic system. Using
this approach, the linear combination of a number N of 2p, orbitals
generates an equal number of molecular orbitals: N/2, at lower ener-
gies, are totally filled m—bonding orbitals and N /2, at higher energies,
are totally empty 7* anti bonding orbitals. The electrons in these 7
and 7* orbitals are delocalized over the aromatic system. As a conse-
quence, the C-C distance of 0.142 nm for each pair of nearest-neighbor
C atoms is approximately the average length of a single (0.154nm) and
a double bond (0.134nm). Considering Gr as an infinitely extended
sheet, the calculation of energy band structure can be addressed solv-
ing the Schrodinger equation for the electrons in the Gr hexagonal
lattice in the tight-binding approximation [16].

The Gr structure can be divided in two sub-lattices A and B, as
indicated in Fig. 1.2(a) by full and empty circles respectively, in order
to satisfy the equivalence conditions to define the Bravais lattices [17].
The basis lattice vectors a1 and as (see Fig. 1.2(a)) can be defined as:

ap = 5(3, \/g) Ao = 5(3, —\/g) (11)

where a is the C-C distance which is exactly 0.142 nm in the case of
Gr.

Considering the Gr reciprocal lattice in the momentum space, the
corresponding basis vectors by and by are:

by = %(1,\/3) by = z—Z(l, —V3) (1.2)
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Figure 1.2: (a) Crystal structure of monolayer Gr with A and B atoms
shown as empty and full circles. The shaded rhombus is the conventional
unit cell while a1 and a2 are primitive lattice vectors. (b) Reciprocal lattice
of Gr. The first Brillouin Zone is indicated with the high symmetry point
T as the centre, K and K’ as the two non-equivalent corners and M, M’,
and M as the three non-equivalent centers of the edge while bx and bz are

reciprocal lattice vectors [17].

In Fig. 1.2(b) the first Brillouin Zone of the Gr reciprocal lattice
is indicated with the high symmetry point I' as the centre, K and
K’ as the two non-equivalent corners and M, M’, and M" as the
three non-equivalent centers of the edge. The energy bands obtained
from the solution of the Schrédinger equation in the tight-binding

approximation can be expressed as:
Ey(k) = +t\/3+ f(k) (1.3)

where f(k) is a function of the momentum k and ¢ is the hopping
energy (t ~ 2.8¢V estimated by ab initio calculations [18]), defined as
the energy required for an electron to hop from a C atom to the three

nearest-neighbors atoms.

f(k) = 2cosV/3kya + 4cos?kyacosgkwa (1.4)

The positive sign in Equation 1.3 refers to the upper antibonding
band (7*), while the negative sign refers to the lower bonding band
() respectively.

In Fig. 1.3(a) the calculated valence and the conduction band

energies are plotted as a function of the momentum |k| along the
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directions defined by the high symmetry points (e.g. T', M and K)
of the first Brillouin Zone. As is visible in Fig. 1.3(b), the energy
difference between the conduction and valence band is maximum in
correspondence with the Brillouin zone centre I', whereas it is null
(zero band gap) in the K and K’ corners of the Brillouin zone, where
the valence band maximum and conduction band minimum merge
in the singularity points, called Dirac points or neutral charge point
(CNP).

(a) 2 (b)
C"“d'-'q,b for
~—~
2 g
ol F\‘I:l:ni cnergy
% 0 8) 5
5 e S P T 2
FS Valence band ul
©
Tk T M K

MOMENTUM (X)

Figure 1.3: (a) Energy dispersion relation of the o (red) and the m (blue)
bands of the momentum |k| along the directions defined by the high symmetry
points I', M and K [19]. (b) Dispersion relation of Gr in the first Brillouin
Zone [20].

It is important to calculate the dispersion relations close to K
(or K’). For this purpose, the wavevector k can be expressed as
k = K + K, where K is the wavevector of the K point (with the
origin in the Brillouin zone center) and k' is a wavevector with the
origin in the K point. Close to the K point, the Eq. 1.3 can be

expanded using the Taylor series and approximated as [16]:
Ey(K) ~ thvpk’ (1.5)

where vg is the Fermi velocity, with a value vr ~ 10%n/s. This
linear dispersion relation for electrons energy in Gr is different from

the usual parabolic relation:

_ RPK?

2m

E(k) (1.6)
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for electrons in semiconductors, where the electron velocity is:

hk  [2E
v=t o[22 (1.7)
m m

The linear dispersion relation indicated earlier is similar to that of
massless particles (such as photons) or that of ultra-relativistic par-
ticles, with the exception of the Fermi velocity value which is vp =~
¢/300 lower than the speed of light ¢ = 3 - 10%m/s. The linear dis-
persion relation in Gr has been experimentally verified in different
ways, for example the most direct approach is using angle resolved
photoemission spectroscopy, that is able to measure the energy and
the wavevector of photoemitted electrons with energy value below the
Fermi level [20].

1.1.1 Electrical and transport properties

Many of the peculiar electronic properties of Gr, such as the
density of electronic states linearly depending on the energy and the
ambipolar current transport [16], are a direct consequence of the linear
dispersion relation.

The density of electronic states (p) in Gr can be calculated starting
from the dispersion relation [16, 21]. Clearly, close to the Dirac point
(E =0) it is a linear function of the energy E:

9s9v
p(E) = W|E| (1.8)
where g; = 2 and g, = 2 are the spin and valley degeneracy, respec-
tively.

This dependence of the density of states on the energy for Gr has
strong implications both on the electronic and optical properties of
Gr. For a fixed value of the Fermi energy, the carrier density, n, in

Gr can be expressed as:

n= [ rorrE)E (1.9)

where p(E) is the density of states and f(E) is the Fermi distribution

(see Eq.1.10)

F(B) = . ) (1.10)

1+ exp <E;7?F
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A plot of the carrier density as a function of Er — Ep (where D is the
Dirac point) at a temperature T'= 300K is reported in Fig.1.4

Er>0
Br=0
Ep <0

10"
Ig 10"
g electrons
G
o
3 103
8
810" 1=300K

10 05 00 05 10

E.-E, (eV)

Figure 1.4: Carrier density as a function of Er — Ep at a temperature
T = 300K and (top) the variation of the Er level in the Dirac cones.

The majority carriers are electrons when Frp — Ep > 0 (Fermi
level in the conduction band) and holes when Ep — Ep < 0 (Fermi
level in the valence band). Noteworthy, even at the neutrality point
(Er = Ep), where the density of states is zero, a finite value of the
carrier density

m (kBT

2
i =Di= = ~6.5-1010cm 2 1.11
ni=pi= g huF> 6.5-10""cm (1.11)

is found, due to thermal effects.

The 2D electron nature of Gr was immediately clarified since the
first experiments on this material [4, 22] by the observation of the
quantum Hall effect (QHE), which is the demonstration to reveal 2D
electron phenomena. A peculiar feature of graphene is its character-
istic Hall effect: in the traditional Hall effect, electric current, flowing
on the metal surface under the presence of a transverse magnetic field,
produces a potential difference (Hall potential) between the two metal
faces. Because of the ratio between the potential difference and the
flowing current (Hall resistivity) is directly proportional to the applied

magnetic field, Hall effect is usually employed for the measurement of
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magnetic fields. In a bi-dimensional metal system, at temperature
close to the absolute zero, Hall resistivity becomes quantized, and as-
sumes values around h/ne? (where h is the Planck’s constant, n a pos-
itive integer number and e is the electric charge). However, graphene
exhibits a different QHE. Because of the quantum-mechanic effect,
named Berry’s phase, Hall resistivity assumes only values for which n
is an odd integer number. These properties were observed for the first
time by Novoselov et al. at environmental temperature and not near
the absolute zero, as seen in the metals, anyway demonstrating the
2D nature of graphene electrons [22]. This is due to the fact that, in
graphene, the magnetic energy of electron is 1000 times higher than
that of other materials.

Generally, the experimental quantity that is measured during cur-
rent transport measurements is the conductivity o, which is related

to the carrier mobility pu and to the electron density n by
o =qnu (1.12)

where ¢ is the electron charge.

Under ideal experimental conditions, such as for free-standing graphene
[23], giant carrier mobility was observed, u ~ 10°cm?V ~1s~1 at room
temperature.

Between the mobility and the electron mean free path [, a relation
can be obtained by a semi-classical approach based on the Boltzmann

theory and the relaxation time approximation [24, 25],

_qurT _ ql
#= hvmn  hymn

where 7 is the relaxation time for a fixed value of Fermi energy. It

(1.13)

is clear that the limiting factors for the electron mobility of Gr are
directly related to the scattering mechanisms, which limit the electron
mean free path.

Under ideal conditions (which allow to consider the Gr as a planar
sheet with no defects, no contamination or environmental influences),
the only limiting factor for the electron mean free path is the disper-
sion of longitudinal acoustic phonons (14, pron), inversely proportional
to the squared root of electron density and to the temperature 7' [26]

as
1

LA Phon OC ——— 1.14
APhon % 75 (1.14)
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As illustrated in Fig 1.5, the electron mean free path (Fig 1.5 (a)),
mobility (Fig 1.5 (b)) and conductivity (Fig 1.5 (c)) can be calculated
at different temperatures and plotted vs the carrier density for a mi-
crometric Gr sample [19].

(a)
g 0.8
= 06 Joep112
0 4] Limited by Graphene sample
D‘2 LA phonons —— size W =1umx1um
(®) ey H a2
"o q0° Ballistic Temperature
= & o 300K
& o’ A 100K
A Limited by
=3 LA phonons 10K
. 10°*
c
o 7_”1!2
. aga Ballistic
b o
S 002 4" o= cofet
o «” LA phonons
0.01 3&!;:!_\:
M
10" 10" bl

Figure 1.5: Graphs showing calculated intrinsic electron mean free path, I,
(a), mobility, u, (b) and conductivity, o, (c) versus the carrier density, n,
at three different temperatures (I = 10, 100 and 300K ) for a Gr sample
with size W = 1pm - 1um [19].

Under practical experimental conditions, at room temperature and
under ambient environment, the mobility as well as the electron mean
free path of Gr can be significantly reduced due to several effects. For
example the Gr is very sensitive to the interaction with the substrate
and with the external environment [19]. Furthermore, mobility can
be dependent on the Gr synthesis method (i.e. defects and defor-
mations, chemical modifications), and on the successive manipulation
processes (such as the Gr transfer procedure), and/or on any addi-
tional processes for devices fabrication, which can introduce struc-
tural and morphological damages or chemical residues [27]. Typical
mobility values of Gr devices reported in the literature can range from

~10%2em2V 1571 to ~ 10%em?V~1s71 at room temperature [19].
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1.1.2 Optical properties

The particular electronic structure of Gr is reflected also on the
optical properties, in particular in the absorption and transmission
of light. Notably, the optical absorption of a monolayer is quite
constant (~ 2.3%) in UV-Vis and NIR range, as illustrated in Fig
1.6. Furthermore, the absorbance of a few-layers of Gr stack increases
proportionally to the number of layers (for N up to 4) [28, 29, 30].

100 No. of layers = 1(97.4%)

— e
—|_2oo1) |

95
90

gs{ \\V/ /

Transmittance (%)

80 4

75 4

70 T T T
200 400 600 800 1,000

Wavelength (nm)

Figure 1.6: UV — VIS spectra for a different number of Gr layers, from
the single layer to a four layer stack [28]. The transmitted light decreases

almost proportionally with the number of layers.

As a results of the linear dispersion relation of Gr around the Dirac
point, the optical conductance G (related to the optical inter-band
transitions) results to be independent on frequency in a wide range of

photon energies and in according to the universal optical conductance

G, [31]: )

G(w) = Gy = % ~6.08 - 10770 (1.15)

This constant behavior of G with the photon frequency implies that
other observable quantities such as the optical transmittance T, the

absorbance A and the reflectance R are frequency independent as well.

For a freestanding Gr monolayer T, R and A can be expressed
applying the Fresnel equations in the thin-film, in the form:

G\ 2 ra\ 2
T=(1+2m2) =(1+5) ~1-ma=977% (116
c

R=-7m%*T < 0.1% (1.17)

| =
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A=1-T=23% (1.18)
where,
e? 1
T he T 137 (1.19)

is the fine structure constant.

Despite its high absorbance (considering its atomic thickness),
in absolute terms Gr can be considered as an excellent transparent
conductor. It is currently investigated as a replacement of ITO for
applications in optoelectronics and photovoltaic. Due to its high
flexibility (see section 1.1.4), it is the ideal candidate for flexible and

organic light emitting devices.

1.1.3 Thermal properties

In addition to the electronic band-structure, also the phononic
dispersion relation has very important implications on some physical
properties of Gr such as the thermal conductivity and the specific heat.
Considering again the unit cell of the Gr lattice, formed by two car-
bon atoms, three Acoustic (A) and three Optical (O) phonon modes
can be calculated. It is particularly relevant to consider that the dis-
persion relation between the phonon energy and the wave vector ¢ is
linear for low |q| values, for example near to the centre of the Brillouin
zone, for Longitudinal (LA) and in-plane Transverse (TA) Acoustic
phonons, while the out-of-plane flexural (ZA) Acoustic phonons fol-
lows a quadratic dispersion (see Fig. 1.7). The group velocities for TA
and LA in the case of Gr are from 4 to 6 times higher than those in
other materials such as silicon and this property can be attributed to
the strength of the sp? bonds and to the small mass of carbon atoms.
Gr exhibits a thermal conductivity among the highest of known mate-
rials, ranging from 2000 to 5000Wm =1 K1 [32, 33, 34] for suspended
single layer membranes, at room temperature. The specific heat for a
single layer of Gr, is mainly related to the lattice vibrations (phonons)
at all practical temperatures. To date, the specific heat of single-layer
of Gr was not measured directly, but it is possible to make a com-
parison with the specific heat of graphite. At room temperature the
specific heat of graphite is ~ 30% higher than that of diamond due to
the higher density of states at low phonon frequencies [35].
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Figure 1.7: Phonon dispersion of Gr along high symmetry lines in the
Brillouin zone. Three Acoustic (A) and three Optical (O) phonon modes
are reported. At low q, the wave vector energy dependence is linear for
Longitudinal (LA) and in-plane Transverse (TA) Acoustic phonons and
quadratic for out-of-plane flexural (ZA) Acoustic Phonon [36].

The thermal conductivity & is linearly related to the specific heat
¢, to the group velocity v and to the phonon mean free path A. In the

diffusive regime (for a Gr size L >> \), k can be expressed as:

K= ch\ (1.20)

The high values of k¥ measured for a suspended Gr membrane are
the result of the high specific heat, the high group velocities and the
long phonon mean free path (600nm for suspended Gr). On the other
hand, structural disorder can easily degrade the thermal conductivity
of Gr [37]. Analogously to the charge transport properties described
above, also the in-plane thermal conductivity is seriously conditioned
when the carbon membrane is sustained by a substrate. In the case
of Gr sustained on Si05 a decrease of the thermal conductivity of one
order of magnitude occurs as a result of the coupling and scattering

of Gr phonons with the substrate vibrational modes [38].

1.1.4 Mechanical properties

Also from the mechanical viewpoint, Gr reveals outstanding prop-
erties, such as a high flexibility alongside one of the highest in-plane
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tensile modulus, which are related again to the peculiar 2D hexagonal
structure of sp? hybridized carbon atoms. These mechanical proper-
ties are the basis for many potential applications of Gr. The Young’s
modulus is used to describe these properties whose value is given by
the ratio between the stress tensor of the mechanical tension applied
to the material (o), and that of the deformation undergone (). If

the two tensors are uniaxial, the Young’s modulus along the x axis, is

Oy 1 82E5
F=—=—|— 1.21
Ex Vb( 65% >E0 ( )

where Vj; and Ej are, respectively, values of the equilibrium volume

given by:

and energy, and Eg is the strain energy. In the case of Gr, it makes
more sense to consider the stiffness in the plane because of the two-

dimensional nature of the material. We can then rewrite Eq. 1.21:

1 (0%Eg
E_AO< 502 )E (1.22)

where normalization for the equilibrium surface, Ag, is used. A sys-

tematic experimental analysis of elastic and strength properties [39]
were conduced on pm size suspended circular membranes of Gr stressed
by Atomic Force Microscope (AFM) tips. By these results it was possi-
ble to calculate a Youngs modulus of 1.02+0.037 Pa (about 200 times
greater than that of steel) under experimental conditions in which the

energy from in-plane strain was the most relevant contribution [40].

1.1.5 Chemical properties

Highly crystalline graphene surfaces appear to be chemically in-
ert, and usually interact with other molecules via physical adsorp-
tion (m — 7 interactions). However, it is possible to functionalize
graphene surface by anchoring several chemical groups such as car-
boxyl (COOH), carbonyl (COH), hydrogen (CH) and amines (NHs)
at the edges, which are more chemically reactive. In 2009, Novoselov
et al. reported the obtainment of a fully hydrogenated graphene sheet,
termed ”graphane” (Fig. 1.8): the hydrogenation route is reversible
at 450° C, and unlike graphene, graphane behaves as a semiconductor
[41]. However, the synthesis of this compound still needs to be im-
proved and further analysis related to the C-H bonding nature using
XPS should be carried out.
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Figure 1.8: Graphane structure. (Top) Schematic image of the reaction

between graphite and hydrogen; (bottom) Schematic image of Graphane [42].

In order to make the graphene surface more chemically reactive, ei-
ther surface defects or high degrees of curvature need to be introduced.
In several studies the graphene reactivity is increased by reacting it

with halogen atoms such as fluorine [43].

1.2 Applications

Thanks to its extraordinary properties, graphene has found appli-
cation in field-effect transistors, in transparent conducting electrodes,
in functional devices such as energy storage systems and photovoltaics,
gas sensors, and in biological field.

Transparent conductors Transparent conductors (TCs) are an
essential part of different electronic devices, such as touch screen dis-
plays, electronic papers, organic light-emitting diodes (OLEDs) (a
schematic example is shown in Fig. 1.9), and other photonic tech-
nologies: they require a low sheet resistance with high transmittance
(of over 90%) depending on the specific application. With high elec-
trical conductivity, high carrier mobility, and moderately high optical
transmittance in the visible range of the spectrum, graphene mate-
rials are the best candidates for the development of a new category
of TCs. Different researches, in recent years, have demonstrated that
graphene has a transmittance and sheet resistance combination com-
parable to traditionally indium tin oxide (ITO), and can be a valid
alternative to it as transparent conducting coating in electronic de-

vices, furthermore, graphene is cheaper than ITO and is characterized
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by mechanical flexibility and chemical durability, important features
for flexible electronic devices, in which ITO usually fails [28].

Solar cells and similar light harvesting devices are strongly in-
fluenced by the type of TC used. Transparent conducting films of
solution-processed [44] and CVD grown graphene [45] have been used
and implemented for inorganic [46], organic, hybrid [47] and dye sen-
sitized solar cells (DSSC) [48, 49]. In particular for DSSC, graphene
replaces ITO at the anode, reducing the recombination rate and thus

improving the efficiency of the device [48].

Cathode
N\ \/
Organic Light -
Emitting Layer

Graphene

Substrate

Figure 1.9: OLED using graphene as transparent conductor.

Field effect transistors (FETs) Due to its excellent carrier
mobility and saturation velocity, as well as the ambipolar current
transport, graphene has been considered for next generation high
frequency transistors applications. The field effect transistor (FET)
is currently the most used device in the fields of analog and digital
(i.e. logic) electronics. FET is made up of a doped semiconductor
substrate, usually Si, on which three terminals are applied: gate,
source and drain (as shown in Fig. 1.10). The operation of these
devices is based on the ability to control the electrical conductivity of
the channel region, and thus the electric current passing between the
source and drain contacts, by applying a bias to the gate electrode.
Since the experimental values of the field-effect mobility of graphene
are one order of magnitude higher than that of Si, GFETs are able
to operate at higher frequency than Si FETs. Furthermore, the use
of graphene affords to achieve chips having lower size than that of

traditional FETs. The world smallest transistor, having a thickness
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of one atom and a width of about ten, was created in 2008 [50]. GFETs
with 100 GHz switching frequency have been reported by Lin et al.
[61]. In addiction, studies have been carried out on graphene p-n
junctions, in which carrier type and density in two adjacent regions
were locally controlled by electrostatic gating [52]. Among the major
limitations of GFETs is that they cannot be turned off effectively
due to the absence of a band gap and therefore are not suitable
for logic applications (that require switching between the two states
of conductivity). Several researches are being targeted at opening
a band gap in graphene through different approaches: nanoribbons
formation [53], application of a perpendicular electric field to bilayer
graphene [9] and chemically modified graphene [41]. Nevertheless,
all of these approaches have so far been unable to open a band gap
wider than 360 meV [54], limiting the on/off ratio to about 10%, much
less than the required 10° for logic applications. Moreover, they can
often introduce defects and contaminants into GFETSs, reducing its
performances [55]. The issue of the low on/off ratio can be addressed
adopting new transistors architectures different than lateral FETs.
Although such devices allow for on/off ratios of 10%, more work on
integration is required to enable the full use of graphene for logic

applications.

Graphene channel

Dielectric

Figure 1.10: Structure of field effect graphene transistor: a source (S) and
a drain (D) are connected through a graphene channel, which allows the

passage of an electron at time.

Chemical and biological sensors Another interesting applica-
tion of graphene is in the field of the chemical and biological sensors.
Its ultrasensibility is due to its large surface area, its single-atom thick-
ness and its low electric noise, and can be improved by functionalizing
graphene with various organic and inorganic species (atoms, nanopar-

ticles, polypeptides and nucleotides). The atomically thin structure
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can also enable many novel sensing schemes, such as nanoporous mem-
branes for DNA probing and sequencing [56, 57]. Different studies
have shown that graphene molecular sensors are able to detect gases
such as NOy, NH3, Ho and CO with a sensibility up to some parts
per million [58]. There are two types of chemical sensors based on
graphene: the GFETSs, in which a variation in the conductivity re-
sponds to nearby charge fluctuation brought by molecular binding
near or on graphene, and graphene or graphene-derivate electrochem-
ical sensors, which detect redox potential and the current of certain
species. Lu et al. observed that GFETSs, having graphene function-
alized with single stranded DNA, are highly sensitized towards va-
por analytes [59]. To realize biological sensors, graphene has been
functionalized with receptors that selectively bind to specific target
species. In fact, ultrasensitive devices based on graphene are able
to detect a range of biological molecules such as glucose, cholesterol,
hemoglobin and DNA. For example, Ohno et al. obtained an aptamer
(specific oligonucleotide or peptide filaments) modified GFETs, hav-
ing a high sensitivity and good selectivity toward immunoglobulin E

protein [60].

Drug delivery systems and bio-applications In biology and
biotechnological fields, graphene has recently gained great attention
due to its large surface area, chemical purity and its ability to be func-
tionalized. Graphene can solubilize and bind drug molecules, acting
as a drug delivery vehicle: thanks to its lipophilic character, graphene
sustains the passage of some drugs through biological membranes.
So far, most of the work is focused on the study and investigation
the loading and in vitro behavior of aromatic anticancer drugs [61].
However, given the safety and regulatory obstacles and long timescale
associated with drug development, graphene-based drug delivery sys-
tems will be commercially introduced in 15 years.

Thanks to its extraordinary mechanical properties graphene can also
found application in tissue engineering field. In fact graphene could
be incorporated into the scaffold material to enhance its mechanical
properties and modulate its biological performance in areas such as
cell adhesion and proliferation [61]. Moreover, various graphene-based

nanomaterials have been used to fabricate functionalized biosystems
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integrated with nucleic acids, peptides, proteins and even cells (Fig.
1.11) [62].

Bacteria

“. % &
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: %
Proteins

Nucleicacids

Aptamers
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Figure 1.11: Graphene and its derivatives have been reported to be function-
alized with peptides, DNAs, proteins, aptamers, and cells through physical
adsorption or chemical conjugation. The functionalized graphene biosystems

with unique properties have been used to build up biosensors, and biodevices

[62].

Nevertheless, it is important to underline that before graphene can be
widely used in such biomedical applications, the understanding of its
biocompatibility, biodistribution and its toxicity is needed. There are
still few studies related to graphene toxicity, which is strongly influ-

enced by its morphology, size and synthesis method.

Electrochemsical devices Recently, graphene has been used as a
material for the construction of supercapacitors, thanks to its high in-
trinsic electrical conductivity, good resistance to oxidative processes,
high temperature stability and an accessible and defined pore struc-
ture. In 2009, Stoller et al. realized the first prototype of graphene-
based electrochemical double-layer capacitors, having an optimal en-

ergy and density power (Fig. 1.12) [63].

Graphene nanosheets are also used as support material for plat-
inum catalysis in fuel cells, due to the strong interaction with platinum

and its small particle sizes, graphene leads to an increase of the cat-
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alytic activity in methanol fuel cells [64].

Figure 1.12: In a supercapacitor device two high-surface-area graphene-
based electrodes (blue and purple heragonal planes) are separated by a
membrane (yellow). Upon charging, anions (white and blue merged spheres)
and cations (red spheres) of the electrolyte accumulate at the vicinity of the
graphene surface. lons are electrically isolated from the carbon material

by the electrochemical double layer that is serving as a molecular dielectric

[65].

However, in order to replace the common supporting material (acti-
vate carbon, carbon black, graphite) in such devices, graphene must
be superior in terms of performance and cost. With its high theoreti-
cal surface area and ability to facilitate electrons or hole transfer along
its two-dimensional surface, graphene can be also used in lithium ions
batteries, since, the introduction of graphene should help to overcome
some issues due to the poor electrical conductivity, and should give rise
to novel coreshell or sandwich-type nanocomposite structures. Yoo et
al. demonstrated that the use of graphene nanosheets in conjunction
with carbon nanotubes and fullerenes increased the battery charge

capacity [66].

1.3 Graphene preparation methods

1.3.1 Exfoliation of Graphite

Andre Geim and Konstantin Novoselov were the first, in 2004,
to be able to experimentally isolate graphene [6], starting from bulk
graphite, by the scotch tape technique and transferring it on the sur-
face of a silicon dioxide (S702) on Silicon (S7). Monolayer flakes were

identified exploiting the optical contrast due to the interference of light
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reflected at Gr/SiOy and SiO2/Si interfaces, which is maximized for
properly chosen SiO5 thicknesses [6]. Innovative experiments, usefully
clarifying the properties of this 2D material, led the two researchers
to win the Nobel prize for physics in 2010; demonstrating the inter-
est from the scientific community in this field of research. The used
production technique, generally known as mechanical exfoliation, still
provides the best quality Gr crystallites and is currently used for sev-
eral research purposes. However, due to the limited lateral size of
obtained Gr flakes (not exceeding 100um in the best conditions) [4],
this approach is not suitable for all those activities that require larger
membranes on extended area. Several other strategies have been pro-
posed to increase the yield and the efficiency of the exfoliation ap-
proach [67]. Alternatively it is possible to enhance the exfoliation
yield by oxidative and chemical-intercalation reactions which limit
the van der Waals interactions as well as the hydrophobic character
of the carbon membrane in order to enhance its dispersibility in a
wide range of solvents. The weakness in this case is connected to the
reverse reaction to reduce Gr oxide, for example with hydrazine hy-
drate, which gives back a partially damaged and not totally reduced
Gr [68, 69].

It is possible to obtain single-layer of materials, with high effi-
ciency, using thermal exfoliation techniques. Rapid high temperature
heating through graphite oxide [70] as well as low temperature exfoli-
ation of graphite under vacuum [67], have yielded some of the highest
surface areas of all exfoliation methods. In the years several meth-
ods of exfoliation, such as the electrolytic exfoliation, or the thermal
quenching have been proposed which exploit high temperatures and
fast cooling down steps, or finally the superficial fluid exfoliation in

organic solvent and in presence of surfactants.

Neverthless, all these approaches are suitable to create macro-
scopic amounts of Gr, but are not suitable for applications in the

microelectronic field.

To date, the real alternatives to produce large area Gr appropriate
for electronic applications are the graphitization of Silicon Carbide
(SiC) surface and the Chemical Vapor Deposition (CVD) of Gr on
catalytic metals. Both strategies are able to give high quality, con-

trollable thickness and wafer scale Gr membranes, suitable for several
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applications even in microelectronic field.

1.3.2 Epitaxial graphene by graphitization of Sili-
con Carbide

Silicon Carbide (SiC) is a semiconductor that currently consti-
tutes the material of choice for high power electronics [71]. Different
polytypes of SiC can be found in nature, but the most used ones for
applications are the hexagonal polytypes (6H- and 4H-SiC). Si and C
atoms are covalently bonded in SiC. The hexagonal polytypes consist
in a stacking of planes formed by Si-C dimers with peculiar sequence,
giving rise to the 4H- or 6H-SiC. As a consequence, SiC wafers al-
ways expose two faces with different terminations, (the Si-terminated
face (0001) and the C-terminated face (0001)), which are oriented or-
thogonally to the growth axis (c-axis) of the hexagonal lattice as also
illustrated in Fig. 1.13.

Si-face (0001)

Silicon

Carbon

F N

C face (000-1)

Figure 1.13: Illustration of the hexagonal polytype SiC which exposes two
faces with different terminations: the Si—face (0001) and the C—face (0001)

Subjecting the SiC at high temperature thermal processes, it
occurs a sublimation of Si from the surface, leaving an excess of
C, which is reorganized to form graphene-like islands that grow to
form an exended film of Gr. Indeed, almost in the same period when
the first experiments on Gr exfoliated from graphite were carried at
Manchester (UK), the group led by W. de Heer at Georgiatech (US)
[72] started to work on the controlled graphitization of SiC to achieve

the formation of single or few layers of Gr.



1.3.2 Epitaxial graphene by graphitization of Silicon Carbide 25

At first, the graphitization of SiC was mainly carried out in Ultra-
High Vacuum (UHV) in a range of temperatures around 1200-1400°C.
In the years this growth technique was exploited to obtain Gr layers
on both the (0001) Si-face [9, 73], and the (0001) C-face [10, 74].
It was clear, however, that the growth of Gr on Si-face was easier
and more controllable than the growth on the C-face. In addiction,
on Si-face thinner layer compared to those on the C-face can be
obtained. Moreover, Gr grown on both sides by the UHV method
was affected by a restricted homogeneity and by a low quality on
large area. Greater homogeneity and larger Gr domains with uniform
thickness were obtained by performing the thermal treatments in inert
gas (Ar) atmosphere at higher pressure (up to the atmospheric one)
and at higher temperatures (above 1600°C) [75].

The possibility of growing uniform Gr layers on large area opened
the way to the application of sophisticated spectroscopic techniques

2 sample areas), such as X-ray Photoemission

(typically requiring mm
Spectroscopy (XPS) and Angle-Resolved Inverse Photoemission Spec-
troscopy (ARPES), which are able to provide information both on the
chemical bonds and on the electronic structure of epitaxial Gr [76].
The growth of Gr layers, in addiction to pressure and temperature de-
pends, also, on the orientation of SiC. The structure and electronics
properties of graphene layers vary if it is grown on Si-face (0001) or
on C-face (0001) of the SiC. Single or few layers of Gr can be obtained
on the Si-face, with a very good control on the thickness. These layers
also exhibit a very precise epitaxial alignment with respect to the sub-
strate and are stacked each other with the Bernal stacking (the same
stacking of Gr sheets within graphite). On the other hand, under
similar experimental conditions, multilayers of Gr are obtained on the
C face, with a poor control on the uniformity. Moreover, a rotational
(turbostratic) misorientation between the different layers is observed
[77]. These different structural features are evident from Low En-
ergy Electron Diffraction (LEED) patterns, reported in Fig. 1.14 for
Gr layers on the Si-face and C-face of SiC. These different structural
characteristics are also reflected in the ARPES measurements. Repre-
sentative ARPES spectra for single layer and bilayer Gr on the Si-face
are reported in Fig. 1.14 (c) and (d) respectively, clearly indicating

a modification of the band structure with increasing the number of
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layers, consistently with the Bernal stacking. In the case of Gr multi-
layers on the C-face, the ARPES spectra consist of several Dirac cones
shifted along the wavevector axis (Fig. 1.14 (e)), indicating that the

different Gr layers are electronically decoupled each other.
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Figure 1.14: LEED patterns for Gr grown on (a) the Si—face and on (b) the
C—face. Dispersion of the m— bands measured with ARPES perpendicular
to the I' K —direction of the Gr Brillouin zone for (c) a Gr single layer and
(d) a double layer on the Si—face and for (e) multilayer Gr on the C—face.

The different structural and electronic properties between Gr on the
Si and C faces are the consequence of different growth mechanisms.
To date, a good understanding of the Gr growth mechanism on the
Si-face has been reached. In this case, the growth is mediated by
the formation of a (6\/3 X 6\/§)R30° reconstructed C interface layer
(called ”buffer layer”) which represents the precursor of Gr forma-
tion [78]. The "buffer layer” consists of a layer of carbon atoms with
hexagonal lattice, which are partially sp® hybridized due to covalent
bonds with Si atoms of the substrate. The first Gr layer is obtained
after the formation of a new interfacial buffer layer and the conversion
of the old one into a fully sp? hybridized sheet. Furthermore, the role
played by the buffer layer as a template for Gr growth fully explains
the stacking order (Bernal stacking) between Gr layers on the Si-face
[79].
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To date, a clear understanding of Gr growth on the C-face of
SiC has not been reached. Differently than for Si-face, an interfacial
buffer layer has not been observed for the C-face and this can account
for the rotational disorder between stacked Gr layers. Recently, the
presence of ~ 1 nm thick interfacial amorphous layer of SiC has been
observed by atomic resolution transmission electron microscopy (with
low energy, 60 keV, electron beam) for Gr grown at high temperatures
and atmospheric pressure on the C-face of SiC [80]. Interestingly
this layer exhibits a not uniform composition, the presence of Si
decreases, while increasing that of C toward the interface with Gr.
This amorphous layer can work as a precursor for Gr formation on
the C-face of SiC.

Among the most interesting properties of the Gr on SiC (0001)
system is the possibility of tailoring the electronic properties by inter-
calation of proper atomic species at the interface. The most commonly
used intercalating species is hydrogen. During annealing at temper-
atures between 600°C and 1000°C in molecular hydrogen at atmo-
spheric pressures, hydrogen intercalation occurs, which decouples the
buffer layer from the SiC (0001) surface [81]. The intercalation with
hydrogen causes the breaking of the covalent bonds between the sp3-
hybridized C atoms of the buffer layer and the Si atom of the SiC
(0001) surface with the conversion of the buffer layer into a Quasi-
Free-standing Epitaxial Graphene (QFEG) layer (see, Fig. 1.15).

Buffer layer Quast-free-standing single layer

® Si * H

dangling
I ¢ C bond

Buffer layer + Gr layer Quaskfree-standing double layer

CO-09-CO0—09-C0-09-0 CO-00-CO-00-C0-00-0
W H, A O-C0-00-00-00-00-09

Figure 1.15: Schematic illustration before and after the hydrogen treatment
for an as grown buffer layer (up) and an as grown buffer layer plus a second
Gr layer (down) [81].
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1.3.3 Chemical Vapor Deposition of graphene on
catalytic metals

The most promising method, low cost and very accessible for the
production of graphene on a large area is the chemical vapor deposi-
tion (CVD) on metal substrates (Ni, Pd, Ru, Ir and Cu), since with
this approach high quality samples are get [8]. The catalytic metal
is exposed to an organic gas flow (such as methane), that decom-
poses to carbon radicals to form few layers or even a single layer of
Gr. The epitaxial growth on catalytic metals is ruled by two different
mechanisms, which depend on the solubility of the carbon atoms in
the metal at the growth temperature. In this context, Ni and Cu,
which are the most used substrates for Gr CVD growth [8, 19], ex-
hibit a different behavior, due to the very different C solid solubilities
in these two materials. The maximum solubility of C atoms in Ni is
0.6% at the melting temperature, Tp; = 1455°C (as illustrated in Fig.
1.16 (c)), whereas in the case of Cu its value at the melting temper-
ature, Tps = 1085°C, is much lower (0.0076%), as illustrated in Fig.
1.16 (d). As a result, when a polycrystalline Ni substrate is exposed
at high temperature (~ 900 + 1000°C) to the hydrocarbon gas, this
decomposes in carbon radicals, which dissolves into the metal bulk.
During the cooling down step, due to the reduced C solubility in the
metal with decreasing the temperature, carbon atoms segregate on Ni

surface forming graphitic layers (see Fig. 1.16 (a)).

On the other hand, C atoms do not dissolve within Cu, due to the
low solubility limit, but diffuse on its surface. Studies on the coating
as a function of time of growth of graphene on Cu have shown that the
process is self-limiting, that is, after the entire surface of the Cu was
covered with graphene, subsequent layers of graphene are not formed.
In addition, Raman analysis performed on the entire sample at the
end of growth shows that 95% of the surface is covered with a single
layer of graphene, while the rest is covered by multilayers, which are
predominantly formed in the proximity of the Cu grain boundaries
[8, 82].
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Figure 1.16: Schematization of the growth process of Gr by CVD on Ni (a)
and on Cu (b). Below the phase diagrams for the binary system Ni-C' (c)
and Cu—C (d): the mazimum solid solubility of C is strongly different in Ni

and Cu, with ~ 0.6% at Ty =1455°C and ~ 0.0076% at Thr= 1085°C for
Ni and Cu respectively [82].

Fig. 1.17 (A) shows a SEM (scanning electron microscopy) image
of graphene domains on Cu in the initial stages of growth, when the
surface is partially covered [8]. An image at higher resolution (Fig.
1.17 (B)) shows the presence of steps and corrugations (wrinkles) on

the surface of the graphene, and evidence of multilayer near the edges
of the different domains [8].

Figure 1.17: (A) Scanning electron microscopy (SEM) image of graphene
grown on Cu by CVD. (B) SEM image at higher resolution showing edges of

graphene domains where there are multilayers; the inset shows the folding
on the edge of the graphene [8].
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The grains boundaries separating the domains represent one of the
main factors that degrade the electrical and mechanical properties of
this material [83, 84]. Moreover, the as—grown Gr shows character-
istics corrugations generically called ”wrinkles” [8]. Their formation
originates from the difference between the negative thermal expansion
coefficient of Gr (Ag, = -6 -1076K~! at 27°C) and the Cu positive
one (Agy, = 17 -107°K~1). These literature results led to the conclu-
sion that, to date, the most convenient method to produce graphene
is the growth on catalytic metals. Between the substrate metals Cu
is preferred, since higher quality samples are obtained, whereas in the
case of Ni thin layers of graphite are found and the process is not

self-limiting, by contrast to Gr grown on Cu [8].

1.3.4 Graphene Transfer

For the use of Gr in many applications, after growth by CVD on
metals it is necessary the transfer to other substrates. Generally, the
most used approach to separate Gr from the growth substrate exploits
the chemical etching of the metal layer. Ni and Cu are commonly
etched away by chemical solutions such as FeCls [85], Fe(NOg3);3
[86], (NH4)2S20s [28]. In principle, Gr can be fished using the
target substrate directly from the etching solution after the complete
dissolution of the metal [85], but this procedure exposes the Gr
membranes to a high probability of rippling and breaking and cannot
be applied for large area samples. To reduce these problems, a support
polymeric film is typically attached to the Gr membrane, before metal
etching. The polimeric film has the purpose of preserving the integrity
of Gr and planarity as well as to improve the handling. One of the
polymers adopted is the Poly(Methyl-MethAcrylate)(PMMA), which
is typically deposited on the top of Gr by spin-coating. After metal
etching, the PMMA /Gr film is placed on the desired target substrate
and the PMMA layer is removed using proper solvents (acetone, as
an example, see fig. 1.18) [87]. Notwithstanding, this approach is
affected by several weaknesses: due to the rigidity of the baked PMMA
layer, Gr is frozen with the wrinkled topography formed during the
cooling down step of the CVD growth and coherently transferred on
the final substrate. This rigid causes a bad accommodation on the

target surface so that Gr risks of being rippled and cracked during the
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PMMA dissolution. To overcome this limitation, several attemps have
been made, such as the deposition of a second PMMA layer directly
over the transferred PMMA /Gr layer to dissolve the first polymer
film [86] or the introduction of a heat treatment step to increase the
adhesion between the PMMA /Gr stack and the substrate [88], which
also involves a partial softening of the polymer. PMMA has another
weakness: the partial covalent bonding with the Gr causes a partial
removal of polymer, with a consequent partial degradation of the Gr
electrical performances. The Gr cleanness and the related properties
can be improved by appropriately choosing chemical baths to dissolve
PMMA [89] or alternatively exploiting thermal annealing in Hy gas
at the appropriate temperature [89, 90], without damaging the Gr.

Hs, CHy gas flux Graphene on top
_—
Copper A ramp Copper

PMMA coating and chemical etching of copper in wet solution

Spin, T
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Spin cantingnd = | ——
Thermal bake _ I
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l l l PMMA wet elimination

| Gr on insulator substrate I

Figure 1.18: Schematic illustration of the procedure for CVD growth of
graphene on Cu and of the transfer procedure with PMMA on an insulating
substrate (for example SiOz ).

In spite of the above mentioned issues related to the need of Gr
transfer, CVD deposition on catalytic metals is currently the most
used approach to produce Gr on large area for electronics applications,
due to the relatively lower cost of metal substrates (as compared to

SiC), and to its versatility.

1.4 Doping of Graphene

The 7 electrons in graphene play a key role to determine many

of its electrical properties, and the doping effect is of particular
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sensitivity because of the interaction of this 7 band with impurities
[91]. This sensitivity can be a disadvantage because of the difficulty
to avoid charged impurities [92]; on the other hand, it is a key to
improve the electrical conductivity and in the use of graphene as a
transparent conductive film to achieve sheet resistances comparable
to ITO [28].

There are different ways to dope the Gr. Generally the doping
takes place during the phase of growth of the material, using suitable
precursors (as we will see in section 1.4.2). It may be necessary,
however, to dope graphene after the growth phase. For this purpose
various studies have been done on the most suitable methods for
inducing and control doping. For example Masubuchi et al. [93]
have created a graphene/graphene oxide/graphene junction by locally
oxidizing a layer of Gr with the aid of atomic force microscopy (AFM)
tip showing the possibility to tune the degree of oxidation and doping.
Another example is the photochemical oxidation of Gr using a UV
light source in the presence of oxygen [94]. Among the most studied
and used methods is the use of heat treatments or plasma treatments
under controlled atmosphere, by exploiting the doping for charge
transfer (as we shall see in the next paragraph). In these years there
have been several experiments using different atmospheres (such as
oxygen, nitrogen, fluorine, hydrogen, argon, etc...) [95, 96, 97] in order
to evaluate the effects obtained and subdividing them even varying the

temperature [98].

1.4.1 Surface transfer doping of graphene

The large surface-to-volume ratio makes graphene extremely sen-
sitive to the environment. The adsorption of properly chosen chemical
groups on the surface of graphene has the ability to inject or withdraw
electrons, creating n-type or p-type doping [99]. These molecules,
which are adsorbed on the surface, must be controlled in order to
create a material with a specific type of doping. Most importantly,
the nature of the adsorption (chemisorbed or physisorbed, for exam-
ple) will impact the stability of graphene doping. Previous research
has shown that the doping level in graphene can be modified through
adsorption or desorption of gas/vapor molecules (for example, Os,
COg, Ng, H20, CO, etc) [100]. Attachment/detachment of molecules
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changes the local carrier concentration in graphene that leads to step-
like changes in the resistance. In addition, contamination and ad-
sorbed molecules from the ambient air play a significant role in im-
perfections and large variance in the mobility of graphene-based field
effect transistors [101]. To achieve desired functionalities, a deeper
understanding of graphene surface chemistry is required. Moreover,
controlled tuning of the Fermi level in graphene by doping would be
highly desirable in view of the use of graphene in realistic microelec-
tronics. The functional groups can also be introduced in the process
of fabricating graphene-based devices due to exposure to chemicals or
some thermal treatment process. As explained earlier, high quality
CVD graphene enables the preparation of large area films from which
transparent electrodes, transistors, and other electronic devices can be
developed [8, 85, 102]. However, the synthesis of CVD graphene often
involves the removal of the graphene from its metal growth substrate,
followed by transfer to a target substrate for device fabrication. This
process involves exposing the graphene to both aqueous and atmo-
spheric gas environments [103], resulting in the attachment of chemi-
cal groups to the graphene. These groups can dope the graphene and
alter its electronic properties. This process is called unintentional
doping, as it is a byproduct of the transfer process and exposure to
the environment and the doping level is neither controlled nor it is
the main focus of the process.

Oxygen molecules exhibit a variety of chemical reactions with aro-
matic molecules [104] and carbon nanotubes [105]. The adsorbed
oxygen is a well-known hole dopant for carbon nanotubes. In a re-
cent experiment Os trapped between graphene and a SiO5 substrate
induced hole-doping [96]. This doping effect can be enhanced in the
presence of moisture. A common method for desorption of chemi-
cal groups, oxygen, and moisture from graphene exploits heat treat-
ment. To this end, thermal annealing has been investigated exten-
sively to eliminate contamination and alter the electronic properties
of graphene [106]. Cheng et al. reported that annealing at high tem-
perature (T>400°C) brings graphene in close contact with the SiOq
substrate it was deposited on and induces increased coupling between
them [89]. Thermal annealing has activated the ability of diatomic

oxygen to accept charges from graphene. However, this method in-
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duced a pronounced structural distortion due to the close coupling of
graphene to the SiOy substrate [96]. Tailoring the electronic prop-
erties of graphene was performed through controlled heat treatment
without degrading its structural properties. The basic cause of these
changes is uncertain, and a systematic study to understand the mech-
anisms behind the interaction between graphene and the chemical
groups bounded to its surface is still lacking and highly desired. Fur-
thermore, the variation in mobility and charge carrier concentration
in CVD-graphene depends on the donor or acceptor nature of the
chemical. Therefore, a controlled environment for graphene doping
provides the opportunity to further tailor the electronic structure by
altering the concentration of different dopants.

1.4.2 Substitutional doping of graphene

The extremely high charge mobility of graphene suggests great
potential to be exploited for applications in next-generation micro-
electronics. Control of the carrier density towards n- and p-type con-
ductive channels is of importance in fabricating logic devices. The
conventional ion implantation technique in silicon based FETs in-
duces damage in the structure of graphene. In addition, graphene’s
zero bandgap raises difficulties for controlling electrical conductivity
as compared to conventional semiconductors [6]. Substituting carbon
atoms with foreign molecules showed that it is possible to open the
bandgap and modulate the carrier types and concentration to make p-
and n-type FETs [107, 108, 109]. In general, doping adjusts the work
function of the graphene, which is necessary to control charge injection
and collection in devices such as solar cells and light emitting devices.
In addition, chemical doping can further increase the conductivity of
graphene for transparent conductive electrode applications [28, 110].
Graphene can be readily p-doped through adsorbents from air like
oxygen and moisture [96, 106, 111]. For n-doping, nitrogen is con-
sidered to be an excellent element for the chemical doping of carbon
materials because it is of comparable atomic size and contains five
valence electrons available to form strong valence bonds with carbon
atoms. N-doped graphene has been created through chemical vapor
deposition (CVD) using ammonia [107] and Pyride [112] as nitrogen-
doping sources, as shown schematically in Fig 1.19. In a typical CVD
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growth, NHjs (gas) is introduced into the flow as a nitrogen source.
Nitrogen atoms substitutionally dope the graphene lattice when re-

combination of carbon atoms occurred in the CVD process.

@ Catom @ "pyridinic” N atom
@ "graphitic" N atom g

Figure 1.19: Schematic representation of the n-doped graphene. The blue,
red, green and yellow spheres represent the C, ”graphitic” N, "pyridinic”

N, and "pyrrolic” N atoms in the n-doped graphene, respectively [107].

Furthermore, a segregation phenomenon was utilized to turn the trace
amounts of carbon and nitrogen dissolved in bulk materials to syn-
thesize nitrogen doped graphene [113]. However, these processes were
performed at high temperatures to ”drive-in” the dopants. More-
over, doping through chemical treatments is unstable, as physically
adsorbed molecules will be desorbed under heat or vacuum [114, 115].
Therefore, a low-temperature, defect-free, and controllable method of

doping of graphene is greatly needed.

1.5 Raman spectra of Graphene

Raman spectroscopy has long been used as a powerful tool to
analyze carbon materials. This section is focused to understand the
origin of the Raman bands of graphene and the analysis of defects and
doping in graphene based on the Raman spectra.

Two prominent features are found in graphene Raman spectra:
the G band and the 2D band (also called G’). Figure 1.20 displays
the Raman spectra of perfect graphene (without defects). The D

and D’ bands are two addictional features that are inactive in perfect
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graphene, but they become active in the presence of defects. Figure
1.20 shows the Raman spectra of defective graphene where these two

peaks can be explicitly identified.
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Figure 1.20: Raman spectra of perfect monolayer graphene (top) and defec-
tive monolayer graphene (bottom) [116].

Raman is an inelastic scattering of light, which can be originated
from different interactions between the light and solids. In graphitic
materials the inelastic scattering is mainly governed from electron-
phonon interaction [117, 118, 119]. For this reason, it is important to
analyze the phonon dispersion of those materials in order to analyze
the Raman spectra [119, 120].

As previously reported, the unit cell of graphene is formed by two
atoms. It results in six possible phonon dispersion branches: three
optical and three acoustic.

For one acoustic branch (A) and one optic (O) phonon branch,
the atomic vibrations are perpendicular to the graphene plane, and
they correspond to the out-of-plane (o) phonon modes. For two
acoustic and two optic phonon branches, the vibrations are in-plane
(i). Furthermore, the phonon modes are classified as longitudinal (L)
or transverse (T) according to whether the vibrations are parallel or
perpendicular to the wave-propagating direction specified by the wave
vector. The longitudinal acoustic (LA) and the longitudinal optical
(LO) modes are always in-plane modes along with the iTA and iTO



1.5 Raman spectra of Graphene 37

modes, which are normal to the LA and LO modes. In addition,
there are two out-of-plane modes denoted by 0oTA and oTO that are
normal to the other four modes [121, 122]. Therefore, along the high-
symmetry I' - K or I' - M directions, the six phonon dispersion curves
are assigned to LO, iTO, oTO, LA, iTA, and oTA phonon modes (see
Figure 1.21).
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Figure 1.21: Phonon dispersion relation of graphene showing three acoustic
(A) and three optic (O) phonon branches. Vibrations are in-plane (i) or
out-of-plain (o) and longitudinal (L) or trasverse (T) with respect to the
direction I' K and I' M in the Brillouin zone [123].

From Fig. 1.21, it is possible to observe two degenerations: one
for TO and LO branches at the I' point, called Ey; symmetry mode
from the group theory; and the second for TO branch at the K point,
called the A’; symmetry mode. This degeneracies are called Kohn
anomalies and they give rise to a strong interaction between electrons
and phonons [124, 125]. Then, it is possible to define an electron-
phonon coupling (EPC) at the Eoy and A’y symmetry points that are
responsible for the main features of the Raman spectra of graphene.
The Eg, point symmetry gives rise to the G band and it is due to the
in-plane stretching of the carbon-carbon bonding [126, 127, 128] as
shown in Fig. 1.22a.
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iTO

Figure 1.22: Atomic vibration modes at (a) Ezq symmetry point due to the
degeneracy of in-plane trasverse and longitudinal phonons and at (b) the

A’ symmetry due to the in-plane transverse phonons.

The G band is the signature of all the sp? carbon allotropes
(graphene, graphite, CNT, etc.). It is also the only first-order stokes
Raman scattering process in graphene. A first-order stokes Raman
process means that only one scattering process occurs and a schematic
of this process is presented in Fig. 1.23a, showing the whole process
in which the electrons are excited to the conduction band, and then
a phonon with a very small momentum (q ~ 0) is emitted (G peak
in the Raman spectra), and finally the electron-hole recombination
process occurs.

For the A’; point symmetry, the situation is quite different. Figure
1.22b shows the atomic displacement associated with this vibration
mode, so called ”breathing mode”. Interestingly, this process is
prohibited in perfect graphene, and the intensity is dependent on the
amount of lattice defects. This mode causes the so-called D band.
This D band is a second-order Raman process where the excited
electrons are elastically scattered from K to K’, in the momentum
space, then the electron is scattered back inelastically, emitting a
phonon of momentum ¢ (q # 0), and finally the recombination process
occurs, as shown in Fig. 1.23b. This is a inter-valley process, because
the electron scattering takes place between the two cones in the
momentum space (K and K’). Similarly to the D band, D’ is the
result of an elastic (defect) and an inelastic scattering but takes place

in the same cone (Fig. 1.23c) and is called intra-valley process.
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defect

Figure 1.23: Raman process for (a) G, (b) D, (¢) D’, and (d) 2D bands.

Finally, the 2D band is the most intense of the bands present in
graphene. It is also an inter-valley process as D, but the excited
electrons are inelastically scattered from K to K’, emitting a phonon
of momentum q and then inelastically scattered back to K by a phonon
of momentum -q for momentum conservation. The process is plotted
in Fig. 1.23d. The Raman shift of 2D band is approximately two
times that of D band. For that reason, the 2D band is considered
as the overtone of the D band. It is important to note that the high
intensity of 2D band is part of the signature for perfect graphene. The
2D loses intensity with the presence of defects, inversely proportional
to the intensity of the D band. This characteristic band has been used
also to identify the monolayer nature of the graphene film [22, 129].

1.5.1 Number of Layers and Orientation

The shape of the 2D peak can be used to determine the number
of graphene layers (up to ~5 layers) in few layer graphene samples
[129]. Above 5 layers the 2D lineshape becomes indistinguishable
from graphite. The change in electronic band structure when moving

from single layer graphene to several layers causes a change in 2D
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peak shape and intensity [129]. Figure 1.24 shows the evolution of the
2D peak with number of layers for several excitation energies.
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Figure 1.24: Evolution of the 2D peak for an increasing number of graphene
layers. The 2D peak of the Raman spectra evolves from single peak in
mono layer towards the structure seen in graphite. The measurements were
performed with 514nm and 633nm laser light [129].

Figure 1.25 shows the four different Raman processes associated
to the 2D band that are possible for bilayer graphene with its double
band structure.

This leads to a combination of four peaks, from each of the double
resonant Raman processes, used to fit to the measured 2D peak in
bilayer graphene. The 2D lineshape continues to change as layers are
added and the electronic band structure continues to change, eventu-

ally tending to that of graphite.
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Figure 1.25: The 2D Raman processes in bilayer graphene. (Top) Schematic
view of the electron dispersion of bilayer graphene near the K and K’ point
showing both w1 and w2 bands. The four double-resonance (DR) process are
indicated: (a) process P11, (b) process Paa, (c) process P12, and (d) process
Ps1. The wave vectors of the electrons (ki, k2, k', k’2) involved in each of
these four DR processes are also indicated. (Bottom) Raman spectrum of
the bilayer graphene performed with the 2.41 eV laser line [130].

The single linear band in mono layer graphene means there is only
one 2D process available which produces a single Lorentzian 2D peak.
Additionally for the case of 1L graphene the process is triple resonant
and leads to a 2D peak that is significantly more intense than the
G peak [121], this feature makes Raman spectroscopy particularly
useful for identifying mono layer graphene. The 2D peak features
outlined are valid when the graphene layers are Bernal AB stacked.
For turbostatic graphite (unordered stacking) the difference in band
structure leads to a single 2D peak but with FWHM almost double
that of graphene and is upshifted by ~ 20 ecm™! [131].

There are other peaks besides the 2D peak that can be used to
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study the number of layers in graphene samples. A mode related to
the shearing of the graphene sheets on top of one another leading to a
so called C-peak has been observed at ~ 42 cm~! [132]. The intensity
of this C peak scales directly with layer number and is not present in

single layer (as seen in Fig. 1.26).
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Figure 1.26: Stokes and Anti-Stokes Raman spectra for the C peak spectral
region [132].

The peak is of limited practical use since the position is of such
low frequency that it is usually below the notch filter that protects the

measurement equipment from the intense Rayleigh scattered light.

1.5.2 The effects of Doping

The primary effect of electron or hole doping on the Raman
spectrum of graphene is to move the G peak position due to stiffening
or softening of the phonon modes [133, 134]. As a result the G peak
upshifts in wavenumber for p-type doping and downshifts for n-type
doping. However for low levels of doping, below ~ 3 x 10'3 cm™2, a
modification of phonon dispersion near the Kohn anomaly causes the
G peak to upshift for both p and n type doping [133, 134], but the G

peak position in n type doping returns to downshifting at higher levels
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of doping. The change in G peak position by doping has been observed
for electronically gated bilayer [134] and single layer graphene [133].
Figure 1.27 (a) and (b) shows the change in G peak observed as doping
in graphene is increased (via a back-gate). It is possible to estimate
the charge carrier concentration in other samples by measuring the G
peak position and comparing to plots such as Fig. 1.27.
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Figure 1.27: Raman measurement of monolayer graphene with a voltage
applied to the back gate to control the electron concentration [183]. (a) e
(b) Position and full width at half mazimum (FWHM )variations of the G
peak with electron concentration. (c¢) Position changes of the 2D peak with
electron concentration. (d) Changes of the intensities ratio of the 2D and
G bands (Lp /Ic) with electron concentration. The solid lines are predicted
non-adiabatic trends [135].

However, it is necessary to determine if the charge doping is due
to holes or electrons. This cannot be done by the only observation of
G peak shift. Das et al. [133] observed a dependence of 2D peak shift
on the character of the doping. As seen in Fig. 1.27(c) and as shown
in Fig. 1.28, a plot of the Raman spectra of G (left) and 2D (right)
bands at different values of the top-gate voltage, and as a consequence

of electron concentration, (axis) can be used to evaluate the doping.
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Figure 1.28: G and 2D frequency shift as a function electron concentration
[135].

Based on the specific geometry the amount of induced charges into

the graphene sheet was given by:
Vrg =116 x 107 7y/n +0.723 x 10~ "3n (1.23)

where n stands for the electron concentration in cm™2 and Vpg for
the applied top gate voltage in Volts. The 2D peak shifts to lower
frequencies under a high electron concentration (n-doping); and it
shifts to higher frequencies under high hole concentration (p-doping).

Doping modifies, also, the 2D peak intensity due to the interactions
with electrons in a double resonant process requiring real electronic
states (as shown in Fig 1.27(d)) [121].



1.5.3 The effects of Strain 45

1.5.3 The effects of Strain

Raman measurements have shown that graphene placed under
strain exhibits a change in G peak [136, 137]. Placing graphene under
tensile strain usually softens vibrational modes, and the opposite
occurs for compressive strain [116]. G peak position shifts of up to
14.2 em~? for 1% of strain have been observed [136]. Furthermore the
G peak was split into two peaks [137, 138] due to components of the
Ey, mode being parallel or perpendicular to the applied strain. When
analysing the G peak care must be taken to distinguish between strain
and doping, both of which can affect its position. Small amounts
of strain can be caused by corrugations in a graphene sheet [139],
however it is placing graphene on a flexible substrate and applying
pressure that introduces significant levels of strain required for the G
peak to split into two components [136, 137].

Until today there are several works in the literature with the
description of experiments made on samples of Gr with the aim of
highlighting the effects of strain [140, 141, 142] and distinguish these
from the effects obtained by doping achieved with thermal treatment
in a controlled atmosphere [98]. In particular Lee et al. [140] and
Verhagen et al. [98] have recently shown that the strain and doping
contributions can be distinguished from each other with a correlation
analysis of the two dominant modes in the Raman spectrum of Gr, the
G and 2D bands. These studies considered a correlation map between
the positions of the two bands, so that each point on the graph is
described as a linear combination of the vector strain and that of
doping. Raman spectroscopy studies on samples of Gr undoped have
shown that applying a strain effect there is an increase or decrease
of the G and 2D bands position. Inserting in a graph the position of
the 2D band as a function of the position of the G band it is found
that the data fall on a straight line (called ”Strain line”), which has
a slope of 2.45 [142]. When the value of strain is kept constant, but
varies the doping level, the same effect can be observed, but the data
adapt to a straight line with a slope of 0.7 named ”doping line” [133].
Furthermore the origin of the coordinate system corresponds to the
position of the Raman bands of a sheet of graphene freestanding,
which does not present strain and doping. The point of the map

origin for a 2.33 eV excitation source is approximately equivalent to
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(1582 cm™'; 2670 cm~!). In Figure 1.29 it is shown an example
of the correlation obtained by Verhagen et al. as a function of the
temperature of a sample of graphene on a SiOs/Si substrate. This
map can be used to evaluate the level of strain or of doping in a

sample of graphene after opportune treatment.
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Figure 1.29: Temperature dependence of the correlation between the Raman
shift of the G band (Pos(Gi)) and 2D band (Pos(2D1)) of the spectra of
monolayer of Gr. The solid black line indicates pure strain (€) variation,
with a slope of 2.45, and the solid gray line indicates pure doping (n)
variation, with a slope of 0.7. Adapted to [98].
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Chapter 2

Molybdenum disulfide
(MoSs)

2.1 Physical properties

With the discovery and characterization of Gr in 2004, which has
created great interest in last years, it became natural to explore the
synthesis of Gr analogues of layered materials such as the transition
metal dichalcogenides (TMDCs). The TMDCs, are two-dimensional
semiconductors in which the atoms within the layer are held together
by strong covalent forces while Van der Waals interaction enables
stacking of the layers. The TMDCs are compounds of the type MXs,
with M a transition metal atom (Mo, W, etc.) and X a chalcogen
atom (S, Se, or Te.), in particular one layer of M atoms is sandwiched

between two layers of X atoms [143].

Monolayers of MoXs compounds (X = S, Se, and Te) are typically
composed of Mo atoms sandwiched between X atoms, organized in a
2D hexagonal honeycomb structure (Figure 2.1(a)). Common poly-
types of MoXs compounds are hexagonal 2H-MoX5 and rhombohedral
3R-MoX, that are different in vertical stacking alignment [144, 145].
2H-MoXs is composed of monolayers that are vertically stacked in
ABAB sequence, while 3R-MoX, is composed by ABCABC sequence
(Figure 2.1(b)) [143, 145]. However, 2H-MoXs is the naturally oc-

curring and relatively stable polytype observed for MoXs compounds,
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while 3R-MoXs5 is generally transformed into the 2H-MoX5 upon heat-
ing [143].

(a)

Figure 2.1: (a)Three-dimensional schematic representation of a typical
MX2 structure, with the chalcogen atoms (X) in yellow and the metal atoms
(M) in grey. (b)Schematics of the structural polytypes: 2H (hexagonal
symmetry, two layers per repeat unit, trigonal prismatic coordination), SR
(rhombohedral symmetry, three layers per repeat unit, trigonal prismatic
coordination). The chalcogen atoms (X) are yellow and the metal atoms
(M) are grey. [143].

The lattice parameters of the layered 2H-MoXsy compounds are
presented in Table 2.1. In bulk form 2H-MoXs compounds are indirect
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bandgap materials with bandgap values of <1.3 eV as presented in
Table 2.1. When the crystal thicknesses are reduced down to one

layer, the bandgaps widen. Interestingly, they transform from indirect
to direct bandgaps in this transition.

MoS;>; | MoSe; | MoTe>
Lattice constants (A) [146] a 3.160 3.288 3.517
c 6.147 6.460 6.981
c/a 1.945 1.962 1.984
Interlayer height (A) X-M 3.19 3.23 3.63
Van der Waals gap (A) X-X 3.47 3.75 3.92
Bandgap energy (eV) [11] Bulk 1.29 1.1 1.0
Monolayer 1.89 1.58 1.23
Raman active modes Ay 409 243 171
(em™") [146, 147] Ej, 383 283 232.4
Eg 287 168.8 116.8
Thermal conductivity k 18.06 2.3 2
(Wm™ K1)

Table 2.1: Properties of 2H-MoXs compounds.

Kumar et al. have conducted first principles calculations of the
electronic structure of both bulk and monolayers of MoX, compounds,
which are presented in Figure 2.2 [148]. These calculations generally
show that the density of states around the Fermi level is mainly
due to the molybdenum d states [148]. The calculations also show
a strong hybridization between molybdenum d states and chalcogen p
states below the Fermi level. Furthermore, it is demonstrated that the
transition of the band structure from indirect to direct bandgap, when
reducing the sheet thickness from bulk to monolayer, is due to changes
in hybridization [149]. The transition from indirect to direct bandgap
has also been experimentally demonstrated via photoluminescence
studies of mono- and multilayered MoX5 [149, 150, 151].
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Figure 2.2: Band structures of bulk and monolayer MoX> compounds ob-
tained using DFT calculations [1/8].

Similar to graphene, band structures of multilayered MoXs can

be manipulated via various physical and chemical methods. Rama-
subramaniam et al. have demonstrated through DFT calculations,
the tunability of the bandgap in bilayered 2H-MoXs using external
perpendicular electric fields (bandgap values decrease with increasing
electric field) [152]. At electric fields above 3 Vnm™?, the structure
shifts to become metallic in all MoXs compounds.
The tunability of the bandgap by reducing the number of layers, or al-
ternatively the application of external electric fields, presents the pos-
sibility for a wide range of applications for layered MoXs compounds
in the field of optoelectronics. It is worth to note in this context that
there are also recent reports on the chemical intercalation of MoS»
using ions such as Li+ to reduce the bandgap [153].

2.1.1 Electronic properties

In developing a field effect transistor (FET), several properties
of the semiconducting materials are of greatest importance: (a) the
bandgap value that governs transistor switching, (b) charge density

that describes the number of available free charges in the channel, and
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(c) carrier mobility which rules the switching speed.

The main advantage of 2D transition metal dichalcogenides
(TMDCs) over graphene is the presence of natural bandgaps, which
allow the fabrication of FETs with very low OFF currents and high
ON/OFF current ratios. The bandgap values of TMDCs are similar
to those of Si (in the case of bulk materials) or even higher in the
case of the monolayer (as is visible in the table 2.1). In monolayers of
MoXs, even though the bandgap increases, it is still within the viable
range.

The magnitude of charge density is also a vital factor for develop-
ing FETSs. At room temperature, many intrinsic semiconductors have
relatively low charge densities that are not sufficient for generating
enough output current in FETs. Doping and intercalation procedures
are routinely implemented to increase the desired charge density.

For the fabrication of FETSs, enhanced charge carrier mobility in the
semiconducting material is essential. In 2D TMDCs, the charge car-
riers are confined within the layer that can potentially offer increased
mobility. However, this carrier mobility in the 2D materials is also in-
fluenced and reduced by various charge scattering effects such as: (a)
Coulombic, (b) optical phonons, (c¢) acoustic phonons and (d) surface

roughness [154].

Coulomb scattering: Coulombic scattering is caused by random
charge impurities located within or on the surface of the 2D layer.
The scattering from these charged centers in the electric quantum
limit was first formulated by Stern and Howard in late 1960s [155].
As mentioned in the previous section in TMDCs, Coulombic charges,
such as the ionic intercalants, can be used in order to control the size
of the energy bandgap. This increases the charge densities, which is
also desirable. However, the process also leads to increased Columbic

scattering effects, potentially reducing the carrier mobility.

Polar optical phonon scattering: In compound semiconductors,
where the bonding is partially ionic, a polarization field arises [154].
The polarization field, forced into effect by the longitudinal-optical
mode, causes a polar-optical interaction with the electrons, which

scatters them and subsequently decreases their mobility.
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Acoustic phonon scattering: Acoustic phonons operate via the gen-
eration of deformation potentials, which interact with charge carriers.
These phonons produce crystal lattice deformations, which in turn
produce localized electric potential affecting such carriers.

Surface roughness scattering: The influence of the surface or in-
terface roughness on the mobility of 2D electrons has never been pre-
cisely assessed since the roughness behaviour is never quite clear. For
calculations, generally the surface fluctuations are assumed to be ran-
domly correlated spatially, with a correlation that follows a Gaussian
distribution [156]. In this case, two perturbation parameters influence
the scattering mechanism: the random fluctuations in thickness and
the correlation length (or average distance) between two roughness
centers. Minimizing these parameters with perfect lattice matching
between the 2D TMDCs and their substrates have been suggested as

possible methods to reduce the roughness scattering effect.

The carrier mobility in a thin layer is calculated using:

(r) (2.1)

in which e is the point charge and 7 is the transport relaxation rate
of momentum in the (x, y) plane and m* is the effective electron
mass. Using the Born approximation, the transport relaxation time
is calculated as [154]:
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x (1= cosbie.) x 8(E(k) — E(k.))  (2.2)

in which Ni(”)(z) is the concentration of the u!” kind of charge center
within the volume of dzdydz and 0y is the angle between &k and k.
vectors. In addition, Vk(f )kz (z) is an important parameter that shows
the intensity of scattering and is described as the matrix element
of the scattering potential. It is a potential function that describes
the intensity of the scattering effect on free carriers. By correctly

estimating the scattering potential, the transport relaxation rate and



2.1.1 Electronic properties 53

the associated mobility can be calculated. The overall carrier mobility

can then be obtained using Mattheissens Rule [154]:
Ly
KHrorAarL  HC  HPO  HA  HSR

where purorar is the overall mobility and pe, pwpo, pa, tsr are the

effective carrier mobilities limited by Coulombic, polar optical phonon,

acoustic phonon and surface roughness scattering mechanisms, respec-

tively.

Generally, Coulombic scattering is the dominant effect in reducing
the overall charge carrier mobility at room temperature or below, for
2D materials such as graphene or MoSs [157]. According to Equation
2.2, to tackle this, an increase in the dielectric constant is needed. The
increase in the dielectric constant (electrical permittivity) of either the
surrounding environment or the 2D material reduces the Coulombic
effect as it confines the electric field generated by the Coulombic
charges within smaller regions; hence, to reduce the effect on mobile
charge carriers, dielectric constant (k) engineering has proven to be
effective in enhancing the charge carrier mobility [157, 158]. In the
case of MoSs (k ~ 5), the theoretical carrier mobility is still dominated
by Coulombic scattering at room temperature, and the mobilities
agree with the commonly observed experimental values [157, 159].

Despite single layers of MoSy have a large intrinsic bandgap of
1.9 eV previously reported mobilities in the 0.53 cm?V~'s™! range
are too low for practical devices [22]. Radisavljevic et al. have fab-
ricated a transistor from single-layer of MoS,, obtained by mechan-
ical exfoliation and transferred on a doped silicon substrate covered
with a thickness of 270nm of SiOy [157]. The device made with a
single layer of MoSs shows a typical value of mobility in the range
0.1-10 ecm?V~—1s~!. This value is lower than that obtained for the
bulk of MoSs at room temperature, which has a mobility value in the
range 200-500 cm?V~!s~! [160]. Radisavljevic et al. have, therefore,
deposited with atomic layer deposition (ALD), a layer of high-x di-
electric (30nm HfOs) to increase mobility of the device and obtain
the best potential from the single layer of MoSs. In this way they
have shown that a single layer of MoSs at room temperature can ob-
tain mobility values of at least 200 cm?V~'s~!, demonstrating the

potentialities for the realization of transistors with room-temperature
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current on/off ratios of 1x10% and ultralow standby power dissipation
[157].

2.1.2 Optical properties

Many 2D materials offer extraordinary optical properties that may
be layer dependent. As mentioned previously, for MoXs the bandgap
changes from indirect to direct, when the thickness is reduced to only
one layer. As such, monolayer MoXs exhibits strong fluorescence.

Similar to graphene, the Raman spectra of TMDCs are also layer
dependent, which also show strong changes of vibrational photospec-
troscopy upon intercalation and doping.

Figure 2.3(a) illustrates the Raman active modes for all the MoXs
compounds (peak value details presented in Table 2.1). The Aq,, Eqq
and Eog correspond to the Raman active modes [146, 147]. Out of
those, Eqq is a low frequency rigid layer mode, which reflects the van
der Waals binding forces between planes. By reducing the thickness
of MoS, to a monolayer, Raman peak shifts appear in comparison
to its bulk counterpart (Figure 2.3(b)). The shifts are observed in
the two major modes of MoS,, E%g and Ay,. For the E%g mode,
the vibrations of both Mo and S atoms are limited to the horizontal
plane, whereas for the A;; mode, the displacements of S atoms are
along the vertical plane. For monolayers of MoSs, the Raman peak
shifts associated with Eég and A, modes are observed at 387 and
403 cm~!, respectively [161, 162]. Along with an increase in the
number of layers, the frequency of the A;;, mode is observed to
increase, whereas the E%g mode is observed to decrease in frequency
[161, 162, 163]. This indicates stiffening of the A;, mode, which is
expected with an increase in the number of layers, causing increased
Van der Waals forces, which in turn suppresses the atomic vibrations
along the vertical plane [161, 162]. Above five layers, both vibrational
modes seem to converge to their bulk values [161, 162, 163]. Such
thickness dependent Raman peak shifts offer an effective method for

identifying the number of layers.
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Figure 2.3: (a) Raman active modes of 2H-MoX, compounds. Dark shaded
circles represent Mo atoms and the light circles represent chalcogen atoms
[146]. (b) Raman spectra of MoSs: from bulk to mono layers, with the laser
wavelength of 532nm [162].

Monolayers of MoSs exhibit a significant increase in photolumines-
cence (PL) in comparison to their bulk structure, owing to the change
in band structure from indirect to direct bandgap [149, 150, 151]. Fig-
ure 2.4(a) illustrates the PL spectra of mono- and bi-layer flakes with
the inset showing the apparent reduction in quantum yield with an
increasing number of layers. Figure 2.4(b) shows the optical images of
mono- and multi-layer flakes on a silicon substrate and its correspond-
ing PL images. It should be noted that the enhanced PL emission from
the monolayer is visible and the emission from the multilayer is too
weak to be observable in the PL image [151].
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Figure 2.4: (a) PL spectra of a mono and bilayer MoSs flake with inset
showing the change of quantum yield with increasing number of layers [149].
(b) Optical image of a mono and multilayer MoSs flake on silicon substrate
with etched holes of 1 and 1.5 pm in diameter and its corresponding PL

[149].

2.1.3 Thermal properties

Thermal conductivity of layered materials is directionally oriented.
It has been shown that for MoSs, the thermal conductivity along the
plane is 18.06 Wm—'K~!. Interestingly, this thermal conductivity
drops to only 4.17 Wm~'K~! for the out of plane direction [164].
Obviously, exfoliation and restacking of the layers reduce this thermal
conductivity as they cause lattice mismatch, which promotes phonon
scattering [165]. The relatively low thermal conductivity of the exfo-
liated MoXy group (Table 2.1), make these materials excellent can-
didates for thermally insulating solid lubricants. The changes in the
thermal conductivity of MoS, and MoSe; with temperature are shown

in Figure 2.5. As can be seen, they all decrease with increasing tem-
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perature, which can be associated with the lattice vibrations at higher

temperatures.
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Figure 2.5: Thermal conductivities of MoSs and MoSes. MoSs (circle),
and MoSes (rectangle). Solid symbols indicate exfoliated and restacked

compounds while open symbols indicate the pristine material [165].

2.1.4 Mechanical properties

In addition to the exciting electronic and optical properties that
2D TMDCs possess, understanding their mechanical properties is also
of significant importance in the development of flexible mechanical de-
vices and actuators. Bertolazzi et al. have demonstrated the strength
and elasticity of suspended monolayers of MoSs to be comparable to
that of stainless steel [166]. Gomez et al. have shown their abil-
ity to withstand elastic deformations up to tens of nanometers with-
out breaking [167]. The average Youngs modulus of suspended MoS,
nanosheets are observed to be 270-330 GPa (in comparison to 180 and
1000 GPa for stainless steel and graphene, respectively) [166, 167].
Interestingly, MoSs monolayers show a transition in electronic prop-
erties from semiconducting to metal in the presence of mechanical
strain [168, 169]. They change from direct to indirect bandgaps at
small tensile strain (<2%) and shift into the metallic regime, before
reaching the set tensile strength [169].
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2.2 Applications

FElectronic devices. MoXs have been favorite candidates in
the fabrication of electronic components, especially FETs. The 2D
TMDCs, just thanks to the manipulation of the electronic properties
through, for example, doping and other approaches, with the ability
to create both Schottky and ohmic contacts, are favorable materials
for the electronics industry.

One of the first reports on 2D MoS, is Novoselov et al. work on
measuring room temperature carrier mobilities on the order of 0.5 to
3 cm?V~1s71 [5]. More recently, Radisavljevic et al. demonstrated
enhanced charge carrier mobility reaching values as large as ~220
em?V~!s~! for monolayered MoS,, comparable to the values achieved
in doped silicon thin films and graphene nanoribbons [157]. The use of
a 30 nm thick HfO, layer as a high-x dielectric top gate (Figure 2.6(a)
and (b)) was the reason for such an increase as was comprehensively
discussed in Section 2.1.1.
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Figure 2.6: (a) 3D Schematic illustration and (b) optical microscope images
of a monolayer MoS> FET. (c) The room temperature transfer character-
istics of the FET, with inset showing drain-source current (Ips) vs drain-
source voltage (Vps) curves for Back gate voltage (Vas) values 0; 1, and
5 V. (d) The Ips Vra curves recorded for a bias voltage ranging from 10
to 500 mV, showing ON/OFF ratios > 10° [157].
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The field effect characteristics of this monolayered MoSs transis-
tor, obtained at different gate voltages are shown in Figure 2.6(c) and
(d). Remarkable drain-source current Ipy/Iopr ratios of 10° and
108 for bias voltages of 10 mV and 500 mV, and OFF-state currents
smaller than 100 fA indicate the high performance of the device.

Such monolayer transistors connected in series have been further
developed into simple logic operators, signal amplifiers and even more
complicated integrated circuits such as static random access memory
(SRAM) and five-stage ring oscillators [170, 171, 172]. Furthermore,
substrate and gate dielectric engineering have also been proven to
result in significant enhancement of carrier mobilities in multilayer
MoSs [159, 173]. The main issue with MoXy based FETSs is the in-
trinsic theoretical limitation of the carrier mobility in such materials
that remains under 500 cm?V~!s~!; this still cannot quite rival that
of silicon [157, 159]. However in a recent report, Das et al. have
shown that eliminating the contact resistance effects through a novel
selection of source/drain contacts can result in dramatic enhance-
ment in carrier mobilities (700 cm?V~!s71) in thin layers of MoSs
[174]. FETs incorporating ultrathin MoSey layer, with mobilities of
50 cm?V 1571 and ON/OFF ratios > 10° have been recently realized
[175]. In addition to FET structures, Spah et al. have reported hetero-
junction diodes achieved through Van der Waals epitaxial growth of a
n-MoSe; on other p-type transition metal chalcogenides (WSez) [176].
These structures have proven to be effective in diode applications since
they present excellent lattice matching. Another new application of
MoSs has recently appeared in valleytronics, which involves channel-
ing charge carriers into and out of valleys of set momentums [177, 178].
The crystal structure of MoSs creates two momentum valleys that are
not symmetric. By using polarized light, it is possible to nudge car-
riers preferentially into one valley state or another. Due to their fast
response, such interactions can be used in super high rate electronic

and optical switches.

The relative abundance of TMDCs in nature, their high stability,
and the ease of property manipulations, render 2D TMDCs one of the
most promising building blocks for future electronic systems.
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Battery electrodes. The electrochemical properties of layered
MoX, structures as electrodes for lithium ion batteries have also been
of growing research interest. Once again the lamellar structure of
MoX5 aids in alkali ion insertion in between the inter-layer and intra-
layer spaces of these crystals. Obviously, the large inter-planar space
in an MoXy lattice would be favorable to fast lithium intercalation
and high lithium storage capacity [179]. 2D MoSy obtained from
exfoliation and restacking, [179, 180] as well as solvothermal synthe-
sis routes have been reported as electrodes for lithium ion batteries
[181]. One of the major issues faced in the use of intrinsic layered
MoXs in lithium ion batteries is the lack of cycling stability and
rate capability limitations due to their proneness to very compact
aggregation after repetitive cycles as well as the formation of gel-like
polymeric layers due to electrochemically driven electrolyte degra-
dation [182, 183, 184]. Recently Chang et al. have demonstrated
high reversible capacities and cycling stability in MoSs /carbon-based
(amorphous carbon and graphene) hydrothermally developed com-
posites with uniformly dispersed 2D MoSs [183]. Mono- and multi-
layered MoSs /graphene composites were reported to have specific ca-

~1 as well as excellent cycling stabil-

pacities as high as 1100 mAhg
ity [182, 185]. MoSy/reduced graphene oxide and mesoporous carbon
composites have also been established as battery electrodes [184, 186].
Furthermore there are also reports on the application of MoSs elec-
trodes in Mg ion batteries [187]. In addition to MoSs, other 2D MoX,
compounds have also been used in lithium ion batteries. Morales et al.
have successfully demonstrated the use of polycrystalline 2H-MoSe,

as a cathode material in both lithium and sodium cells [188].

Catalysts. Layered TMDCs have been widely used in catalysis in
their pristine forms as well as doped and composite forms [189, 190].
MoSs nanostructures have been commonly used as catalysts in cat-
alytic reactions such as hydrodesulphurization (HDS) and more re-
cently for hydrogen evolution reactions (HERs) [191, 192]. The cat-
alytic activity is generally attributed to the unsaturated sites at the
particle edge surfaces, parallel to the hexagonal axis of lamellar MoS,
structures [193, 194]. For HERs, a systematic investigation of surface

sites of MoSs nanoparticles on Au substrate (111) has revealed that
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hydrogen evolution correlates linearly with the number of edge sites
on the MoS, catalyst [192]. Hence, the key factors for optimization of
the HER activity in MoS, are: increasing the catalytic activity of the
active sites, enhancing the number of active sites (MoSs layer edges,
therefore the applications of structures such as nanoribbons are ad-
vised) and increasing the electrical contact to the active sites (which is
provided by the planar routes for electrons within the 2D structure).
The integration of layered MoX, with the morphologically compatible
graphene has also shown promise in increasing the catalytic activity.
Li et al. have demonstrated that few layered MoSs structures synthe-
sized on graphene sheets show enhanced electrocatalytic activity in
HERs which has been attributed to the abundance of exposed MoS,

edges on graphene and their excellent electrical coupling [195].

Optical devices. Layered MoX, are possible candidates for de-
veloping different types of optical devices, including solar cells based
on photoelectrochemical, junction and organic technologies, semicon-
ducting optical devices such as photo- and light emitting diodes. MoXs
are used in photoelectrochemical solar cells, due to their inherent re-
sistive nature to photocorrosion and energy bandgaps comparable to
that of silicon that covers a large solar spectrum [196]. A good ex-
ample is the work by Pathak et al. who developed MoSe; based pho-
toelectrochemical cells by dipping the semiconductor electrodes in an
ionic electrolyte forming a Schottky interface around which the photo
generated electrons are harvested [197]. The efficiency of such pho-
toelectrochemical solar cells is still much lower than ideal. The best
electrode structures are those consisting of large surface areas with
paths of minimum charge carrier scattering to increase the efficiency.
Obviously, the best candidates will be vertically oriented planes of
MoXs,, which are still challenging to create.

MoS; has also been incorporated as counter electrode catalysts in dye-
sensitized solar cells. Significant conversion efficiencies of up to 7.59%
have been observed similar to that of dye-sensitized solar cells with
Pt counter electrodes [198]. Composite structures such as

MoS, - carbon/carbon nanotubes, MoS; - graphene nanosheets have
also been established as Pt-free counter electrode in dye-sensitized so-

lar cells [199, 200, 201]. Relatively higher conversion efficiencies were
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achieved in such structures (up to 7.69%), favoring the usage of low-
cost MoSycarbon hybrid structures as Pt-free counter electrodes in
dye-sensitized solar cells [201].

FETSs based on 2D MoS, have been demonstrated as phototransis-
tors [202, 203]. Voltage transfer curves (VTC) and dynamic responses
of such phototransistors are presented in Figure 2.7. Single-layer MoS,
is tuned to the energy bandgap of 1.8 eV, while the bandgap of double-
and triple-layered MoSs is reduced to 1.65 and 1.35 eV, respectively.
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Figure 2.7: Schematic 3D view of monolayer MoSs phototransistor, with
thick Alz O3 (50 nm) dielectric, and ITO topgate under monochromatic light.
Respective photocurrent dynamics of (a) mono-, (b) bi-, and (c) tri-layer
MoS; transistors under monochromatic red and green lights. (d) Dark and
photo induced VTC curves of a photo-inverter composed of serially con-
nected resistor and bilayer MoS> transistor (see the inset for the circuit).
(e) Voltage dynamics of the resistive type photo-inverter under monochro-
matic red and green lights [202].
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Sensors. 2D TMDCs offer great potential for the development of
highly sensitive and low cost sensors. This includes optical, gas, bio,
electrochemical and electromechanical sensors. The tunability of the
bandgap allows for the fabrication of photodiodes and phototransis-
tors that are engineered to almost any desired wavelengths in the UV,
visible and IR regions.

Sensors based on 2D TMDCs offer great possibilities for developing
highly sensitive, semiconductive, gas detection systems. Their re-
markable sensitivity is based on the fact that the 2D layers are very
sensitive to embedded Coloumbic charges. It is well-known that gas
and vapor molecules can reduce or oxidize TMDCs; hence, this results
in both a change of carrier charge mobility (according to Equation
2.2) and carrier concentration. These, in turn, change the conductiv-
ity of each layer, which can be readily measured. This effect can also
be used in the development of sensitive electrochemical transducers.
The Born approximation equation also suggests that the 2D films
will be extremely sensitive to the materials that are adsorbed onto
their surfaces and generate roughness changes. Biomaterials such as
proteins, when adsorbed onto the surface of the 2D layers, change
both the surface roughness and the permittivity, therefore causing
changes in the electronic properties of each layer. Along these lines, it
has been shown that 2D TMDC based sensors are highly sensitive to
toxic gases and pollutants, as well as various chemical and biological
agents [204, 205]. Zang et al. have demonstrated the applicability of
single and multilayered MoSs FETs as room temperature highly sen-
sitive NO gas sensors [205]. More recently, they have also developed
flexible gas sensor arrays for detecting NOs, based on MoS, thin film
transistors with reduced graphene oxide electrodes [204]. Highly se-
lective chemical vapor sensing properties towards organic compounds
have also been reported in monolayered MoSy [206]. Furthermore,
the addition of well-known catalysts such as Pt or Au onto the sur-
face of the 2D layer increases the sensitivity. Electrochemically re-
duced monolayer MoSs nanosheets with good conductivity, superior
electron transfer rates and high electrochemical activity have been

successfully used for detecting glucose and biomolecules [207].
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2.3 Synthesis and exfoliation of layered
MOSQ

2.3.1 Mechanical exfoliation

Mechanical exfoliation is a simple technique that has become the
most widespread process adopted for achieving monolayers since the
discovery of graphene [6, 157]. It involves the application of a mechan-
ical force, e.g. using adhesive tape, to exfoliate the bulk materials into

mono- as well as multi-layered flakes (Figure 2.8).
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Figure 2.8: (a) Optical image of MoS> sample placed on the surface of
a heavily doped silicon wafer capped by 285nm thick silicon dioxide. The
number of layers (1 L, 2 L, 8 L, 4 L and bulk) are labeled. (b) AFM height
image of the region inside the green square in (a). Inset: color bar of height
signal. (c¢) Height profile along the dashed line in (b). Inset: 3D plot of the
AFM height signal. [162].

This process exploits the weakly bonded nature of the layers between
the planes. Its main limitation is that it cannot be implemented on
a large scale. Many of the interesting properties and applications
reported for monolayered MoSs have also been achieved through me-
chanical exfoliation [151, 157]. Mechanical exfoliation can be consid-
ered to be the most effective technique in establishing proof-of-concept
studies, as it produces high quality intrinsic 2D materials. However,
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for large scale fabrication of 2D devices, other options should be ex-

plored.

2.3.2 Chemical Vapour Deposition of layered MoS,

Several chemical vapour deposition (CVD) methods for large-scale
MoSs ultrathin films preparation have been reported recently. A
typical process follows these two steps: first, different Mo and sulfur
precursors are heated to a high temperature to let them evaporate;
second, products deposit on the substrates at the cold zone. For
example, MoO3 and sulfur powder [11], MoCl; and sulfur powder, one
precursor (NHy4)aMoS, containing both molybdenum and sulfur [208],
or molybdenum metal thin film on substrate and sulfur powder [12]
have been used. The products of these methods are all polycrystalline
single- or few- layer MXy with grain size 10-30nm [11, 12]. Recently,
the mechanism of CVD method by MoOj3 and sulfur powder has been
systematically studied, showing that the nucleation concentration was
higher near the grain boundaries [11]. The precursor concentration
and the chamber pressure played key roles in controlling the quality
of the product. By modifying the process, the CVD method using
MoQg ribbons as a precursor can produce single- or few- layer MoSs

on micrometer scale.

2.3.3 Identifying monolayers

Following exfoliation, identifying the number of layers in the 2D
TMDCs is a crucial step. Simple techniques for identifying monolayers
are required to increase efficiency of the process. Mechanical proce-
dures such as scanning probe microscopy (SPM) and atomic force
microscopy (AFM) have already been established in identifying such
thin layers [6, 209]. Raman spectroscopy is an excellent tool for iden-
tifying the layer dependent bond vibrational distinctions caused by
lattice structural variations (as shown in Fig 2.3)[146]. The ability
to map the wavenumber of the thickness dependent Raman vibra-
tion mode (Eég), offers a method to accurately identify the number
of MoXj layers. Interestingly, the A;, mode is also dependent on the
number of layers. Figures 2.9 illustrates the wavenumber map of Eég
and A;, modes of a multilayer MoS, flake [162].
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Figure 2.9: Raman peak frequency map of (a) Es, mode and (b) A1rg mode
of a multi layered MoSs flake [162].

Optical microscopy is the most commonly adopted technique for iden-
tifying the number of layers of large area coverage. In general, the ma-
terial is exfoliated onto silicon dioxide on silicon (SiOs/Si) substrates
with a specific SiOq thickness (270 to 300 nm). Different layer thick-
nesses are then identified by comparing the optical color contrast to
previously benchmarked thicknesses [209]. However, in certain cases
the optical contrast between monolayer, bilayers and tri-layers tends
to be ambiguous. Zhang et al. have reported an easier solution uti-
lizing optical microscopy in combination with image analysis software
[209]. Here, grayscale optical microscope images of multilayered flakes
are obtained, and the color image is then split into three monochromic
red (R), green (G), and blue (B) channels. Figures 2.10 (a) and (b)
show an R-channel image of a multilayer large area MoSs flake and
the corresponding Raman frequency mapping. The intensity differ-
ence between the MoSs layers and the substrate was observed to be

increasing with the number of layers [209].

Figure 2.10: (a)Monochromic red channel optical microscope image of a few
layer MoS> and (b) its corresponding Raman peak frequency mapping for
comparison [209].
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2.4 Tuning the MoS, properties via ther-

mal or plasma treatment

Recently, studies were conducted on the possibility to modify and
control the properties of MoS, through plasma treatment or thermal
treatment, with the aim of being able to use this material in many
fields and applications. The controlled changes, on 2D materials offer
a means to regulate the electronic, optical, chemical and catalytic
properties [210]. Kang et al. and Islam et al. have carried out
various studies on the changes of optical [211] and electrical properties
[212] through the use of treatment in oxygen plasma, forming defects
which alter the optical and electrical properties of MoS;. Kang et
al. Have demonstrated the presence of molybdenum trioxide (MoO3)
coming from exposure to oxygen plasma. With increasing plasma
exposure time, the photoluminescence (PL) evolves from very high
intensity to complete quenching, accompanied by gradual reduction
and broadening of MoSy Raman modes, indicative of distortion of the

MoS, lattice after oxygen bombardment (as shown in Fig. 2.11).
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Figure 2.11: (left)Photoluminescence spectra (PL) at different times of a
single-layer of MoSs untreated (red curve) and treated in oxygen plasma
(other curves). The inset shows the PL intensity of the peaks A1 and By as
a function of plasma exposure time. (right) Raman spectra of single-layer
pristine MoSs and plasma-treated MoSs as a function of plasma exposure
time. Adapted from [211].
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The studies of Islam et al, show that the electrical properties of
single-layer MoSs can be significantly tuned from the semiconducting
to the insulating regime via controlled exposure to oxygen plasma.
The mobility, on-current and resistance of single-layer MoSs devices
were varied by up to four orders of magnitude by controlling the
plasma exposure time (as shown in Fig. 2.12). Also in this case,
the variation of electronic properties is caused by the creation of insu-
lating MoOg-rich disordered domains in the MoS, sheet upon oxygen
plasma exposure, leading to an exponential variation of resistance and
mobility as a function of plasma exposure time.
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Figure 2.12: (a)Characterization Ip-Va before and after different plasma
exposure times. The curve corresponds to the plasma exposure time of 0, 2,
3, 4, 5, and 6 s respectively. (b) Effect of plasma exposure on the on-current
(at Vo = 40 V) and mobility of the singlelayer MoSs device [212].

As well as under the plasma treatments of O» it is possible to mod-
ify the properties of MoSy even with heat treatment in a controlled
atmosphere of oxygen in a range of temperatures between 300 and
400°C. Yamamoto et al. have shown that with thermal treatment in
oxygen atmosphere to temperatures of about 200°C, it is not possi-
ble to detect a shift of the typical Raman bands of MoSs to indicate
a p-type doping, up to the achievement of the oxidation, and then
the conversion into MoO3 for higher temperature is detected [210] (as
shown in Fig. 2.13).

These results, together with those previously reported for thermal
treatments in controlled atmopshere of graphene, show the relevance
of the study of the effects of treatments with opportune gas and

temperature of 2D materials to induce doping and obtain 2D-systems
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adapted for electronic applications.
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Figure 2.13: (a) Raman E%g and Aig modes of single-layer MoSs before
(black) and after (red) ozidation at 200, 300, and 340° C for 2 h. (b) Raman
E%g and A1y modes of 1L, 2L, 3L, and 4L MoS> after ozxidation at 320°C
for 2 h. (c) Raman spectrum of thick MoS> oxidized at 400°C for 10 min,
showing MoOs-related peaks. The inset is an AFM image of oxidized thick
MoSs crystals at 400° C. The scale bar is 1 um. Adapted from [210]
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Chapter 3

Experimental

Techniques

This chapter will briefly introduce the physical concepts behind
Raman spectroscopy, with some insight into the Raman microscopy
(micro-Raman), and atomic force microscopy (AFM). Such techniques
are widely used in the study of the graphene and molybdenum disul-

fide, and the changes induced by experiments carried out in this thesis.

3.1 Theoretical background of the employed

experimental techniques

3.1.1 Raman spectroscopy

One of the most important aspects in the field of the interaction of
radiation with matter is the study of vibrational and rotational modes
of the isolated molecules or solid, liquid or gas systems. If we consider
an electromagnetic wave, this consists of an electric and a magnetic
fields component perpendicular to each other. The electric field (E),
in particular, at a given instant of time (t) in a specific position of the

space can be described by the expression [213]:
E = Eycos(2mv - t) (3.1)

where Ej is the amplitude of the electric field and v is the frequency

of the radiation.
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The minimum spatial distance between two points having the
same wave phase (or amplitude) is said wavelength, A, and has the
dimensions of a length. The time separation in a given spatial point
between the field values of the same phase determines the wave period,
T, and its frequency, v = 1/T. The connection between the previous
quantities is

V=5 (3.2)

where c is the speed of light in vacuum (¢ ~ 3-10%m/s). The frequency

measurement unit is s 7!, also called Hertz. We can write:

v=y= cv (3.3)

where the wavenumber (7) has been introduced. The difference be-
tween o and v is obvious. While the unit of frequency is the Hertz, that
of the wave number is conventionally in spectroscopy em~'. Despite
v and v differ by a factor ¢, the word frequency for both quantities is

commonly used in vibrational spectroscopy.

If a molecule interacts with the electromagnetic field, the energy
transfer from the field to the molecule can usually occur if the condi-

tion is satisfied:
AE = hy = h% = hei (3.4)

where AFE is the energy difference between two quantized states of
the molecule, h is Planck’s constant (h = 6.62 - 10734.J - s). Thus the
wave number, 7, is directly proportional to the energy of transition.
Suppose that AF = FEy — F; where Fy and FE; are respectively the
energy of the excited state and the ground state. The molecules absorb
AF when they undergo the transition £y — F5 and emit AF for the

reverse transition, Fy — E7, as schematically shown in Fig. 3.1

E, E,
Absorption Emission
El E1 L 4

Figure 3.1: Schematic representation of absorption and emission processes

between two energy levels of a molecular system.
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We can write, so
AFE = EQ — E1 = hcv (35)

In Fig. 3.2 the scales relative to 7(cm™!), A(em) and v(Hz)
schematically appear grouped by types of experiments of interaction
of radiation with matter, and a table is reported where it emerges
that the amplitude of AE, expressed in em ™!, depends on the origin
of the physical process.

NMR ESR Micro- Raman, uv, X-ray y-ray
wave Infrared | Visible
10 102 1 102 104 10° 10° 10"
viem1)
1 L 1 1 1 1 1 J
104 102 1 102 104 1078 102 10-19
A (cm)
L ek 1] 1 ] 1 1 J
ax10® 3x10® ax10'° ax10'? ax10' 3x10' ax10'® ax10®
v (H2)
Spectroscopy Range (v, enr?) Origin
y-ray 10%°-10% Rearrangement of elementary particles in the nucleus
X-ray (ESCA, PES) 108-108 Transitions between energy levels of inner electrons of
atoms and molecules
UV-Visible 106-10* Transitions between energy levels of valence electrons
of atoms and molecules
Raman and infrared 104102 Transitions between vibrational levels (change of
configuration)
Microwave 10%-1 Transitions between rotational levels (change of
orientation)
Electron spin resonance (ESR) 1-102 Transitions between electron spin levels in magnetic
field
Nuclear magnetic resonance (NMR) | 102-10-# Transitions between nuclear spin levels in magnetic
fields

Figure 8.2: Scheme of the spectral ranges of interaction processes between
radiation and matter for some spectroscopic techniques and summary table
of induced processes [213]

Fig. 3.3, illustrates three types of molecular transitions of interest
in spectroscopy. In particular, the purely electronic, vibrational and
rotational transitions are shown.
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v=0 Electronic
Zero point energy excited state
Pure electronic
transition
—_— 4
PR ES e
| - 2
{,
B —
P
J=0 1
6 E Pure rotational Pure vibrational
5 transition transition
J—% —— v=0 Electronic
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Figure 8.3: Schematization of the electronic, vibrational and rotational
energy levels of a molecule and some processes of transition between the

corresponding states [213].

The vibrational transitions can be observed both in the absorption
spectra in the Infrared (IR) range and in Raman scattering processes.
These transitions appear in the region ranging from 10%cm™' to
10%cm ™! and originate from the nuclear vibration. In the first case, we
measure the absorption of infrared light by the sample as a function of
the frequency. The molecule absorbs AE = hv from the IR source for
given molecular vibrations. The IR absorption intensity is governed

by the law of Lambert-Beer:
I = Iye =% (3.6)

where Iy and I indicate, respectively, the intensity of the incident and
transmitted beam, as shown in Fig. 3.4, € is the molar absorption

coefficient, ¢y and d are the concentration and length of the sample,
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respectively [213]. The absorbance is given by:
I
A= logTO = ecod (3.7)

and gives information on the absorbing species for a given vibration

frequency

Io (v) Iv

Figure 3.4: Pictorial representation of an absorption experiment; Iy indi-
cates the radiation incident on a sample, I the transmitted radiation and v
its frequency [213].

The origin of the Raman spectra is different from that of the IR
spectra. In particular, Raman effect is a scattering phenomenon and
not an absorption process. In particular, it is useful to note that
the Raman effect is a non-resonant phenomenon since, theoretically,
it can be observed regardless of the frequency of the radiation used.
The sample is usually irradiated in a Raman experiment with laser
energy in the UV-Vis region (v9) and the scattered light is observed
typically in a direction perpendicular to the incident beam, as shown
in Fig. 3.5.

Vo

(laser)

VotV (Raman
vy (Rayleigh  scattering)
scattering)

Figure 3.5: Schematic representation of an experiment of Raman scattering;
vo indicates the frequency of the incident radiation on a sample, vo £ v,
the frequency of the inelastically scattered radiation due to the Raman effect
and vy the elastically scattered light [213].

The light diffused by the sample contains three contributions:
the first and most intense, called Rayleigh scattering, has the same
frequency as the incident beam (1), and the other two, called Raman

scattering, weaker, with frequencies vy + v,,, where v, indicates the
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vibrational frequency of the molecule [213]. Signals with vy — v, and
vy + v frequencies are called, respectively, Stokes and anti-Stokes.
Thus, in Raman spectroscopy, it is possible to measure the vibrational
frequency, v,,, as the shift from the incident laser beam frequency (vy).
The frequency shift of the scattered radiation was observed for
the first time by the Indian physicist C.V. Raman, in 1928 (Nobel
Prize in 1931), as change in color of the scattered light [213]. Raman
discovered that a small fraction of the radiation scattered by certain
molecules had different and greater energy than that of the incident
radiation, and that the difference in energy was related to the chemical
structure of the molecules responsible for the diffusion.
According to the classical theory, Raman scattering can be explained
as follows [213]. Consider the electric field (E) of a monochromatic

electromagnetic wave in a given spatial position
E = Eycos(2mvpt) (3.8)

where Ej is the field amplitude and vy is the frequency of the laser.
If a diatomic molecule fixed in space is irradiated by this light, an

electric dipole moment P is induced
P = aF = aEycos(2miyt) (3.9)

where « is the polarizability. In general, for E three components may
be present
E=(E;;E,;E.) (3.10)

furthermore, in a real molecule its polarization is affected by the
direction of the chemical bond with respect to the electric field. As a
result, the direction of the resultant dipole moment, in general, does

not coincide with the direction of the applied field

P, Qlzgs Oy Qs E,
Pyl = | oy ayy; oz By (3.11)
P, Aogs Qpy; Oy L,

P=aF (3.12)

therefore, the polarizability is a tensor [213]. According to classical

electromagnetic theory, an oscillating dipole with frequency v emits
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electromagnetic radiation of the same frequency with intensity [213].

- 1671'41/4| |2

I
3¢c?

(3.13)

in this case v = 1y, and assuming, for simplicity, an isotropic polariz-
ability, it can be obtained:
- 16748 5

I= 32 @ EZ cos? (2mvpt) (3.14)

If we now consider that the molecule vibrates with v, frequency,
the nuclear displacement from the equilibrium position, q, can be
described as

q = qo cos(2mvm,t) (3.15)

where g is the amplitude of the vibration. Generally, « is a not
known function of ¢, but for small vibrational amplitudes it can be

approximated by the following expression:
O
a=ag+ () q+ ... 3.16
%) (3.16)

where aq is the polarizability in the equilibrium position, and ( E;—Cq‘)o
the variation of «, evaluated at the equilibrium position. Combining
the expression for P, Eq. 3.9, with the one for q, Eq. 3.15, and for «,

Eq. 3.16, it can be obtained to the first order in the series expansion:

P = aEycos(2mvpt) = agFEy cos(2mvpt)+
da
4+ { =— ) qEocos(2mipt) =
< 9q ) 0 ( )
= apFEy cos(2mvpt)+
0
+ (a) qoEo cos(2mupt) cos(2mv,,t) =
dq /,
= apky COS(27TZ/0t)+
+ L(0a Eo{cos[2m(vo + vpm)t]+
il el - -
2\ aq OQO 0 0

+ cos[2m (o — vm)t]}  (3.17)
In accordance to the classical theory, the first term of Eq. 3.17 is

an oscillating dipole that radiates light of frequency vy (Rayleigh

scattering), while the second and third terms correspond to the Raman
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scattered light with frequencies (vp + vy,) (anti-Stokes) and (vg —v,)
(Stokes). If (Da/Dq)g is zero, the vibration is not Raman-active. The
intensity of the scattered radiation, I o [p|?, is

167
I= ?;Eg{yga% cos? (2mvpt)+
c

+ (vo + vm)* Kg‘;‘)(}‘ﬂ " cos? (27 (o + vim )]+

P 2

+ (1o — vm)? [(5;) (]20} cos? (21 (Vo — v )t]+
0

+ crossterm  (3.18)

the cross term may be neglected because the power they radiate will
average to zero over long time intervals. So the classical theory
predicts, correctly, the presence of the Stokes and anti-Stokes lines
and also their dependence on the fourth power of the frequency, as
shown in Eq. 3.18. However, it provides a wrong intensity ratio

4
Istokes _ <V0 - Vm> (3 19)

Iantifstokes Vo + Vm

According to the classical theory, therefore, the ratio %
should be less than 1, while it is observed experimentally that the
Stokes lines are more intense than the anti-Stokes lines, as shown for

example in Fig. 3.6.

Stokes

RELATIVE INTENSITY

anti-Stokes

| R DERGE vl S A TE

T
200
RAMAN SHIFT , cm?

Figure 3.6: Raman spectrum of carbon tetrachloride (CCly) [213].
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This inconsistency is eliminated by the quantum theory of Raman
effect, as schematically shown in Fig. 3.7. A full discussion requires
the second quantization of the electromagnetic field, however, a sim-
plified qualitative treatment may be carried out by referring to the

diagram of the energy levels of a molecular system [213].

505 em’

g, v=0

Anti-Stokes Rayleigh Stokes

Figure 3.7: Schematic of the energy levels and transitions between molecular
states induced by the quantum interpretation of Raman effect. The wavy
arrows represent the photons, the dashed lines the virtual states and solid

lines the real vibronic states [213].

In details, the process outlined in Fig. 3.7 can be described by the
following basic steps [213]:

e In conditions of non-resonance the system undergoes a transition
from the ground electronic state, g, and fundamental vibrational
level, v = 0, to a virtual level m. The system quickly decays
from the virtual level m to the electronic level g (v = 0), and
the emitted radiation will have the same frequency vy of the
incident radiation (Rayleigh line). The system can also decay
rapidly from the level m to the first vibrational level v = 1 of
the ground electronic level g, and the emitted radiation will have

frequency vy — vy (Stokes Raman line).

e The system undergoes a transition from the ground electronic
state, g, and vibrational excited level v = 1 to a virtual level
m’. The system can decay rapidly from the level m’ to the
vibrational level v = 0 of the ground electronic level, g, and

the emitted radiation will have frequency vg + vy (anti-Stokes
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Raman line).

From the spectrum shown in Fig. 3.6, it is possible to note that the
Stokes lines are more intense than the anti-Stokes lines. This can be
explained by considering the origin of these bands: for the Boltzmann
distribution at thermal equilibrium the population in the vibrational
state v = 0 prevails compared to that in the vibrational state v = 1
of the ground electronic level, g, then it is expected that the Stokes
process, involving as starting state v = 0, is most probable than the
anti-Stokes process.

Figure 3.8 illustrates Raman scattering in terms of a simple schematic
energy levels distibution. In IR spectroscopy, we observe the v =0 —
1 transition at the electronic ground state. In normal Raman spec-
troscopy, the exciting line (1) is chosen so that its energy is far below
the first electronic excited state. The dotted line indicates a ”virtual
state” to distinguish it from the real excited state. As previously
stated, the population of molecules at ¥ = 0 is much larger than that
at v = 1 (Maxwell-Boltzmann distribution law). Thus, the Stokes
(S) lines are stronger than the anti-Stokes (A) lines under normal

conditions.
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Figure 8.8: Comparison of energy transition for the normal Raman, reso-

nance Raman, and fluorescence spectra[213].

Resonance Raman (RR) scattering occurs, as explained shortly
later, when the exciting laser line is chosen so that its energy intercepts

the manifold of an electronic excited state. The term ”pre-resonance”
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is used when the exciting line is close in energy to the electronic excited
state. Resonance fluorescence (RF) occurs when the molecule is
excited to a discrete level of the electronic excited state. Fluorescence
spectra are observed when the excited state of the molecule decays
to the lowest vibrational level via radiationless transitions and then
the molecule emits radiation, as shown in Fig. 3.8 returning to the
ground state. The lifetime of the excited state in RR is very short (~
10~4s), while that in RF is much longer (~ 1078 to 10~%s).

Resonance Raman (RR) scattering occurs when the sample is
irradiated with an exciting laser line whose energy corresponds to
that of the electronic transition of a particular chromophoric group in
a molecule. Under these conditions, the intensities of Raman bands
originating in this chromophore are selectively enhanced by a factor
of 10® to 10°. This selectivity is important not only for identifying
vibrations of this particular chromophore in a complex spectrum, but
also for locating its electronic transitions in an absorption spectrum.
Theoretically, the intensity of a Raman band observed at vg - v, is
given by [213]:

Lnn = constant - Iy - (Vg — Vpmn)? Z |(ozp(,)mn|2 (3.20)

po
where m and n denote the initial and final states, respectively, of
the electronic ground state. Although not explicit in Eq. 3.20, e
represents an electronic excited state (Fig. 3.9) involved in Raman

scattering. I is the intensity of the incident laser beam of frequency

.
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Figure 3.9: Energy level diagram for resonance Raman transition [213].
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Finally (oo )mn represents the change in polarizability o caused
by the m — e — n transition, and p and ¢ are x, y and z components

of the polarizability tensor. This term can be rewritten as:

1 MmeMen MmeMen
o)mn — T - - 21
(po) h;(yem—yo—l—zfe+Ven+1/0+zfe) (3.21)

where v, and v, are the frequencies corresponding to the energy
differences between the states subscribed and h is Planck’s constant.

M., etc., are the electric transition moments, such as
Mpe = /\Ilfn,uallledT (3.22)

Here, ¥,, and W, are total wavefunctions of the m and e states,
respectively, and pu, is the o component of the electric dipole moment.
I', is the band width of the eth state, and the il', term is called the
damping constant. In normal Raman scattering, 1 is chosen so that
vy K Vem- Namely, the energy of the incident beam is much smaller
than that of an electronic transition. Under these conditions, the
Raman intensity is proportional to (g - Vmn)*. As 1 approaches ve,,,
the denominator of the first term in the brackets of Eq. 3.21 becomes
very small. Hence, this term ("resonance term”) becomes so large that
the intensity of the Raman band at vy - v,,, increases enormously.
This phenomenon is called resonance Raman (RR) scattering.

The information that the Raman spectrum of a molecule can give
derives almost exclusively from Stokes lines. The Rayleigh radiation
does not provide any information as it has the same energy in each
sample; the anti-Stokes lines are generally of too low intensity to
be revealed. The Stokes lines, however, are utilized for analytical
purposes to identify compounds in the sample through their vibration
modes [213].

In general, it is useful to observe that in a Raman spectrum in
ordinate it is reported a quantity proportional to the intensity of light
diffused by the sample, in arbitrary units, and in the abscissa, the
absolute frequency in em ™!, or, more commonly, the Raman shift, i.e.
the difference in wave numbers between the observed radiation and
the incident radiation.

Normally, the part of the spectrum with the Stokes signals, the most

informative, is shown.
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To obtain the Raman spectrum of a sample it is common to use
a monochromatic source with a wavelength in the near UV, in the
visible or near infrared (NIR). Currently laser sources are used. The
laser radiation is focused on the sample; the scattered radiation from
the sample is collected, revealed by the detector and displayed in the
form of spectrum. Importantly, the Raman shift, for a given bond
and a given mode of vibration, is independent of excitation A , that is
from the laser wavelength, but depends only on the energy difference
between two vibrational states. However, it is generally possible that
the use of different lasers on a single sample generates Raman signals
in the same positions but with different intensity, because of the
proportionality to the fourth power of the laser frequency, as shown
by Eq. 3.18. In terms of the sampling depth, the analysis made with
a Raman spectrometer on opaque and solid samples is surface type:
the information comes from a thick layer some um below the surface.
Some instruments have the ability to vary the depth of sampling by
means of a technique known as confocal, that allows to receive the
information from different depth regions of the sample, on condition

that this is transparent to the laser radiation.

3.1.2 Raman microscopy

Over the years various combinations of Raman spectrometers equipped
with optical microscope have been developed in order to carry out also
measurements on the micrometer scale, obtaining a high spatial res-
olution as well as a spectral one. This technique is known as Raman
microscopy or micro-Raman spectroscopy [214]. Raman microscopy
was developed around the 1970 [213]. Delhaye, in 1975, made the first
micro-Raman measurement. At the same time, Rosasco designed a
micro-Raman probe at the National Bureau of Standards (now NIST).
These early works affirmed the usefulness of Raman spectroscopy for
microanalysis [213].

In the Raman spectrometers equipped with microscopes the area of
analysis may be from few up to several hundred pm?, depending on the
used laser and lens. The normally used lenses have magnification of
10x, 20x, 50x, 80x and 100x. Given this spatial resolution capability,
it is required to know exactly where you are on the sample to avoid

gross errors; for this reason the Raman microscopes are equipped with
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a coaxial camera with the laser, which allows you to view the area on

which you are pointing the laser for analysis.

In Fig. 3.10, a typical configuration of a micro-Raman equipment

D Camera

is shown.

Laser f
O—
Spectrometer
Beam Splitter
A Notch Filter [ ens
w
Mici oscope
Objective
Sample
i

Figure 3.10: Scheme of a Micro-Raman spectrometer [213].

The laser beam runs through the microscope objective, and is
focused on the sample. The light scattered from the sample in the
opposite direction to the incident one is collected with the same
objective and focused on the entrance slit of the monochromator.
To eliminate the Rayleigh radiation, usually much more intense than
Raman, a notch filter is introduced, that attenuates the intensity at
the frequency of the laser radiation [213].

In general, Raman spectroscopy is a non-destructive technique and the
spectrum can be obtained from materials in solid, liquid or gaseous
phases. Using a Raman microscope, the measurement of spectra from
a single sample zone defined by the optical spatial resolution limit of
the microscope can be carried out. In addition, a mapping at multiple
points of the sample in order to detect and compare with each other
the spectra recorded can be done. Raman spectroscopy allows to
view, in a non-invasive way, chemical heterogeneity through the use
of microscopy; it has proved itself, therefore, a useful technique for the
characterization of the materials and the recognition of substances and

provides information useful in the manufacture of new materials, the
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evaluation of the performance of existing materials and the control of
product quality. Because of these properties is a technique used in

various technical and scientific fields [214].

3.1.3 Atomic Force Microscopy (AFM)

The invention of scanning probe microscopy is considered one of
the major advances in materials science since 1950 [215, 216]. A
large family of microscopy methods are included in scanning probe
microscopy they share two operational procedures: one uses a sharp
probe (tip) and the other a feedback mechanism. The feedback loop is
based on keeping a constant value of an interaction parameter while
the probe is passed across the sample surface. Scanning probe mi-
croscopy began on 1982 after the invention of the scanning tunneling
microscope (STM) by Gerd Binnig and Heinrich Rohrer [215, 216].
STM is based on detection of the current that flows between a metal-
lic tip situated a few angstroms above a conductive surface when an
external voltage is applied. The limits to obtain images of poorly
conducting materials, such as biomolecules, pushed Binnig, Quate,
and Gerber to invent the atomic force microscope (AFM) in 1986
[215, 216]. The first AFM operated by measuring the static deflec-
tion of the probe. This procedure is actually named contact mode
AFM. After one year the dynamic procedure in force microscopy was
developed by Martin, Williams, and Wickramasinghe [215, 216]. By
this upgrading the AFM started to be used to measure long range
forces over a distance range of 3+15 nm. These researches noticed
changes in the amplitude of the tip’s oscillation by varying the tip
surface distance, and attributed them to the gradient of the tip sur-
face force. Basing of these results Martin and coworkers proposed to
use the amplitude in a feedback loop to get an image of the surface.

The principal forces of relevance in force microscopy belong to the
electromagnetic field. Nevertheless, interactions with different dis-
tance and geometrical dipendencies arise from various intermolecular,
surface, and macroscopic effects. Van der Waals interactions, short
range repulsive interactions, adhesion and capillary forces dominate in
air in the absence of external fields. A more complex scenario occurs in
liquids, where the solid liquid interfaces together with the presence of

ions and electrolytes give rise to additional forces such as the electric
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double layer and the solvation forces. The above forces could be sep-
arated into attractive and repulsive. In the following the description
of forces of relevance for AFM measurements will be described.

As above reported, the force between the samples and the tip is
used in AFM to measure the proximity of the tip to the sample. Both
long and short-range forces act on the tip sample interaction. The
forces are repulsive at close range and attractive at long-range, Fig
3.11.

Force
Repulsive force
I‘ Contact
Intermittent contact Distance
(tip-to-sample separation)
e
Attractive force
Non-Contact
b -

-~
Van der Waals forces (1-20nN)

Electrostatic repulsion

Figure 3.11: Contact mode AFM exploits the repulsive forces at close
distance. Non-contact mode AFM is operated in the regime of attractive
force. Adapted from [215].

Van der Waals Forces

Force microscopy experiments usually deal with ensembles of atoms
or molecules. In these systems van der Waals forces originate from
electric dipole interactions between atoms and/or molecules. These
could be characterized by either permanent dipole or either induced
by another permanent dipole or by thermal fluctuations. Three possi-
ble dipole potentials: dipole dipole, dipole induced dipole, or induced
dipole induced dipole, characterize the interaction and overall scale
as 1/1%, where 1 is the distance between atoms or molecules. These
potentials add to give the net van der Waals force between tip and
surface atoms [215, 216]. Two approximations are commonly used to
describe an AFM interface: the sphere flat and the conical tip sphere
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flat geometries (Figure 3.12). The van der Waals force in the sphere
flat geometry, is given by

HE
6d2
where H is the Hamaker constant, R the tip radius, and d is the

Foaw = (3.23)

instantaneous tip surface distance. Equation 3.23 has a singularity
for d — 0. When the tip surface distance d is smaller than the
intermolecular distance ag, to avoid this divergence the resulting van
der Waals force is identified with the adhesion force derived from
contact mechanics models. A reference value for the intermolecular
distance is ag = 0.165nm [215]. The physical properties of materials
such as atomic polarizability and the density of the tip, the sample and
the neighbouring medium determine the Hamaker constant. Typical

values of H are in the 1072° J range.

=
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Figure 3.12: Models of the tip surface geomelry: sphere flat and conical
shaft capped with a half sphere flat [215].

When the tip geometry is a conical mesoscopic that ends in a half
sphere [215], the force is described by

o H(R tan? 8 Rg
v @2 " d+ Rz d(d + Rp)

6
where 8 is the half angle of the cone and Rg = R(1 - sin ). For d
< R, the half sphere cap determines the van der Waals force and the

(3.24)

Equation 3.24 can be approximated by Equation 3.23.
Regarding the sample surface it is necessary to consider its profile.

In the case when the sample surface roughness can be approximated
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by a succession of half spheres, it is possible to apply the sphere
approximation to estimate the van der Waals force,

H RiR;

—_— 3.25
6d? R; + Ry ( )

deW =

where R; is the radius of the tip and Ry is the effective radius of the
surface below the tip.

Usually, the van der Waals force is attractive, however it is worth
to summarize some cases that could often occur. The van der Waals
force is always attractive between two identical materials in a medium.
The van der Waals force is also attractive for two different materials in
air or in vacuum. In the case of two different materials in liquids the
van der Waals force could be either attractive or repulsive depending
on the values of the dielectric constants and the refractive indexes
of the interface [215, 216]. In a heterogeneous interface, consisting
of layers of different materials such as a rigid metallic substrate and
a thin monolayer on top, the van der Waals force at large distances
could still bear the influence of the underlying substrate [215, 216].

Capillary Force

In normal ambient conditions, the presence of moisture is of rele-
vance for AFM measurements. In fact, water spontaneously condenses
from vapor into the cracks or pores of hydrophilic surfaces. The effect
of capillary condensation is a thermodynamic process that links the
vapor pressure of a liquid to its curvature in the condensed form [215].

This feature can be described using the Kelvin equation,

P Vi
RyTlog 5 = ViK

(3.26)

where R, is the gas constant, v, is the liquid surface tension, P is the
actual vapor pressure, Py is the saturation vapor pressure and V,, is
the molar liquid volume. For water condensation, P/ P is the relative

humidity. The Kelvin radius rx determines the size of the meniscus,

1 1 1
=y (3.27)
'K ™ T2
where r1 and ryo are the principal curvature radii of the meniscus.
The Kelvin equation shows that in equilibrium the vapor pressure

determines the size of the capillary where condensation occurs. This
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property leads to capillary condensation and capillary adhesion forces
in the presence of asperities. Due to this feature at a relative humidity
below 100% condensation occurs for curved surfaces.

In the case of AFM measurements, when the tip-sample distance
is comparable to the Kelvin radius a water meniscus could be formed
(Figure 3.13).

Figure 3.18: Definition of angles and distances needed to calculate the
capillary force in AFM. [215].

The formation of the meniscus gives rise to adhesion forces. In
particular, inside the meniscus, the pressure is larger than outside
and the Young Laplace equation gives the pressure difference across

the meniscus interface

AP =y, <1 + 1) (3.28)
1 T2

The capillary force can be determined by the Young Laplace
equation and depends on the interface geometry. As a consequence
it is necessary to determine the contact angles between the surfaces
and the liquid. In general, for a tip of arbitrary shape and a flat
sample, only the numerical solution of the above equation can be
used. Nonetheless, several analytical or semianalytical expressions
have been proposed to evaluate the force for a spherical tip [215, 216].
Following Israelachvili, the capillary force between a sphere and a flat

surface [215] could be estimated by

4w Rypcost

= 2
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The force is attractive and has a maximum value when d=0,
F,qp = 4T Ry cos (3.30)

It is worth to note that capillary condensation is an activated
process depending on the relative humidity. The formation of a water
meniscus is often observed in AFM experiments performed at ambient
conditions, and from an imaging point of view, it should always
be avoided, by opportune fluxing dry gas. Furthermore, capillary
forces could disrupt the observed objects and should be avoided.
Finally, Equation 3.29 shows that capillary forces could reache values
in the 1+-100nN range, and they could dominate all other tip surface

interactions.

Electrostatic Forces

Among the forces of relevance for microscopy measurements is the
electrostatic force between stationary objects bearing electric charge.
This force is repulsive for charges of the same sign; if they are of
opposite signs, the force is attractive. The Coulomb’s law determines
the strength of the force:

F =k 222 (3.31)

where r is the separation distance and k. is the Coulomb constant
(ke ~ 8.99 - 10 Nm?C~2), and q; and qy are the point charges. The
Coulomb interaction gives a long range force nearly always present
but not always immediately notable due to dominating short-range
repulsive forces. Since over a large distance the decay is exponential
the Coulomb interactions between charged surface and particles are

significant at short distances.

Nonconservative Forces

All of the above forces are conservative and in many experiments
it is rather common to find also nonconservative forces. These latter
gives rise to dissipation that depend on both the material properties
and the environment. For example, dissipation is involved in force in-
duced atomic or molecular reorientations, interdigitation, and forma-

tion and rupture of liquid menisci, or whenever there is an exchange of
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atoms and molecules between the tip and the sample [215]. Two major
mechanisms can be identified for dissipation at the nanoscale: surface
adhesion hysteresis and velocity dependent processes such as viscoelas-
ticity. The first one could consist of long range interactions and short
range atomic and molecular interactions. Figure 3.14 schematizes a

tip surface force with both short and long adhesion range hysteresis.

0.0 0.3 0.6
d (nm)

Figure 3.14: Example of a tip surface force that includes surface adhesion
hysteresis. The arrows indicate the approach and retraction parts of the
oscillation cycle [215].

3.1.4 Amplitude Modulation AFM

For applications, of large interest is the dynamic mode AFM,
characterized by tip oscillation to measure the tip-surface interaction
through the oscillation amplitude measurements. Typically, the can-
tilever and tip are solid macroscopic objects in this kind of measure-
ments and it is possible to describe the interaction, using theoretical
and computational approaches [215]. In fact, simple equations of mo-

tion based on point mass models are widely used.

The cantilever tip system geometry is approximated by a point
mass spring that is driven by an external force in the presence of the

tip surface forces (Figure 3.15).
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kts I7

Figure 3.15: Point mass model representation of the cantilever tip surface
interface. The arrow over kis indicates a "nonlinear” spring. Adapted from
[215].

The mass-spring system is subject to different forces:

e Driving force;

e Viscous damping, 7;

e External force, Fy.
The relevant equation of motion is:

mzZ = —kz —nz + Fycos(wt) + Fis(d) (3.32)

or, expliciting n:

. mwo
mzi=—kz —

Z + Fycos(wt) + Fys(d) (3.33)

where F{y and w are the amplitude and angular frequency of the driving
force, respectively; m, Q, wg, and k are, respectively, the effective
mass, quality factor, angular natural frequency (undamped), and force
constant of the free cantilever. It is worth to note that ma0.25m,,
where m,. is the total cantilever mass.

In a typical amplitude modulation AFM (AM AFM) measurement,
the driving force is with frequency at the first natural resonance of
the cantilever or very close to it. The first resonance is sometimes
called the fundamental resonance or mode. Basing on the harmonic

oscillator model the force constant and the resonant frequency are

linked by:
| k
=14/— .34
wo m (3 3 )
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A solution of Equation 3.33, can be found after explicit definition
of tip surface forces. Typically, analytical solutions of the equation
are prevented by the nonlinear character of the forces. The above
reason together with the similarities observed between the equation of
motion of AM AFM and a forced damped harmonic oscillator has led
to adoption of the harmonic oscillator model to understand dynamic
AFM.

In particular, the tip motion in the proximity of a surface has
many similarities with the motion of a driven harmonic oscillator with
damping. Basing of this, Equation 3.33, in the absence of tip surface
forces (Fys = 0), becomes the equation of a forced harmonic oscillator

with damping
mwo

Q

Similarly to a driven damped harmonic oscillator many of the defi-

mi = —kz —

Z + Fycos(wt) (3.35)

nitions and concepts can be used to describe the dynamic AFM. In
particular, the dependence of the oscillation amplitude as a function
of the excitation frequency can be qualitatively described. At low
driving frequencies with respect to wg, the response is controlled by
the stiffness of the spring. The oscillator moves in phase with the
driving force and amplitude close to Fy/k. At frequencies very large
with respect to the natural frequency, the term k. is small respect to
d*z/dt* and the response is controlled by inertia. In this case, small
oscillation amplitude is expected with a phase shift of 180°. In anal-
ogy to the driven harmonic oscillator with damping three different
regimes for the AM AFM amplitude dynamics are found. The rele-
vant regime for most dynamic AFM experiments is the underdamped
regime where 1/2Q) < 1. In this regime the solution is characterized

by a transient term and a steady motion
2z = Be  %lcos(w,t — B) + Acos(wt — ) (3.36)

with a = wp/Q. Both terms are relevant at the beginning of motion;
and after a time 2Q/wy, the transient term is reduced by a factor
1/e. The transient term oscillates with a frequency w, that should
be considered the new resonant frequency. Elapsed the transient
time, a steady sinusoidal motion is established that oscillates with the
excitation frequency w and a phase lag with respect to the excitation

force. The damping o modifies the resonant frequency of the harmonic
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oscillator. The new resonant frequency is related to the natural
resonance frequency by

1 1/2

The cantilever quality factor determines the overall dynamics of mo-

tion. For low quality factors (Q < 5), Equation 3.37 shows substantial

differences between the actual and the natural resonant frequencies,

otherwise, w, =~ wp. The solution for the amplitude of oscillation

dependence on the excitation frequency has a Lorentzian expression
Fy/m

A= (F =P+ (o QP (339

and the phase shift can be calculated by

wwo/Q

tgp = ———— 3.39

99 N a— (3.39)

where ¢ is the phase angle between the driving force and the displace-
ment.

The dependence of the amplitude and the phase shift as a function

of the driving frequency are reported in Figure 3.16 for two different

values of Q.
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Figure 3.16: Dependence of the amplitude (a) and the phase shift (b) as a
function of the excitation frequency for a forced harmonic oscillator with
damping. The curves are plotted for two different Q) values. The phase shift
is in degrees. Adapted from [215].

In the presence of damping, the excitation frequencies at which the

maxima of the amplitude and the energy absorbed by the harmonic
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oscillator occur do not coincide. The maximum in the amplitude is

1 1/2

found for

and takes the value
QFy 1

k(11— (1/4Q%)Y/2
By equation 3.39 it is foud that the phase shift is exactly 90° at

w = wy independently on ). This aspect is of relevance to emphasize

A, = (3.41)

the special role of the natural frequency. For example, Equation 3.38

is simplified by exciting the oscillator at its natural frequency wy
Ao =QF,/k (3.42)

In the case of interaction with surface forces we need to consider
that the point mass cantilever tip is oscillating under the influence
of the surface. Under this scheme, the total force acting on the tip
includes the elastic response k(z — 2g), the hydrodynamic damping,
and the interaction force Fys. In the case of small displacements from
the equilibrium position (z = 0), the tip surface force can be expressed

by a linear approximation
Fis(2) = Fis(0) + (dFis/dz)oz (3.43)

In this case the gradient of the force influences the tip motion, and
the interaction can be characterized by an effective spring constant
ks

ks = (dFys/dz)o (3.44)

Taking into account this approximations from Equation 3.33, we find

the equation of a forced damped harmonic oscillator
. mw .
mz=—(k+kis)z — 6,2 + Fycos(wt) + Fi5(0) (3.45)
where the effective spring constant k.ys can be introduced
kepr =k — (dFis/dz)o (3.46)

By solving this equation, a new effective resonant frequency is found

ke
Weff = % (3.47)
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and the difference Aw = weyr —wp can be approximated by
Aw =~ (W()kts/2k) (348)

The above equations show that by the linear approximation of the
interaction force the amplitude modulation AFM behaves like a har-
monic oscillator with the resonant frequency depending on the gra-
dient of the interaction. The dependence of the amplitude on the
excitation and effective resonant frequencies explain the dependence
of the oscillation amplitude on the strength of the interaction force,
and on the tip surface separation. Schematically, if the tip is excited
at its natural frequency, approaching the tip to the surface will modify
the resonant frequency and, as a consequence, the oscillation ampli-
tude will be modify (Equation 3.38). The actual oscillation amplitude
will be given by the value of the new resonance curve at the excita-
tion frequency of the oscillator. As a consequence, the new oscillation
amplitude would be smaller than the free amplitude (Figure 3.17).
However, if the excitation frequency is just off resonance to the left,
the oscillation amplitude could decrease or increase depending on the
position of the new resonant frequency with respect to the natural
frequency. This mechanism is called the detuning effect.

attractive -— — repulsive

[CIGN
frequency

Figure 8.17: Detuning in a weakly perturbed harmonic oscillator. The gra-
dient of the tip surface forces shifts the resonance curve to lower frequencies

(attractive force) or to higher frequencies (repulsive force) [215].

Even if the approaches based on the harmonic oscillator model

enable to understand amplitude modulation AFM, in many cases,
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they might fail to provide agreement with the experiments. The
limitations of harmonic models to describe dynamic AFM derive to
approximations used to obtain Equations 3.43-3.48. First, it was
assumed that the tip surface force induces a frequency shift and not
energy transfer. Second, the force gradient was assumed independent
of the separation. Third, the force gradient was smaller than the
cantilever force constant k;s < k. Many experiments imply oscillation

amplitudes above 1nm violating one or more of the above assumptions.

3.1.5 AFM Image Modes

AFM can be operated in several different modes [215, 216]. In
general the image modes are divided into the static mode and the
dynamic mode. Static AFM modes include contact mode and friction
force microscopy (FFM, or lateral force microscopy, LEM). Dynamic
AFM modes include 1. tapping mode, Non-contact mode; 2. force
modulation mode (FMM), atomic force acoustic microscopy (AFAM)
mode; 3. torsional resonance (TR) mode; 4. Lateral excitation (LE)
mode. In this thesis, I will focus on contact mode, tapping mode and

non-contact mode.

Contact Mode

The contact mode can be run in two different modes which are
the constant height or the constant force. The laser beam measures
the deflection of the cantilever, and imaging is collected on the basis
of feedback to a piezoelectric scanner that keeps the force constant.
Low spring constant AFM probes are used for contact mode imaging.
The force applied between the tip and a surface in contact is given by
Hooke’s law.

F=—kd (3.49)

where F is the force, k.. is the force constant of the cantilever and d the
deflection distance. Forces between the tip and samples can be studied
by using different tip materials and surfaces. The hardness/elasticity
of the surface can be analyzed by varying the force at each point,
which is commonly measured for biological samples in air or in liquid.
Contact mode is used for high resolution imaging. However, this mode

has some limitations: 1.Tip contamination caused by attachment of
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particles on a surface; 2 it is easy to damage the surface when a strong

force is applied to scanning soft samples.

Tapping Mode

Tapping mode is dynamic and intermittent contact imaging in
which the tip senses the surface with only minimal contact to the
surface at a given amplitude. The tip oscillates with an amplitude of
several nm. The typical frequency of the tip is 50-400 kHz. A resonant

oscillation frequency is given by the equation:

_ kers
w=y/— (3.50)

where ke is the effective force constant and m the effective cantilever

mass.

Non-Contact Mode

Similar to the tapping mode, the non-contact mode brings the
cantilever into oscillation slightly higher than the resonance frequency
but the tip does not actually touch the sample surface, remaining 5-10
nm from the surface. The tip oscillates with the amplitude of several
nm. The typical frequency of the tip is 50-400 kHz. This operation
mode is suitable for ”soft” materials such as bacteria and proteins.

The following table shows the comparison between these modes of

measurements.
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Operation Contact Non-Contact Tapping
Mode Mode Mode Mode
Contact with Yes No Periodical
sample surface
Manipulation Yes No Yes
of sample
Contamination Yes No Yes
of AFM tip
High scan speeds. Higher lateral
” Atomic Low force resolution
resolution” is exerted on (I nm to 5 nm).
Advantages is possible. the sample Lower forces
Easier scanning surface and and less damage
of rough samples no damage is to soft
with extreme caused to samples in air.
changes in soft samples Almost no
vertical lateral forces.
topography.
Lateral forces Lower lateral
can distort resolution,
the image. limited by
Capillary tip-sample
forces from separation.
a fluid layer Slower scan
can cause speed to
large forces avoid contact Slower scan
Disadvantages normal to with fluid speed than
the tip-sample layer. in contact
interaction. Usually only mode.
Combination applicable
of these to extremely
forces reduces hydrophobic
spatial samples
resolution with a minimal
and can cause fluid
damage to layer.
soft samples.

Table 3.1: Comparison of three common modes of AFM acquisition.
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3.2 Experimental Set-up

This section summarizes the properties of the different instruments
used in the thesis. Deep study will be dedicated to Micro-Raman (u-
Raman) and atomic force microscopy, as these are the main measure-

ment techniques employed.

3.2.1 p -Raman spectrometer

The instrument used for Raman measurements is a microRaman
Bruker SENTERRA model, which combines a Raman spectrometer
and a confocal microscope to perform the analysis [217] of samples.
The instrument allows, therefore, both the optical observation of the
sample, using the optical microscopy capacity, and the execution of
Raman measurements of micrometric portions of the investigated ma-
terials. The visual observation reveals the morphological details of a
sample (for example, optical contrast, size, shape), while the spectro-
scopic measurement gives general information about the vibrational
properties, on the molecular structure and the chemical composition
of a sample [213, 217]. The apparatus is connected to a computer,
equipped with OPUS software, able to acquire both the visual images
of the sample and the Raman spectra, obtainable at low and high
spectral resolution. For the video or Raman mode the light sources,
which radiates the sample, are different: an incandescent lamp (for
images) and a laser (for Raman) that emits radiation in the visible
(532 nm) with maximum power of 20 mW. As can be see in Fig. 3.18,
the instrument consists of two modules: the module of the microscope

and the spectrometer module.

: Trinocular head
(Part of microscope module)

Spectrometer module

Microscope module

Figure 3.18: Representation of micro Raman spectrometer Bruker SEN-
TERRA [217]
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The microscope module is based on the optical microscope OLYM-
PUS, model BX51 and is constituted by: a trinocular head, consisting
of a binocular eyepiece and a third eye in which is mounted a video
camera, Infinityl; two objectives, one having magnification 20x, nu-
merical aperture of 0.40 and a working distance 1.3 mm, and the other
having magnification 50x, numerical aperture of 0.75 and a working
distance 0.38 mm [217].

The spectrometer module is located between the illumination sys-
tem and the trinocular head of the microscope. The spectrometer
consists of [217]:

e a detector, constituted by a CCD matrix 1024x256 pixels ther-
moelectrically cooled to —55°C', with operator selectable expo-
sure time to radiation (integration time) and number of repeti-

tions (co-additions);

e two gratings, 400 and 1200 lines/mm, in order to vary the

resolution and spectral range (for high resolution, 3 — 5em ™1,

it has a range of 53 — 3700cm ™!

; while in the case of low-
resolution measurements, 9 — 15e¢m ™!, the investigated range

is 50 — 4478cm~1);

e a notch filter, positioned before the spectrometer reduces the
Rayleigh component of the radiation, leaving unchanged the
intensity of light with Stokes-shift exceeding 150cm ~—!;

e some slides with opening 25x1000 pm? and 50x1000 um? for
measurement in non-confocal mode and pinholes 25um and

50um in diameter for measurements in confocal mode.

The sample is placed on a mobile support with a motorized movement
controlled by software (Accurate to 1um along the x, y and z), to focus
on it optically. This position coincides with the optimization for the
collection of Raman signal.

The Fig. 3.19. shows the block diagram of the instrument with
the path that the laser radiation performs, in the Raman mode, from
the sample to the detector. It can be observed, on the left, that
the laser radiation, through neutral density filters (ND Filter), is
attenuated before reaching the sample through a sequence of mirrors

and a shutter. The radiation then passes through a lens that allows
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the focusing at the position of interest. The scattered radiation from
the sample, in the opposite direction to the excitation radiation, is
collected by the same objective and, through a system of mirrors,
is directed towards the spectrograph, passing through a notch filter
(F1, in the Fig. 3.19). At the entrance of the spectrograph there
is the pinhole/slit which allows the spatial selection of the collected
radiation. This system, in particular, allows the confocal detection,
and provides the spatial resolution in the direction perpendicular to
the plane of the stage on which the sample is positioned. Subsequently,
the radiation is dispersed by one of the instrument gratings (located
on the Grating turret), selected by the operator, and is detected by
the CCD system to record the Raman spectrum.

Binocular
Spectrograph
Filter
Changer
FlexFocus Fla / VIS Observation
Pinhole/slit I M3 .~ blocked
F2 / L mmmpu(
Grating turref | 7. =R el L
=< Hrror
pa~giinl | A
M1 Talb. Mirror
Laserl Shutter

Probe Raman
Input

I I —] Objective
Lasers Lt

Probe Laser Output ) ar—
Raman Lasers wyz Sample Stage

Figure 3.19: Block diagram of the p — Raman instrumentation with in

yellow the path covered by the radiation to reach the detector and in red the
excitation laser path [217].

Finally, the instrumental parameters that can be adjusted are
listed:

e Laser power (0.2 mW, 2 mW, 5 mW, 10 mW, 20 mW);
e Microscope lens (20x, 50x);
e High Resolution: 5 — 3cm™'; Spectral range: 53 to 3700cm™!;

e Low resolution: 9 — 15cm™!; Spectral range: 50 to 4478cm™!;
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e Integration Time;
e Co-addictions;
e Aperture (50x1000 pm?; 25x1000 pm?; 50pm; 25um)

Furthermore, additional in-situ -Raman measurements (with the
sample inserted inside a Linkam THMS600PS cell with temperature
and pressure controlled, see Chapters 4 and 5) were carried out by a
Horiba LabRam HR-Evolution spectrometer equipped with a 532 nm
excitation laser and spectrometer spectral resolution of 7 ecm™! (600

gratings per mm).

3.2.2 Atomic Force Microscope

The microscope for atomic scale resolution used is a Veeco Dimen-
sion 3100 (DI3100) atomic force microscope with Nanoscope V con-
troller working in tapping mode and using a commercial silicon probe
with spring constant k = 20 <+ 80 Nm~! and oscillation frequency
in the range 332-375 kHz. The Dimension 3100 Scanning Probe Mi-
croscope (SPM) produces high-resolution, three dimensional images
by scanning a sharp tip over the sample surface. The tip is part of
a flexible cantilever mounted on one end of a cylindrical piezoelec-
tric tube mounted near the top of the microscope. Voltages applied
to the X and Y electrodes on the piezoelectric tube deflect the tube
horizontally to produce a precise raster scan over the sample surface.
A voltage applied to the Z electrode on the piezo tube controls the
vertical height of the tip. A stepper motor coupled to a lead screw
translates a slide with the sample attached [218]. A separate motor
drive controls the height of the microscope and tip relative to the sam-
ple surface (as shown schematically in Fig. 3.20(a)). The Dimension
SPM head provides accurate imaging of a stationary sample while
scanning the integrated detector probe assembly above the sample.
The Dimension SPM head allows optical correction of the laser beam
path to track the movement of the probe while scanning under the
fixed laser beam assembly [218]. The Fig. 3.20(b) shows the optical
path of the laser beam inside a Dimension SPM head. The Dimension
SPM head places a corrective, tracking lens within the scanner tube

to stabilize the laser beam focal point atop the scanning cantilever.
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This patented technology sharply reduces bowing and attenuation ar-
tifacts due to cantilever scanning across the laser beam’s otherwise

stationary focal plane [218].

(b) Laser Spot Detector Sceen .
(a) (dark red) L.aser aim
adjustments

-

Position Sensitive Detector
(special photo diode)

Quad Photodiode Laser diode

Beamsplitter Collimator
(behind screen)’
Light Focusing lens
Detector Mirror
Cantilever positioners N )
Laser Light's
|e—""T1
Beam path

X
Piezo Adjustable (detector)
1 mirror
Y electric

Tracking Lens
(corrective)

Fixed mirror

Scanner

Probe Tip Holder

Cantilever

Figure 8.20: (a) Diagram of the light path in an AFM and the main
components. (b) Scheme of Dimension SPM 3100D Head [218].

The Dimension SPM head scans the tip and generates the can-
tilever deflection or probe feedback signal for the different imaging
modes. A quad photodetector detects the beam emitted by the laser
diode (1.0 mW max at 670nm) as it reflects off the cantilever. The
integrated scanner head consists of the following subassemblies [218]:

Preamp Board: The preamp board is located inside the Di-
mension 3100 SPM microscope head. The preamp board contains a
preamplifier circuit for both photodetector signals, a laser diode power
supply circuit that regulates the output of the laser, and £12 volt reg-
ulators for the preamp circuit. The voltage regulators include current
limiting to protect the circuit. The preamp board is in turn connected
to a 21-pin male connector cable plugged into the socket on the front
of the stage control electronics box.

Laser Diode Stage: A kinematic tilt stage positions the laser
beam on the cantilever. The tilt stage consists of the laser diode,
collimator, focusing lens, base plate, and the X and Y laser diode
adjustment knobs. The X laser diode adjustment knob moves the

beam parallel to the major axis of the cantilever substrate. The Y
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laser diode adjustment knob moves the beam perpendicular to the
major axis of the cantilever substrate.

Adjustable Detector Mirror: An adjustable mirror positions
the reflected laser spot relative to the four photodetector elements
using a kinematic mount and the photodetector mirror adjustment
knobs. The photodetector mirror adjustment knobs assist the user in
adjusting the position of the mirror to maximize the SUM signal and
set the deflection signals.

Photodetector: The four elements of the quad photodetector
combine to provide different information depending on the operating
mode. In all modes the four elements combine to form the SUM
signal. The amplified differential signal between the top two elements
and the two bottom elements provides a measure of the deflection of
the cantilever. This differential signal is used in Contact AFM mode.
The differential signal feeds into an RMS converter (or phase module
if attached) for TappingMode operation. Similarly, the amplified
differential signal between the sum of the two left photodiodes and the
sum of the two right photodiodes provides a measure of the torsion in
the cantilever (often used in Lateral Force Microscopy).

Beamsplitter and Laser Spot Detector Screen: The beam-
splitter diverts some of the laser light directed towards the photode-
tector toward the Laser Spot Detector Screen. This screen provides
visual indication of the condition of the reflected spot and its orien-

tation relative to the photodetector.
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Chapter 4

Materials and

Treatments

This chapter is devoted to describe the materials employed in this
thesis and the treatments to which the samples were subjected. The
principal details are reported to individuate those parameters relevant

for the discussion of the experimental results.

4.1 Materials

As reported in Chapters 1 and 2 of this thesis, the materials used
are part of the 2D materials category and they are graphene (Gr) and
molybdenum disulfide (MoS3).

As discussed in Chapter 1, the graphene can be produced in dif-
ferent ways. In this thesis we have used graphene samples epitaxi-
ally grown on the C-face of the 4H-SiC; graphene samples grown by
CVD on Cu and then transferred on SiOs substrates on Si (SiO2/Si);
and graphene samples grown by CVD on Cu and then transferred on
Al O3 substrates on Si (AloO3/Si). As regards the samples of MoSs,
as we saw in chapter 2 they also can be produced in different ways;
we used samples of MoSy mechanically exfoliated from a bulk sample
and transferred on SiOs substrates on Si (SiO2/Si). In the following

paragraphs we go further into the details of the samples preparation.
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4.1.1 Gr on C-face of 4H-SiC

As mentioned in Chapter 1, to date, most of the studies on Gr
grown on SiC have been carried out on the two polar faces of the
hexagonal SiC polytypes (4H and 6H), i.e. the Si-face (0001) and
the C-face (0001). The structural and electrical properties of Gr
have been found to strongly depend on the SiC orientation, due to
different growth mechanisms on the two faces. Gr growth on the
Si-face starts from the formation of a (6 V3 x 6v3)R30° surface
reconstruction (the so called ”carbon buffer layer”), which exhibits a
mixed sp?- sp? hybridization, due to the partial covalent bonding to
the Si-face [78, 219]. It proceeds with the conversion of the buffer
layer into a Gr layer after the formation of a new interfacial buffer
layer due to Si sublimation from the underlying SiC substrate [220].
As a result, Gr layers grown on the Si-face exhibit a very precise
alignment with respect to the substrate and are stacked each other
according to a Bernal sequence (ABAB). Furthermore, Si sublimation
rate from the (0001) face can be precisely controlled to achieve single
layer coverage on wafer scale. From the electrical point of view Gr
exhibits a high n-type doping (~ 10" em~2) and a relatively poor
mobility (~ 10% ¢cm?V~1s71) due to a large density of charged Si
dangling bonds between the buffer layer and (0001) face [221, 222].

Conversely, Gr growth on the C face of SiC is much more difficult
to be controlled, and typically multilayers are obtained under similar
growth conditions used for the Si-face. This is in part a consequence
of the faster sublimation rate of Si from the (0001) face. Differently
than for the Si-face, the growth mechanisms of Gr on the C-face as
well as the structure of the Gr/SiC interface are still object of debate.
No buffer layer formation has been observed and this can explain the
rotational (turbostratic) misorientation typically reported between
stacked Gr layers [77]. Due to the turbostratic stacking, Gr layers
are electronically decoupled each other, and this is at the origin of the
excellent electron mobility (> 10* cm?V~1s™1 at 300 K) measured on
the C-face [223]. In spite of these very attractive electronic properties,
the use of Gr on SiC(0001) for field effect transistors has been hindered
by the difficulty of efficiently modulating carrier density in multilayers
by a gate bias due to mutual electrostatic screening of different layers.

Under this point of view, it is highly desirable to achieve the growth
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of few layers or even a single layer also on the C-face.

To deepen the understanding of Gr grown on SiC, in this PhD
thesis work, the growth conditions (temperature and pressure) have
been specifically tailored to achieve the growth of few layers of Gr
on 4H-SiC (0001). The samples were grown at the University of
Linkoping; in details, Gr samples were grown on 4H-SiC (0001) by
thermal treatments at 1850°C, 1900°C and 1950°C in Ar ambient at
900 mbar and, as reported in the following chapters, they have been

fully characterized.

4.1.2 Gr on SiO,/Si and Gr on Al,O3/Si

As discussed in Chapter 1, the recent interest in graphene elec-
tronic properties has stimulated the development of advanced methods
for large-area Gr growth on different kinds of substrates [74, 87, 224].
The most promising low cost and very accessible method for Gr pro-
duction is the chemical vapor deposition (CVD) on metal substrates
(such as Cu, Ni), since with this approach high quality samples can be
obtained [87]. The Gr film is grown directly on the substrate surface
that acts as a catalyst in the process. In the case of Cu substrates, the
resulting film is predominantly composed by single layer Gr domains
[225]. For applicative aims the Gr film grown on metal is then trans-
ferred on another insulator substrate, such as silica (amorphous SiOs)
or allumina (AlyO3), through a transfer procedure consisting first in
covering the surface of Gr by a polymer, usually PMMA (poly(methyl
methacrylate)), in a successive chemical etching to remove the metal
substrate and in the final transfer on the end substrate chosen [8, 225].
Transparent insulating substrates, such as amorphous silica, SiO4, or
allumina, Al,O3, are among the most employed substrates for Gr ap-
plications in electronics (e.g., as channel material for field effect tran-
sistors or interconnects) [226] and optoelectronics (e.g, as transparent
conductive electrode) [29].

In the present PhD thesis work, Gr samples were produced by
the CVD technique growing them on copper (Cu) foil. Successive
transfer on a 300 nm thick SiO2 layer on Si ((sample hereafter named
Gr/SiO2/Si), or on a 100 nm thick Al;O3 layer on Si (sample hereafter
named Gr/Al;O3/Si) was done by the sequence PMMA deposition,
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sample transfer and PMMA removal (as it has been described in Fig.
1.18).

4.1.3 MoS; on SiO,/Si

The isolation of graphene, the single atomic layer of sp? carbon, by
exfoliation of graphite represented the first experimental demonstra-
tion that two dimensional (2D) materials can be stable under ambi-
ent conditions after separation from the bulk crystal [6]. This opened
also the way to the investigation of an entire class of layered materi-
als occurring in nature, which are composed by the vertical stacking
of 2D sheets bond by van der Waals interaction [7]. In particular,
transition metal dichalchogenides(TMD), whose generalized formula
is MX,, where M is a transition metal of groups IV — X and X is
a chalcogen (S,Se,...), attracted significant interest in the last years
[143]. Some of them(in particular MoSs) are naturally abundant and
very stable after exfoliation. Furthermore, MoSs, MoSes, WSy, WSey
have been shown to be semiconductors with sizable bandgaps [143].
The semiconducting properties make TMD very attractive for elec-
tronics and optoelectronics fields.

In this work, MoS; samples were obtained by mechanical exfoli-
ation of natural bulk molybdenite crystals, purchased by SPI [227].
The exfoliation technique was based on the use of a thermal release
tape and thermocompression printing [228] on a Si02(300 nm)/Si sub-
strate.

4.2 Treatments

In this section we report details about the treatments employed
in this thesis, in particular, the treatments in Os plasma and the
thermal treatments in vacuum, in air and in a controlled atmosphere
(02, CO4, No, Hy0) for Gr and MoS, samples.

4.2.1 Thermal treatments in muffle oven

The thermal treatments in controlled atmosphere are one of the
main experimental procedures used in this thesis. The apparatus

schematically shown in Fig.4.1 has been used. It consists of a blind
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cylindrical stainless steel pipe of 1 cm internal diameter and length of
1 m. This pipe is connected to a vacuum pump (B) to evacuate the
ambient gas, and to a gas bottle (G) to inflate, if needed, high purity
gas (<3 part per million mol water, only impurity content) inside the
pipe. Valves and manometer are inserted in the system to check the
pressure and isolate the different parts. To make thermal treatments
on the samples of Gr/SiO2/Si and Gr/Al;O3/Si, in vacuum and in a
controlled atmosphere we used the following procedure: the sample
was placed inside the stainless steel pipe (A, in Fig.4.1, internal volume
~ 0.08 L); subsequently the air inside the pipe was removed by the
vacuum pump (B) in about 2 minutes until inside the tube the pressure

value ~ 10~4 bar, read via the pressure gauge (D1), was reached.

D2 E

9

Cl & I\F

¢ _®D1

Figure 4.1: Schematic draft of the apparatus used to perform the thermal

treatments under vacuum, Oz, CO2, No. The system consists of: (A) a
cylindrical stainless steel blind pipe; (B) a vacuum pump; (C1 and C2)
two wvalves; (D1 and D2) manometers; (E) a muffle oven; (G) gas bottles
containing Oz, No or COz. The samples (F) are put at the end of the blind

pipe.

For the vacuum treatment, once the pressure of ~ 10~% bar was
reached,it was maintained by keeping the vacuum pump turned on.
The pipe was then inserted inside the oven (E) previously heated, at
the thermal treatment temperature, and kept there till the time of
treatment was elapsed. Afterward, the pipe was extracted from the
oven and was cooled in water at room temperature.

For treatments in other atmospheres (Og, CO2, N3), instead, once
the pressure of ~ 107* bar was reached, the valve (C2), in the figure
4.1 was closed, and the gas was injected from the gas bottle ((G) in

figure 4.1) at a given pressure in the range 0.5+10 bar, checked via
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the pressure gauge (D2). Thereafter the pipe was inserted inside the
oven (E) and the same procedure of treatment above described for
vacuum was applied.

For the thermal treatments the temperature was fixed in the
140-+-350°C range and was stabilized within +1°C. The temperature
was checked by a thermocouple inside the oven.

Two kinds of thermal treatments have been carried out isochronous
treatments: at fixed treatment time on varying temperature or pres-
sure; and isothermal treatments: at fixed temperature on varying

treatment time.

4.2.2 Thermal treatments in situ

Thermal treatments in air and some treatments in O2, on samples
of Gr/SiO2/Si and MoS3/Si04/Si, were carried out in-situ during Ra-
man measurements, with the aim to clarify certain aspects which we
will explain in the next chapter. The sample in these treatments was
inserted inside a Linkam THMS600PS cell with temperature and pres-
sure controlled (AtenCenter, CHAB; http : //www.chab.center /home).
During the measurements the temperature was fixed up to 350°C and
the pressure up to 2 bar. Heating ramp was selected to 100°C/min,
whereas cooling to room temperature was obtained within 25 min.
Temperature ramp and monitoring were executed by the software sta-

tion of the Linkam cell.

4.2.3 Thermal treatments in PARR reactor

To apply thermal treatments in water controlled ambient a PARR
reactor model 4651 with purging valves (shown in Figure 4.2) was
used.

The PARR reactor consists of a stainless steel cylindrical vessel (A),
with an internal volume of 250 ml, where the sample is placed dur-
ing the thermal treatment in controlled atmosphere. The sample is
opportunely suspended in a stainless stell sample holder to avoid to
soak it into water at room temperature, during water treatments. The
vessel is closed by a steel cover (B) with two valves (I and O) for the
input and output of the gas used in the thermal treatment. The cover

is coupled to the container by means of two steel rings (H) and closed
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with bolts.

Figure 4.2: Block diagram of the PARR reactor, used to perform the
thermal treatments in water gas. The system consists of: (A) stainless
steel container; (B) container cover; (C) a well in which a thermocouple is
positioned; (D) analogue pressure gauge and (E)digital pressure transducer;
(F) gasket; (G) stainless steel sealing ring and (H) two closing mesh rings

in stainless steel; (I and O) input and outpul gas valves, respectively.

Between the lid and the container there is a graphite gasket (F)
which serves to avoid the gas release from the system. A thermocouple
(C), which is in contact with the bottom of the closure cap, is used
with the aim to measure the vessel temperature. Finally, the whole
vessel is placed inside a steel ring (G). The pressure is measured by an
analog pressure gauge and a digital transducer (D and E respectively).
The closed reactor is placed in an electric heater equipped with a
temperature control system that stabilizes within 1°C.

The 250 ml T316 stainless steel chamber was filled with 40 ml of
liquid distilled water and, after closure, the chamber was repeatedly
purged with 50 bar He gas to remove ambient air, and a final He
pressure of 7 bar was fixed. The temperature was then raised up to
150°C within 1 hour and a mixture of He (10 bar) and HyO steam
(2 bar) was obtained. The experiment time at 150°C of 2 hours was
fixed, afterwards the equipment was returned to room temperature
within 10 hours preserving the He-H5O gas mixture.
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Chapter 5

Experimental Results

In this chapter the experimental results obtained in this thesis
work are collected. First the properties of multilayers graphene ob-
tained by high temperature treatments on SiC are considered to eval-
uate the production and quality of graphene as well as its doping.
Then monolayers of Graphene on SiO5 and Al;O3 are investigated to
elucidate the effectiveness and weaknesses of doping by thermal treat-
ments in controlled atmosphere. Finally, in view of extension to 2D
materials, the effects of thermal treatments, similar to those used for
graphene, are investigated on multilayers MoS, exofoliated from bulk

and transferred on SiOs.

5.1 Graphene on C-face of SiC

As described in the previous chapter, Gr samples were grown on
C-face of 4H-SiC (0001) by thermal treatments at 1850°C, 1900°C and
1950°C in Ar ambient at a pressure of 900 mbar. As grown Gr samples
were preliminarily characterized by optical microscopy (OM) and by
atomic force microscopy (AFM) operated in tapping mode. Fig. 5.1
shows three representative OM images of Gr grown at 1850°C (a),
1900°C (b) and 1950°C (c).



116 Chapter 5: Experimental Results

@ 1850°C @ 1900°C @ 1950°C

Figure 5.1: Optical images by the microscope of the Raman Senterra in-
strument of the Gr grown on the C face of SiC at 1850°C (a), 1900°C (b)
and 1950° C (c). The different optical contrast indicates a different amount
of graphene layers. The scale is in um. Adapted from [229].

Fig. 5.2(a) reports representative Raman spectra measured on the
virgin SiC (0001) and on as-grown few layers of Gr at 1900°C. To
isolate the Raman bands of Gr, a subtraction of the two spectra was
carried out after normalization to the intensity of the main peak of SiC
Raman signal [230]. The characteristic G and 2D bands of graphitic
carbon are observed in the spectral range from 1300 to 2900 cm™!.
Furthermore, the absence of the defects-related D band (at ~1350
cm~1) demonstrates the high crystalline quality of the few layers of

Gr.
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Figure 5.2: (a) Raman spectra of virgin 4H-SiC (black) and of Gr grown
on 4H-SiC(0001) at 1900° C (red). The two spectra are normalized to the
SiC signal and the blue spectrum is the difference between the red and black

ones. (b) Comparison between the normalized Raman spectra of Gr grown
at 1850° C, 1900° C and 1950° C and of virgin 4H-SiC [229].

The presence of bright and dark contrast regions in Fig. 5.1 sug-
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gests a not uniform Gr coverage at all the investigated temperatures.
Representative AFM morphology and phase images for the sample
grown at 1900°C are reported in Fig. 5.3(a) and (b), respectively.
The morphology shows that Gr grows on a stepped SiC substrate (see
also the linescan in Fig. 5.3(c)). Furthermore, peculiar nanometer
high corrugations of the Gr membrane (wrinkles) can be observed in
the morphology (see the linescan in Fig. 5.3(d)). Such corrugations
originate from the compressive strain experienced by Gr in the cooling
down step of the growth process, as a result of the different thermal
expansion coefficients of SiC and Gr [231].
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Figure 5.3: AFM morphology (a) and phase (b) images of Gr grown at
1900° C. Representative linescans of SiC steps (c¢) and of a Gr wrinkle (d)
corresponding to the lines highlighted regions in panel (a) [229].

The presence of compressive strain is also confirmed by p-Raman
measurements, as discussed in the following. The phase contrast
(Fig. 5.3(b)), originating from the electrostatic interaction between
tip and surface, indicates the presence of regions with different surface
potentials (indicated with A, B, and C in the map) associated with
changes in the number of Gr layers [231].

Atomic resolution STEM! measurements (Fig. 5.4) on the cross-

1Scanning Transmission Electron Microscopy; The measurements were carried
out in collaboration with Dr. G. Nicotra and Dr. C. Bongiorno of the National
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section of the same sample confirm that regions without Gr and
regions with few (1-7) layers are present at different surface positions.
Interestingly, an amorphous Si/C interfacial region with almost fixed
thickness (1.3-1.5 nm) is evidenced both on the bare and Gr covered
regions, almost independently on the number of Gr layers. This
amorphous can work as a precursor for Gr growth on C face in the

employed growth conditions.

Sample @ 1900°C

no graphene 1 layer 3 layers

amorphous Si/C
interfacial layer

Figure 5.4: STEM images in dark field on three areas of the sample prepared
at 1900° C; from left: no graphene, 1 layer of graphene, 3 layers of graphene,
the presence of a layer of amorphous SiC' is highlighted by the black arrow.
Adapted from [229].

Representative Raman spectra measured on the samples grown at
1850°C, 1900°C and 1950°C are reported in Fig.5.2(b). For consis-
tency all the measurements were performed in the samples regions
with brighter optical contrast. The presence of the interfacial Si/C
amorphous layer, shown in Fig. 5.4, does not introduce any specific
features in the Raman spectral region where the signals of SiC and
graphene appear. For comparison, all the spectra were normalized to
the intensity of the main peak of SiC Raman signal.

Clearly, the G and 2D peaks intensity increases with the growth
temperature, consistently with an increase in the number of layers.
Furthermore, the 2D peak becomes more asymmetric with increasing
temperature. Noteworthy, a symmetric 2D Raman peak indicates the
presence of a monolayer of Gr (for FWHM(2D)~30-40 cm~!) or few
layers of Gr with turbostratic stacking (for FWHM(2D)>40 cm™1).
On the other hand, an asymmetric 2D peak can be an indication of

a stacking order between different Gr layers [230]. The occurrence

Research Council - Institute of Microelectronics and Microsystems (CNR-IMM)
of Catania
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of stacking order also on the SiC(0001) is peculiar of the few layers
of Gr grown under these conditions and is typically not reported
for multilayers. From the analysis, point by point, of the Raman
spectra measured at different positions on the three samples (i.e. in
the dark and bright areas) a series of information can be deduced. The
spectral characteristics of the Raman measurements, in particular the
amplitude ratio Iop /I and the 2D band shape, enable to distinguish
areas in which there is the presence of a monolayer of graphene or a
few layers of Gr with turbostratic stacking or with Bernal stacking.
In Figure 5.5 examples of Raman experimental spectra for the sample
grown at 1850°C are reported.
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Few layers of graphene with turbostratic stacking
@1850°C

Monolayer of graphene @1850°C

Dark area

FWHM_= 18cm”™
Lo/ls = 1.06

Raman scattering (arb. units) ~
Raman scattering (arb. units)

I, =208
1500 1600 2400 2600 2800 3000 1500 1600 2400 2600 2800 3000
Wavenumber (cm™) Wavenumber (cm™)

(C) Few layers of graphene with Bernal stacking
@1850°C

G

FWHM,= 21cm” :
Ipfls =042 [

Raman scattering (arb. units)

1500 1600 2400 2600 2800 3000
Wavenumber (cm™)

Figure 5.5: p-Raman spectra of graphene sample grown on the C-face of
SiC at 1850° C respectively in dark areas (a) and (b) and bright areas (c),
after subtraction of the SiC' Raman spectrum. The spectra are focused in
the spectral region of the typical bands of graphene and normalized to the
G band amplitude. The G and 2D band best fit curves with lorentzian line
shapes are superimposed to the spectra. Fach of the inset shows the point
where the spectrum was acquired.

In this sample there is the presence of dark areas in the optical im-
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age that show the spectral characteristics of a monolayer (Fig. 5.5(a))
or of a few layers of Gr with turbostratic stacking (Fig. 5.5(b)); the
spectral features namely show a ratio Iop/Ig > 0.7 and 30 cm™! <
FWHM;p < 50 ecm ™!, Furthermore, the 2D band has a symmetrical
shape and can be interpolated with a single Lorentzian curve. In Fig-
ure 5.5(c) an example of the Raman spectrum recorded in the bright
areas of this sample is shown. In this case it is immediately evident
that Iop/I¢ < 0.7 and the FWHM of the 2D band is > 50 cm™1.
Furthermore, the 2D band is asymmetrical. These characteristics are
attributable to the presence of few layers of Gr with Bernal stacking.
In Figure 5.6 the Raman spectra for the sample grown at 1900°C are
reported. In this case the bright areas of the sample prevail (com-
pared to the sample grown at 1850°C), attributable to regions with
few layers of Gr with Bernal stacking.
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Figure 5.6: p-Raman spectra of graphene sample grown on the C-face of
SiC at 1900° C respectively in dark areas (a) and bright areas (b), after
subtraction of the SiC Raman spectrum. The spectra are focused in the
spectral region of the typical bands of graphene and normalized to the G
band. The G and 2D band best fit curves with lorentzian line shapes are
superimposed to the spectra. Fach of the inset shows the point where the

spectra were acquired.

Figure 5.7 finally shows the Raman spectra for the Gr sample
grown at 1950°C. In this sample, also the measurements made in
darker areas, exhibit spectral features that are not typical of mono-
layers (Fig. 5.7(a)). The I /Iop ratio is about 1 and the 2D band is
slightly asymmetrical.
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Figure 5.7: p-Raman spectra of graphene sample grown on the C-face of
SiC at 1950° C respectively in dark areas (a) and bright areas (b). The
spectra are focused in the spectral region of the typical bands of graphene
and normalized to the G band. The G and 2D band best fit curves with
lorentzian line shapes are superimposed to the spectra. FEach of the inset

shows the point where the spectrum was acquired.

As summarized in Fig. 5.8(a), in the sample grown at 1850°C, that
features a prevalence of dark areas with respect to bright areas, the 2D
band in dark areas can be fitted by a single Lorentzian curve of FWHM
in the range from 30 to 50 cm~!. The regions with FWHM(2D)~30
cm ™! are associated to Gr monolayers. The regions with FWHM(2D)
between 40 and 50 cm™! are associated to few layers of Gr with
turbostratic stacking [232]. It is also seen that the dark areas are
distinguished from bright ones by the Iyp /I ratio. In combination
with the FWHM(2D), this parameter allows to discriminate areas
with single or few layers of Gr (Isp/Ig >0.7) from areas with a larger
number of layers (Iop/Ig <0.7) [230]. In particular, it is found that
in the bright regions, showing Iop/I¢ <0.7, a FWHM(2D)>50 cm ™!
is systematically found, and the 2D band also becomes composite
and asymmetric. The asymmetric peak has been fitted with two
Lorentzian components, associated to Bernal stacking between Gr
layers [230]. Almost the same can be said for the sample prepared
at 1900°C, as shown in Fig. 5.8(b), where, however, bright areas
dominate, indicating an increase in the average number of layers. For
the sample prepared at 1950°C a further increase in the average layer
number is found. Interestingly, in this sample the Raman spectrum in
the dark areas shows a slightly asymmetric 2D band with a shoulder

at high wavenumbers, that cannot be fitted with the same components
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associated to Bernal stacking. It is also found that the ratio Iop/Ia
has maximum values near to 1, indicating a larger number of Gr layers
(see Fig. 5.8(c)).
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Figure 5.8: FWHM of G and 2D Raman bands as a function of the Iap /Ic
ratio for Gr grown at 1850°C (a), 1900°C (b) and 1950°C (c). Different
optical contrast of sample regions are marked. Adapted from [229].

From the positions of the G and 2D bands maxima as a function
of the Iop/Ig ratio (see Fig. 5.9), no significant variation of the G
band position with Ip /I is found for the three growth temperatures,
indicating a uniform doping level in each sample, independently on the
lateral variations in the number of layers [133]. By contrast, a red-
shift of the 2D band with increasing the Iyp /I ratio (i.e. with the
number of Gr layers) is found, which is an indication of an increasing
compressive strain with larger Gr thickness [233]. This is consistent

with the observation of wrinkles in AFM maps.
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Figure 5.9: Peak positions of G and 2D Raman bands as a function of
the Lp /Ig ratio for Gr grown at 1850°C (a), 1900°C (b) and 1950°C (c).
Adapted from [229].

In conclusion, optimized growth conditions have been adopted to
obtain few layers of Gr on SiC (0001). For all the growth temperatures
from 1850°C to 1950°C, Gr layers were defects-free and their coverage
onto SiC was inhomogeneous. The average number of layers was found
to increase with the annealing temperature. Interestingly, in addition
to Gr areas with turbostratic misorientation, also Bernal stacked areas
were observed. Gr doping was found to be uniform. Layers are

compressively strained, with strain increasing with the layer number.

5.2 Graphene on SiO,/Si

As mentioned in the previous chapter, Gr samples consisting of
single crystalline monolayer domains were grown on copper (Cu) by
chemical vapor deposition (CVD) and were transferred on a 300 nm
thick SiOq layer on Si by using the PMMA procedure (as schematically
shown in figure 1.18)

As seen in Chapter 1, one of the most promising applications of



124 Chapter 5: Experimental Results

large area and high quality graphene grown by CVD is as transparent
conducting electrode for touch screens as well as for new generation
photovoltaic cells [28]. In these fields graphene could compete with
commonly used transparent conductive oxides (such as indium tin
oxide, ITO), thanks to its high optical transparency (~97.7% for a
single layer) in a wide wavelength range and to its mechanical robust-
ness and flexibility (opening the way to flexible devices applications).
In this context, the main limitation of graphene with respect to ITO
is represented by the relatively high sheet resistance (on the order
of a few hundred ohms) of unintentionally doped single layers grown
by CVD. Several strategies are currently under consideration to re-
duce the sheet resistance either by substitutional doping of donor or
acceptor species during CVD growth [99] or by postdeposition treat-
ments, including adsorption or physical bonding of specific atoms and
molecules on Gr [234, 235, 236, 237]. In this context, it is known that
p-type doping of Gr can be obtained by thermal treatments in oxygen.
Notwithstanding the doping by thermal treatments is challenging be-
cause the Gr could be damaged by the high temperature annealing,
and the doping effects could be unstable [95, 96, 238, 239, 240].

5.2.1 Effects of thermal treatment in an Oxygen
atmosphere

In this section an experimental study on the effects of thermal
treatments in molecular oxygen controlled atmosphere at tempera-
tures lower than 350°C is reported. The study as a function of the
treatment time enabled to evaluate the kinetics of the doping mecha-
nisms and to clarify the stability by opportune thermal treatments in
a vacuum. The experiments allowed to determine a stable thermally
activated positive doping of ~10'3cm =2 and to estimate a limit value
for the binding energy of Oa.

As-transferred Gr samples were preliminarily characterized by op-
tical microscopy (OM), u-Raman spectroscopy, and AFM operated in
tapping mode (Figure 5.10). The representative OM image of Gr on
Si04/Si reported in Figure 5.10a shows, by optical contrast, the pres-
ence of many flakes of Gr on the substrate easily distinguishable from
each other for the successive point by point Raman analysis. AFM

measurements of surface morphology, reported in Figure 5.10b, con-
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firm the presence of flakes. Their typical size is a few microns, whereas
the height changes from flake to flake as reported in the illustrative
histogram of 10 regions in Figure 5.10c. By p-Raman measurements,
carried out on many representative flakes, the bands of Gr, above 1000
ecm™!, and those typical of silicon, below 1000 cm™!, can be clearly
distinguished, as reported in Figure 5.10d.
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Figure 5.10: As-transferred Gr on SiO:/St optical image (a), AFM mor-
phology image (b), and histogram with height of flakes statistics (c). (d)
wu-Raman spectrum of Gr on SiO2/Si focused in the spectral region of the
graphene typical bands; the 2D band best fit curve with Lorentzian line shape
with full width at half-mazimum of 31.0 & 0.2 em™' is superimposed to the
spectrum by a red line. The inset shows the complete - Raman spectrum with
the Gr related bands region highlighted [241].

The G and 2D bands of Gr are located at 1584 + 1 cm™! and
2679 &+ 1 cm~ ', respectively. It is evident the absence of the D-
band, at about 1350 cm !, indicating the high quality of the graphene
layers [129]. Furthermore, the intensity ratio Iop/Ig > 2.5, and the
width (31.0 £ 0.2 cm™!) and shape (Lorentzian) of the 2D band,
well described by a single feature, evidence the monolayer nature
of graphene flakes [129]. Based on these observations, it can be
hypothesized that the distribution of flakes height reported in the
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Figure 5.10c arises in part from the presence of impurities or of some
residual PMMA on top of some flakes, as also evidenced by the white
dots distributed all over the AFM image in Figure 5.10b.

Post growth Gr thermal treatments were made in controlled atmo-
sphere, by placing the sample in a stainless steel controlled pressure
chamber (as described in Fig. 4.1 in the chapter 4). This equipment
enables to fix the treatment pressure from 0.4 mbar (dynamic) up
to 70 bar (static). For the thermal treatments the temperature was
fixed in the 140°C+350°C range and was stabilized within £1°C. In
the experiments the sample was inserted in the chamber and set to
vacuum at room temperature and then, if needed, oxygen was injected
at the selected pressure between 0.5 bar and 70 bar, before heating
the system at the established temperature. The heating time of 5 min
was fixed. The treatment time was counted after this ramp-up time.
A final cooling time of 2 min to room temperature was applied in the
given atmosphere (vacuum or oxygen) before to carry out the mea-
surements in air. The employed oxygen gas was high purity, featuring
highest impurity content <3 ppm molar of HoO. Two kinds of treat-
ments of the sample have been applied: at a particular temperature
varying the treatment time or fixing time at different temperatures
between 140°C and 350°C.

As reported in Figure 5.11, the effects of the sample thermal treat-
ments 2h in oxygen at 10 bar and 300°C are immediately observable
by AFM and pu-Raman spectroscopy. By comparison of the AFM im-
ages reported in Figures 5.10b and 5.11a, we find that the white dots
are now concentrated on the edges of each flake. As shown in Figure
5.11b, we also find that the flakes height distribution converges toward
lower values than before thermal treatments. By comparing Figure
5.11b with its inset, it is found that this latter distribution converges
toward values lower than 1.4 nm compatible with those typically ob-
served for single layers of Gr on SiO3/Si [242, 243]. These findings
suggest the removal of the impurities or of the residual PMMA from
the flakes surfaces with the contemporary decrease of the recorded
height of the flakes. Furthermore, it can be seen that the flakes are
not destroyed. The Raman spectrum reported in Figure 5.11c shows
a blue-shift of the G and 2D bands.
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Figure 5.11: Gr on SiO3/Si AFM morphology image (a) and histogram
with height statistics of flakes (b) after 2h thermal treatment in O2 at a
pressure of 10 bar and 300° C; the inset reports the histogram with flakes
height statistics of as transferred Gr on SiO2/Si. (c) Comparison of the
w-Raman spectra of Gr on SiO2/Si before and after 2h thermal treatment
i Oz at a pressure of 10 bar and 300° C and successively in a vacuum at
300° C for 2h and 15 h; the spectra are arbitrarily vertically shifted and are
normalized at 2D band. The inset shows the magnified Raman spectrum of
the Oz-treated sample to highlight the absence of the D-band even after the
thermal treatment [2/1].

As shown in Figure 5.11, these shifts are ~15~! and ~10 cm™!,
respectively, with respect to the untreated sample; furthermore, a
decrease in the ratio Iop /Ig toward the value 1.1 + 0.1 is observed.
As shown in the inset of Figure 5.11c, the treatments carried out
do not induce defects in the Gr as evidenced by the absence of
the D-band. Comparing these results with literature data on the
dependence of Gr Raman features on doping [133], and in particular

the contemporary blue-shift of 2D and G bands and their intensity
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ratio Iop /I reduction, the conclusion that the treatment has induced
a p-type doping of ~10'3 cm ™2 can be drawn. In details, as reported in
Figures 3 and 4 of ref. [133], an Iyp /I value of about 1 is compatible
with ~10'® cm~2 carriers concentration, and the blue-shifts of the G
and 2D bands of ~15 and ~10 cm™! are compatible with hole doping
of the same value ~10'3 cm~2. A successive thermal treatment in
a vacuum at 300°C up to 2h, and successively up to 15h (Figure
5.11c), does not affect the changes induced by the thermal treatment
in oxygen, indicating the stability of doping.

To further investigate the doping process features, we made a study
of the effects of oxygen pressure. As reported in Figure 5.12, thermal
treatments of a virgin sample in O5 at 0.5 bar with the same duration
and temperature as those carried out at 10 bar induce the same
Raman spectral changes. In particular, as shown in Figure 5.12,
measurements on different flakes of the sample show the same G
and 2D bands blue-shift and bands intensity ratio (Iop/Ig) decrease,
proving the independence on the pressure in the investigated range.
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Figure 5.12: Peak positions of the G-band and 2D-band (a) and intensity
ratio Lp/lIa (b) of the pristine sample (as transferred), after thermal
treatment of 2h at 300° C at 10 bar (circles) or at 0.5 bar (squares) of ozygen
(O2), and after successive treatment 2h in a vacuum at 300°C (vacuum).
The error bars originate from a statistic of measurements on different flakes
of graphene [241].

Moreover, even in this case we have checked that the induced
changes are stable by applying a successive thermal treatment in
vacuum at 300°C for 2h.

To determine the effectiveness of the doping process, the effect of

the treatment temperature on a sample has been investigated by a
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sequence of thermal treatments of 2h (isochronous) in Oy pressure of
10 bar. As reported in Figure 5.13, the process is efficiently activated
at T > 140°C and is completed at T =~ 250°C.
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Figure 5.13: Peak positions (a) and intensity ratio (b) of the Gr u-Raman
characteristics spectral features after thermal treatments of 2h in oxygen
pressure of 10 bar at various treatment temperatures. The error bars orig-
inate from a statistic of measurements on different flakes of graphene. (c)
AFM morphology image after thermal treatment of 2h in oxygen pressure
of 10 bar at 350°C [241].

Furthermore, the Raman bands changes for the G and 2D shifts
and for their intensity ratio modification occur in a good correlated
temperature range, suggesting that all these features reflect modifica-
tion of Gr by the same process. The AFM analysis, reported in Figure
5.13c, shows that at T > 300°C Gr begins to deteriorate; indeed, the
flakes recorded after 350°C treatment are smaller than the native ones
and those recorded at 300°C (see Figure 5.11a) or are completely de-
stroyed.

Once determined the temperature range of major effectiveness in the

doping of graphene by treatment in fixed pressure of Os, the kinetics
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of the process has been studied as a function of time. The temperature
250°C, when the process is completed, and 190°C, when the process
is not completed, were chosen to compare these kinetics aspects and
two different samples were directly treated at each temperature. As
shown in Figure 5.14, for both temperatures, a blue-shift of G and 2D
bands and a decrease of the Isp /I ratio are found already after 30
min. After 1h of treatment no more changes can be observed by the
Raman spectra for the given temperature, suggesting that the process

arrives at thermodynamic equilibrium.
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Figure 5.14: Ewvolution of the peak position (a) and of the intensity ratio
(b) of the Gr -Raman spectral features induced by thermal treatments at two
different temperatures (190° C, squares; 250° C, circles) in ozygen pressure
of 10 bar by varying the treatment time. The dotted lines mark the equilib-
rium time. The error bars originate from a statistic of measurements on
different flakes of graphene [241].

Furthermore, the changes of the spectral features differ for the
different temperatures, suggesting different doping effects. It has been
found, also in these cases, that the induced changes are stable by
successive thermal treatments in a vacuum. These kinetics aspects
enable to conclude that the data previously reported in Figure 5.13
are related to equilibrium states specific of each given temperature
since each of those experiments were done in 2h, a time long enough
to reach a stationary state, and that many different equilibrium states
exists for oxygen doping. In details, no stable doping population is
expected for treatments below 140°C nor increment of doping above
250°C, since at low temperature no spectral changes are induced,
whereas at high temperature the process is completed and again no

spectral changes occur. By contrast, some destroying occurs above
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300°C, as above-reported by AFM. At the same time the maximum
changes are observed at about 200°C, where it can be theorized that
the maximum density of stable doping configurations is located. To
schematize these features, a distribution of stable configurations as
a function of configuration energy can be pictorially suggested as

reported in Figure 5.15.
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Configuration population
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>
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Figure 5.15: Schematic distribution of stable doping states population as
a function of energy. The temperatures reported in the scheme represent
the onset and completion process temperature determined experimentally.
Adapted from [241].

This distribution can be explored by the thermal equilibrium pop-

ulation change. In details, below 140°C no stable states can be popu-
lated, at about 250°C the population density decreases and between
these temperatures a maximum density is found. The temperature
dependence of the process of doping reconstructed through the Ra-
man measurements and reported in Figure 5.13 suggests that this is
an energy activated process.
By the analysis of hole concentration versus temperature derived from
the data reported in Figure 5.13, and using the doping concentration
estimation from Raman features suggested in the literature [133], an
Arrhenius plot can be constructed.

As reported in Figure 5.16, a quite good linear dependence of hole
concentration on T~! is found. From the best fit curve of these data

an activation energy for the doping process E, = 56 + 8 meV is found.
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Figure 5.16: Arrhenius plot of the hole concentration estimated from the
Raman features. The best fit line gives an activation energy for the doping
process Eq = 56 + 8 meV [241].

5.2.2 Aging effect

Our intention, at this point, has been to evaluate the temporal
stability of doping that, as noted in the literature and as previously
described in Chapter 1, may not be extended in time. So we have
prepared a sample by doping it in oxygen atmosphere and we have
investigated it over time. As seen in figures 5.10 and 5.14, the as trans-
ferred monolayer Gr has been characterized by AFM and pu-Raman
measurements and to induce changes in the native Gr a sample has
been subjected to a thermal treatment at 250°C for 2h in O5 at 10
bar that is able to modify its features. As shown in Fig. 5.17, it is ob-
served that the 2D and G Raman bands have a blue shift of about 10
cm~! and 15 em ™!
dition, the band amplitude ratio decreases to Isp/I¢ 1.1+0.1. These
features are compatible with a p-type doping of graphene [133]. The

, respectively, after the thermal treatment. In ad-

successive thermal treatment at 250°C in vacuum does not change the
induced spectral modifications within the experimental errors, show-
ing that the oxygen exposure stably modified the Gr properties.

By contrast, as shown in 5.17, keeping the sample in ambient atmo-
sphere for a month induces a tendency to red shift the position of
the 2D band and induces a clear red shift of about 10 cm™! of the G
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band. Concurrently, the Iyp /I ratio increases towards 240.1 with a

tendency to recover the value observed before the treatments.
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Figure 5.17: p-Raman spectra of the as transferred graphene sample, after
thermal treatments at 250° C in Oz and successively in vacuum, and after
1 month in ambient atmosphere at room temperature. Spectra have been
arbitrarily vertically shifted for clarity [244].

To further explore the stability of the oxygen-induced modifica-
tions, a sample has been thermally treated 2h at 300°C in Os at 10
bar. The spectra shown in Fig. 5.18 show that the 2D and G bands
undergo a blue shift of about 10 cm™! and 14 cm ™!, respectively, very
similar to those obtained at 250°C, and the amplitude ratio is 1. The
successive treatment in vacuum does not affect the changes, whereas
the permanence of the sample 6 months in air gives rise to a red shift
of about 10 cm ™! for the G band and of about 1 cm ™! for the 2D. At
the same time the Isp /I recovers the value 2.5.

These findings, together with the previous ones at 250°C, evidence
that even if the oxygen molecules are trapped in sites from which
they are not easily released, as they keep staying up to 300°C, the O4
could react with species present in air or could be affected by their

presence in the neighborhood.
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Figure 5.18: p-Raman spectra of the as transferred graphene sample, after
thermal treatments at 300° C in O2 and successively in vacuum, and after
6 months in ambient atmosphere at room temperature. Spectra have been
arbitrarily vertically shifted for clearness [244].

To differentiate between the role of molecular air gases and Gr mor-
phological effects, as suggested in literature [98], a sample thermally
treated in oxygen for 2 h at 300°C in O5 at 10 bar was successively
maintained under vacuum (0.7 mbar) for 1 month in a drier at room
temperature. As shown in Fig. 5.19, the changes thermally induced
in the Raman spectra are almost completely maintained, in particular
for the bands spectral shifts, evidencing that, for the perturbation of
the changes induced by the treatment in oxygen, a prominent role is
played by gas molecules present in the air atmosphere and not by Gr
morphology recovery induced at room temperature.

Finally, as shown in Fig. 5.20, an Oy thermally treated sample
also aged in air at room temperature has been successively thermally
treated in Oy for 2h at 320°C and 10 bar. It is found that a second
treatment in oxygen induces the complete recovery of the effects of the
first treatment in oxygen. In particular, the blue shifts of the 2D and
G bands are confirmed as well as the amplitude ratio Irp /Io decrease.
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Figure 5.19: p-Raman spectra of a graphene sample thermally treated at

300°C in Oz for 2h at 10 bar and successively maintained in 0.7 mbar

vacuum at room temperature for a month [244].
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Figure 5.20: p-Raman spectra of as transferred graphene sample, thermally
treated at 270° C in Oz for 2h at 10 bar, successively aged in air 1 month
and finally thermally treated at 320° C in Oz for 2h at 10 bar. Spectra have
been arbitrarily vertically shifted for clearness. Adapted from [244]
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These results show that air molecular gases perturb the sites where
oxygen is trapped by the first thermal treatment, and a successive

exposure to Oy removes these molecules restoring the doping effect.

5.2.3 Effects of thermal treatment vs. Atmosphere

As we have just seen, in figures 5.17 and 5.20, the sample that
was left in air for 1 month shows spectral characteristics much similar
to those of the as-transferred sample. By contrast, the sample kept
in vacuum for 1 month, as shown in Fig. 5.19, has G and 2D bands
positions similar to those of the sample after the O thermal treatment
and features a partial recovery of the Iop /I ratio. This comparison
suggests a role of the atmosphere on the effect of doping release. To
deepen the understanding of the role of the air atmosphere, thermal
treatments on samples of Gr/SiO2/Si have been carried out by varying
the gas environment. In details, Ny or CO5 have been considered since
they are among the main components of atmospheric air, apart from
Ar and H>O. A first thermal treatment was done in Os at a pressure
of 2 bar for 1h at a temperature of 290°C. As reported in Fig. 5.21,
and in Table 5.21, after this thermal treatment the G band blue shifts
19 cm ™!, the 2D band blue shifts 15 cm ™!, and their amplitude ratio
decreases to 1.4. Overall these changes are compatible with a hole
doping of ~10'3 ¢cm~? [133]. Additional thermal treatment in O for
1h shows that doping equilibrium is reached just after the previous
first hour of treatment since no further spectral modifications occur.
The successive thermal treatment is done in Ny at a pressure of 2
bar for 2h at 290°C. This treatment does not induce relevant changes
in the G and 2D bands features suggesting that the effects obtained
by doping are maintained. In the spectra analysis it is observed,
nevertheless, the appearance of a shoulder of the G band on its low
wavenumber side that does not affect the band amplitude relative
to the 2D band after subtraction of an opportune background. As
recently suggested, this feature can be attributed to defectiveness
induced on Gr [245, 246].
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Figure 5.21: p-Raman spectra of a Gr/SiO2/Si sample that has undergone
a sequence of thermal treatments at 290°C in Oz, N2 and vacuum, a
permanence at room temperature in vacuum inside a dryer and then another
sequence of treatments at 350° C. For each treatment the gas, pressure, and
duration time are shown. The spectra are normalized to the amplitude of
the 2D band and are arbitrarily vertically shifted [247].

After this treatment, a vacuum treatment was done at 290°C that,
as reported in Fig. 5.21, produces minor effects and some increase
of the D band at 1350 cm™' and some widening of the G band, as
reported in Table 5.1. On this same sample a treatment in O, at 2
bar for 2h at 290°C is then executed. The effect of this treatment is
the recovery of the spectral features towards the p-type doped sample
spectral features.

In particular, as shown in Fig. 5.21, and reported in Table 5.1, the
G and 2D bands positions and their relative amplitudes are very sim-
ilar to those obtained after the first treatment in Os, supporting the
recovery of doping and suggesting that Oy could remove defectiveness
introduced by Ny and vacuum treatments. As recently reported [246],
it can be suggested that defective sites, which are more unstable than
sp? graphene sites, are more efficient in reaction with oxygen and then

they are removed in presence of Oy giving rise to further doping.
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Treatment G-Band FWHM 2D-Band FWHM I.p /1
position G-Band position 2D-Band
cm™?t cm™?t cm™! cm™!
As- 1585.0 + 1.0 22.7 £ 0.3 2678.0 £ 1.0 | 39.4 +£ 0.2 3.2+ 0.1
transferred
@O3 2 bar, 1604.0 + 1.0 20.8 + 0.2 2693.0 & 1.0 | 47.5 £ 0.4 1.4 £ 0.1
1h,
290°C
@O3 2 bar, 1604.0 + 1.0 23.0 £ 0.3 2692.5 + 1.0 50.4 + 0.4 1.5 £ 0.1
1h+1h,
290°C
@Ny 2 bar, 1602.5 + 1.0 23.3 + 0.3 2694.0 &+ 1.0 | 47.4 + 0.3 1.4 +£0.1
2h,
290°C
@vacuum, 1600.0 + 1.0 29.4 + 0.6 2694.5 £ 1.0 | 39.6 = 0.2 1.3 +£0.1
2h,
290°C
@O3 2 bar, 1606.0 + 1.0 19.0 £ 0.2 2696.5 = 1.0 | 43.8 &£ 0.3 1.1 +£0.1
2h,
290°C
Dryer for 1604.5 + 1.0 20.3 + 0.3 2695.0 £ 1.0 | 45.4 + 0.2 2.0 £ 0.1
4 weeks
@vacuum 1599.5 + 1.0 37.7 £ 1.0 2696.5 + 1.0 | 40.9 £+ 0.2 1.0 £ 0.1
2h,
350°C
@vacuum 1601.0 £+ 1.0 34.1 +£ 0.5 2698.5 + 1.0 40.7 £ 0.2 1.0 £ 0.1
2h+2h,
350°C
@vacuum 1602.0 + 1.0 | 47.7 £ 0.9 2700.0 = 1.0 | 40.9 £ 0.3 0.6 £ 0.1
14h,
350°C

Table 5.1: Fitting parameters of the Raman spectra reported in Fig. 5.21.
Adapted from [247].

The same sample of Gr/SiO3/Si was then kept 1 month in vacuum
(inside a dryer pumped twice a day down to 7 - 107! mbar) at room
temperature and subsequently was subjected to thermal treatments
in vacuum (5 - 107® bar) at higher temperature (T = 350°C). The
Raman spectra, reported in Fig. 5.21, show that the vacuum is able
to maintain the doping effect also after cyclic exposure of the sample
to different gases, whereas the high temperature treatment in vacuum
causes defectiveness in the sample, without strongly destroying it,
since the flakes are still clearly detected by Raman microscope [245,
246]. These overall results suggest that O treatment is able to induce
doping of Gr and this latter is not affected by nitrogen nor by vacuum

at room temperature and up to about 300°C. Higher temperature
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starts to modify the morphology of Gr inducing defective structures
and overwhelming the doping estimation by Raman measurements.
It is worth to underline that all the tests reported have been done at
high temperature in order to accelerate or favour any reactive process
that could happen at room temperature.

To better clarify the instability in air at room temperature of the
oxygen induced doping of Gr, a sample of Gr/SiO5/Si, was treated in
CO5 at 2 bar for 2 h at 290°C after carrying out a thermal treatment
in Og at 2 bar for 2 h at 290°C. Comparison of the Raman spectra of
this sample is shown in Fig.5.22.
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Figure 5.22: u-Raman spectra of an as grown sample of Gr/SiO2/Si and of
samples thermally treated first in Oz at a pressure of 2 bar and T = 290°C
(red curve) and then in CO: at a pressure of 2 bar and T = 290°C (blue
curve). The spectra have been wvertically shifted after normalization with
respect to the 2D band [247].

It is noted that the effect of doping obtained in Os is not affected
by the successive treatment in COs. This result and the previous one
related to Ny treatment enable us to suggest that the instability at
room temperature of the Oy induced doping is mainly due to atmo-
spheric water. In particular, since a treatment up to about 300°C in
vacuum does not change the doping effect it can be hypothesized that
oxygen is physically trapped and is not easily released. The succes-

sive exposure to water at room temperature could induce a reaction of
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the oxygen trapped nearby Gr modifying this latter molecule doping
efficiency.

As a further experiment we considered the possibility to separate
the effect of strain from doping in graphene treated at high tempera-
ture, as suggested in literature [98, 140]. To this aim selective thermal
treatments in vacuum, or Ny, or CO,, or Oy have been carried out
in different samples of Gr/SiO5/Si at the temperature 290°C, when
high efficiency of doping is suggested by the previous experiments. As
reported in Fig. 5.23, and summarized in Table 5.2, the treatments
of a sample in vacuum, induce some blue shift of the 2D and G bands
and also a decrease of the Iop /I amplitude ratio as compared to the

as transferred sample.
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Figure 5.23: p-Raman spectra of an as grown sample of Gr/SiO2/Si and
of samples thermally treated selectively in vacuum, or in Na, or in COs
or in Oz at T = 290°C. The spectra have been wvertically shifted after
normalization with respect to the 2D band [247].

Furthermore, these treatments induce the appearance of a shoulder
to the G band on its low wavenumber side. Similar results are found

for treatments in Ny or in COs.
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Treatment G-Band FWHM 2D-Band FWHM Iop/la
position G-Band position 2D-Band
cm™! cm™t em™?! cm™?!
As- 1584.0 £+ 1.0 20.4 £ 0.1 2979.0 £ 1.0 33.0 £ 0.2 28 + 0.1
transferred
@vacuum, 1586.5 £+ 1.0 18.9 +£ 0.1 2680.0 £ 1.0 33.5 £ 0.2 2.5 + 0.1
2h,
290°C
@vacuum, 1591.5 £ 1.0 17.2 £ 0.2 2689.0 £ 1.0 33.7 £ 0.2 2.2 4+ 0.1
15.5h,
290°C
@CO3 2 bar, 1590.0 4+ 1.0 18.6 + 0.1 2688.5 £ 1.0 34.6 £ 0.2 2.2 4+ 0.1
2h,
290°C
@Ny 2 bar, 1594.0 £+ 1.0 16.6 £+ 0.1 2690.0 £ 1.0 34.3 £ 0.1 1.7 £ 0.1
2h,
290°C
@O5 10 bar, 1604.5 £+ 1.0 16.5 + 0.2 2690.0 £ 1.0 40.3 £ 0.2 1.2 £ 0.1
1h,
290°C

Table 5.2: Fitting parameters of the Raman spectra reported in Fig. 5.23.
Adapted from [247]

At variance, in the case of the O treatment the Raman bands shift
towards the blue is maximum as well as the decrease of the Iyp /I
ratio without any presence of the shoulder to the G band. These
effects could overall be related to induced strain and defectiveness of
the Gr layer arising from the interaction with the substrate due to
differences in their thermal expansion coefficients that in the case of
oxygen treatment are mitigated and overwhelmed by the doping effect,
probably driven by the same Gr/ substrate interaction. To further
strengthen this qualitative evaluation a correlation map between 2D
and G band peak positions is obtained [98, 140, 248]. In particular,
the same slopes of 2D peak position (POS(2D)) vs G peak position
(POS(G)) introduced in Ref. [98] have been used to identify strain
and doping lines in the map, and in details the slopes are: 2.45 and
0.7, respectively. As reported in Fig. 5.24, all the samples apart from
the Oy treated one stay near to the strain line obtained for 2.33 eV
Raman laser in the Pos(G)-Pos(2D) space [98].
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Figure 5.24: Correlation map of the 2D and G peak positions in the
Gr/Si02/Si samples as transferred and thermally treated selectively in vac-
uum, or in Na, or in CO2 or in Oz at T = 290°C. The black solid line
marks the strain limit (slope 2.45) and the grey dashed line the doping limit
(slope 0.7), as reported in Ref. [98]. Adapted from [247].

By contrast the Og treated sample is very near to the doping line
supporting the drawn conclusion of p-doping effect by this treatment.
To quantitatively estimate strain and doping levels we applied the
same procedure reported in Ref. [98]. In particular, the shift of the G
band position with respect to the strain line has been used to evaluate
the doping level, whereas the shift of the 2D band position with respect
to the doping line has been used to evaluate the strain. Furthermore,
as suggested in Ref. [98], we corrected the G band position shift by
the same third order polynomial to compensate the extra anharmonic
phonon contribution to the shift before to evaluate the final doping or
strain. The maximum 2D shift of 12 cm ™! has been found, and the
maximum G shift of 14.5 cm™!, giving a compressive strain of 0.15%
and a p-doping of 10" ecm~2. It is worth to notice that this latter
value is in agreement with that estimated basing on 2D and G bands
shift and their amplitude values ratio using Ref. [133] and previously
reported and, as can be expected basing on general considerations, on
band shift induced by different charges nearby Gr [135]. Furthermore,

the strain is of the same order of magnitude as those found by the
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2D, G bands shifts, 0.3%, 0.2%, respectively, using the Griineisen
parameters reported in Ref. [141] and the points on the strain line of
Fig. 5.24.

These results enable to conclude that the thermal treatment in
oxygen atmosphere is an efficient route to produce p-doped graphene
layers on SiO,. In addition, the effect reported in Ref. [249] on the
substrate role could in part be the origin of the here reported findings,
notwithstanding it is worth to observe that treatments in vacuum, N,
COg, as reported in Fig. 5.23, are not effective in inducing blue shifts
of G, 2D bands and decrease of Iop/Ig as large as in the case of
oxygen. This latter molecule gives the largest shifts and the largest
amplitude ratio decrease of 2D, G bands.

To deepen the understanding of possible changes induced on
Gr/SiO2/Si by the thermal treatments carried out, XPS? measure-
ments have been executed on an as-transferred sample, on a sample
thermally treated 2h at 290°C in dynamic vacuum of 5 - 108 bar
and on a sample thermally treated 2h in 2 bar of Oy at 290°C. The
Raman measurements give the same results reported in Figs. 5.21 and
5.23 for the same kind of treatments. As shown in Fig. 5.25, many
characteristic XPS peaks are found. The spectral features at 45° inci-
dence reported in Fig. 5.25(a) are in agreement with a graphene Cls
spectrum (284.1 £+ 0.1 eV, asymmetric; main plasmon resonance at
289.6 + 0.1 eV) overlapping with carbon atoms in PMMA or other
C—0/C=0 groups at 284.8 + 0.1 eV 285.7 + 0.1 eV, 286.4 + 0.1 eV,
288.9 £ 0.1 eV [246, 250]. The measurements in Fig. 5.25(a) evidence
that the as-transferred Gr/SiO2/Si features residual PMMA, in agree-
ment with AFM measurements above reported. By vacuum thermal
treatment at 290°C a partial removal of PMMA can be observed,
without strong modification of sp? C, as already reported [246]. By
contrast, the thermal treatment in Os strongly affects the PMMA
bands, almost completely removing them and recovering the largest
contribution to sp? C. This result is also in agreement with AFM

measurements, and evidences a role of Os.

2X-ray Photoelectron Spectroscopy. The measurements were carried out in
collaboration with Prof. B. Pignataro and Dr. M. Scopelliti at University of
Palermo
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C1s XPS spectra
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Figure 5.25: XPS spectra at 45° (a) and 10° (b) take off angle of Cls
core level of the as transferred Gr/Si0z /Si (As-Transferred), of Gr/SiO2/Si
thermally treated 2h in vacuum at T = 290° C' (vacuum), and Gr/SiO2/Si
thermally treated 2h in 2 bar Oz at T = 290°C (O2). The shadowed curves
are best fit peaks, red line is their sum and circles are experimental points.
Best fit peaks are located at 284.1 £ 0.1 eV (asymmetric lineshape, Gr);
284.8 £ 0.1 eV (C-C/C-H); 285.7 + 0.1 eV and 286.4 + 0.1 eV (C-0);
288.9 £ 0.1 eV (C=0); 289.6 £ 0.1 eV (graphene plasmon resonance)
[246, 250]. Adapted from [247].

The concomitant changes in the Raman spectra above reported,
giving maximum blue shift of G, 2D bands and the decrease of Iyp /I
ratio for Oy treatments testify the doping induced by this treatment.
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At variance, the XPS spectra after vacuum show that minor effects
are induced on residual PMMA suggesting that the changes found
by Raman could be attributed to strain as above shown. By the
measurements at 10° take off reported in Fig. 5.25(b), sampling
a shallower portion of the Gr/SiO2/Si system, it is found that the
as-transferred sample features a strong band system attributable to
C—C/C—H, C-0 and C=0 bonds, almost completely covering the
Gr signal (and thus, as expected, no plasmon resonance was observ-
able). Vacuum treatment enhances the non-Gr signals, while the Oq
treatment reduces this superficial contamination of Gr. As expected,
combining these results with measurements at 45° take off angle it
could be guessed that the native sample is characterized by groups
other than Gr dispersed on the overall sample surface and more ev-
ident by shallower measurements (10° take off angle measurements).
These results together with Raman measurements enable to conclude
the effectiveness of Oy process and that it does not affect the lattice
structure of Gr, but accelerates the removal of spurious contributions
and accelerates doping.

Finally, to deepen the understanding of the instability in ambient
atmosphere at room temperature of Oy Gr p-doping and the hypoth-
esis that water molecules present in air cause this instability since, as
above reported, nor Ny nor CO; induce the ambient observed changes,
a specific treatment in water was carried out. In details, a Gr/SiO2/Si
was preliminarily treated at 290°C in O4 at 2 bar for 2h to get doping,
afterwards the sample was treated in a mixture of He and HyO steam
in a Parr reactor at 150°C for 2h (as described in the previous chap-
ter), this temperature being chosen since it gives minor strain/doping
effects as previously reported. As shown in Fig. 5.26, the treatment in
oxygen gives the Raman spectral changes attributed to doping: 2D, G
bands maximum blue shift and Iop /I ratio decrease down to 1.2. By
contrast, the successive treatment in HoO gives an almost complete
recovery of the as grown sample Raman features.

These findings strongly support the attribution to water molecules
contained in air of the responsibility to contrast the doping induced
by Oq, further studies are needed to clarify the microscopic features of

this effect and its dynamics, useful aspects to tune the oxygen doping.



146 Chapter 5: Experimental Results

2678

Raman scattering (arb. units)

1200 1400 1600 2400 2600 2800 3000
Wavenumber(cm'w)

Figure 5.26: p-Raman spectra of an as transferred sample of Gr/SiOs/Si
and of a sample thermally treated in 2 bar O2 at T = 290°C for 2h (02),
and successively in 2 bar of H2O steam at 150° C for 2h. The spectra have
been vertically shifted after normalization with respect to the 2D band [247].

5.2.4 In situ study of thermal effects on Gr

To try to better understand the doping and strain processes occur-
ring by thermal treatments a dedicated in-situ experiment has been
carried out. As we discussed in Chapter 4, the in situ treatment con-
sists in performing heat treatments and do the Raman measurements
simultaneously. As reported in Fig. 5.27a, AFM measurements show
that the used samples are characterized by Gr flakes of dimension >10
pm. The as-transferred Gr has been characterized by p-Raman mea-
surements. As shown in Fig. 5.27b, the 2D band at (267741) cm™!
and the G band at (158541) cm~! can be recorded with an amplitude
ratio Isp /I ~ 3.2. Furthermore, no detectable D band is found in the
spectral region at about 1350 cm™!. In addition, the full width at half
maximum (FWHM) of the 2D band is (35+1) cm™!. Both the AFM
and the Raman measurements evidence the mono-layer properties of

the employed Gr and its low defect content [129].
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Figure 5.27: (a) AFM morphology image and (b) u-Raman spectra of the

as transferred graphene on SiOz substrate on Si.

To evaluate the effects of temperature and try to follow the changes
in the Raman spectrum during thermal treatments, we made two
experiments with in-situ measurements. The first experiment was
done in air varying the temperature in 50°C steps from 100°C up
to 300°C and maintaining each single temperature for 30 minutes
during Raman measurements, executed every 5 minutes. As shown
in Fig. 5.28, we can see a clear increase in the FWHM of the 2D
band with increasing temperature (attributable to thermal effect). In
details, the FWHM features a stable increased value up to 200°C,
and a further increase at 250°C, the FWHM returning to be like that
of the as-transferred sample on returning to room temperature. It is
also observed that there is not any evident shift of the 2D band peak
position, and a small blue shift of the G band. In addiction, we found
the appearance of a shoulder on the low wavenumber side near the
G-band above 200°C. Furthermore, starting from 150°C we observed
a change in the amplitude ratio of the 2D and G bands, Isp /I, with a
tendency to decrease. After cooling the sample to room temperature
(top spectrum in Fig. 5.28) a permanent blue shift of the G (13 cm™1)
and of the 2D (13 em™!) bands, and a decrease of their ratio from 3.4

down to 1.4 is found.
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Figure 5.28: (Top) Comparison of the in-situ Raman spectra of a Gr
sample as-transferred and subsequently treated in air, the temperature varies
from 100° C up to 300° C. The reported time is the elapsed time from the
treatment beginning at the given temperature, the top spectrum is acquired
after decreasing the temperature. Spectra have been arbitrarily vertically
shifted for clearness. (Bottom) Trend of the FWHM of the 2D band as a

function of temperature.

The second experiment with in-situ measurements was made by
thermal treatments in 2 bar of oxygen atmosphere at 300°C, up to one
hour and, successively, at 350°C for an additional hour. This choice
is determined by the above reported temperature value inducing ma-
jor observable spectral changes and by the previously reported study
about the doping effects as a function of temperature in similar sam-
ples, showing a larger effectiveness of doping at these temperatures.
As shown in Fig. 5.29, also in this case we see the thermal effect with
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a larger increase in the FWHM of the 2D band, compared to that
observed in the air, without its shift in-situ. Again a decrease of the
Iop/Ie bands amplitude ratio down to 1.1 is observed in-situ. Also in
this case, cooling the sample to room temperature (top spectrum in
Fig. 5.29) a blue shift of the G and 2D bands (of 20.5 and 18 cm™!,
respectively) is detected, and this latter band FWHM returns to be

like that recorded for the as-transferred sample.
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Figure 5.29: (Top) Comparison of the in-situ Raman spectra of a Gr sample
as-transferred and subsequently treated in Oz, at a pressure of 2 bar and at
the temperatures of 300° C and 350° C. The reported time is the elapsed time
from the treatment beginning at the given temperature. Spectra have been
arbitrarily vertically shifted for clearness. (Bottom) Trend of the FWHM
of the 2D band as a function of temperature. The dashed line indicates the
mazimum value of the FWHM of the 2D band obtained by the treatment in
air (see Fig. 5.28).
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By a comparison of the treatment in O with the sample treated
in air, we note a greater shift of the G and 2D bands, indicating
an additional doping effect induced by the exposure to only oxygen
[133]. Furthermore, on returning to room temperature we observed an
increase of the ratio Iop /I probably caused by the high temperature
reached, that could induce more changes in the graphene properties
as its deterioration. Similarly to what is found in the literature [98]
and as we have done previously, we report, in Fig. 5.30, a map of the
2D band position as a function of the G band position to evidence
doping and stress effects. As shown in the figure, the sample which
has undergone a treatment in oxygen is closer to the line of doping
than to the strain line, obtained by a Raman laser with 2.33eV energy,
supporting the conclusion made on the doping of p-type obtained by

treatment in Os.
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Figure 5.30: Correlation map of the 2D and G peak positions measured at
room temperature in the Gr/SiOs /Si samples as transferred and thermally
treated selectively in air and in Oa. The full line marks the stress limit and

the dashed line the doping limit as reported in [98]

It has been recently reported that temperature increase induces
a red shift both of G and 2D bands as well as line broadening and
the appearance of a shoulder to the G band due to thermal strain

[251]. These features are compatible to the here reported results.
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In particular, the absence of blue shift during in-situ measurements
and exposure to oxygen can be interpreted as a competition between
temperature induced red shift and doping induced blue shift. This
effect gives rise to a balancing and needs to be further investigated
to be fully clarified and to disentangle mechanical and doping effects,

for example by changing gas during thermal treatments.

5.2.5 Electrical characterization of doping effect
induced by oxygen

In order to further evaluate the impact of the Oy thermal treat-
ments on the doping of the Gr/SiO5/Si samples, Raman analyses
were complemented by electrical measurements on a transmission line
model (TLM) test patterns fabricated on an untreated Gr/SiOs/Si
reference sample and on a sample that was subjected to an O treat-
ment in the Linkam cell at 300°C in 2 bar Os.

A schematic representation of a TLM structure is depicted in Fig.
5.31(a). Gr rectangular stripes were defined by laser writing optical
lithography and Os plasma etching. Afterwards, metal contacts with
identical area and different spacing d were fabricated on the Gr
stripes by deposition of a Ni (50 nm)/Au (100 nm) bilayer and lift-
off. An optical microscopy of a TLM device is reported in Fig.
5.31(b), where the dashed line indicates the area of the Gr rectangular
stripe. Current-voltage (I-V) measurements between different pairs of
adjacent metal pads were carried out using a Karl Suss Microtec probe
station equipped with a HP 4156B parameter analyzer. As illustrated
schematically in Fig. 5.31(a), I-V measurements have been performed
between pairs of adjacent pads. All the I-V characteristics exhibit a
linear behaviour, indicating that Ohmic contacts are formed between
the Ni/Au electrodes and Gr. Hence, the resistance R between
each couple of pads is readily obtained as the inverse of the slope
of the I-V curves. A plot of R as a function of the pads spacing
d is reported in Fig. 5.31(c) for the reference and the Oo treated
samples. Each experimental point in this plot is the average value of
the resistances measured between pads with identical spacing in 12
different TLM structures fabricated on the same sample. The error
bars were evaluated as the standard deviations of the resistance values
for identical contact spacing on the different TLM devices.
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Figure 5.31: Schematic (a) and optical microscopy tmage (b) of a TLM
test structure fabricated on Gr on SiOs. (c¢) Plot of the resistance measured
between pairs of adjacent contacts on TLM fabricated on a reference (un-
treated, black filled symbols) sample and a sample treated in Oz (red open
symbols). Each experimental point is the average of the resistances mea-
sured between pads with identical spacing in 12 different TLM structures
fabricated on the same sample. The error bars are the standard deviations
of these resistance values. From the linear fit of the two sets of data, the
values of the Gr sheet resistance and of the specific contact resistances have
been evaluated. Adapted from [247].

It is evident that for both samples, R grows linearly with d, but
with a lower slope in the case of the Os treated sample. According
to the TLM theory [252], the resistance between two adjacent pads
can be expressed as R = 2R, + (R, /W)d, where R, is the contact
resistance, Ry, the Gr sheet resistance and W = 240 mm is the
width of the Gr stripe. By linear fitting of the two sets of data,
the sheet resistance of the Gr reference sample, Ry, = (2019 £ 18)
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/sq, and of the Oy treated sample, Ry, = (1316 £+ 56) Q /sq,
were evaluated. This ~35% decrease in the sheet resistance value
is fully consistent with the enhanced p-type doping of Gr after the
O treatment. The specific contact resistance p. = R.WLp of the
two samples has been also evaluated, being Ly the transfer length
under the contact, obtained from the intercept of the linear fit with
the horizontal axis [252]. Almost a factor of 3 increase of p. can be
observed going from the reference to the Os treated sample. Overall
these results show that the Os treatment is compatible with doping
and with the enhancement of the charge carrier density. Further
studies are however needed to better clarify the change in the contact

resistance in view of applications.

5.3 Graphene on Al,O3/Si

As mentioned in the previous chapter, Gr samples consisting of
single crystalline monolayer domains were grown on copper (Cu) by
chemical vapor deposition (CVD) and were transferred on a 100 nm
thick Al;Og3 layer on Si by using the PMMA procedure (as schemat-
ically shown in figure 1.18). As reported in Fig. 5.32(a) and (b),
the presence of Gr on employed Al,O3 and SiOy substrates and its
morphological features have been primarily checked by AFM mea-
surements. As shown in the figures, the samples are characterized
by flakes with extension of the order of ~10 pm and height varying
from flake to flake. The analysis of flakes height is summarized in
Fig. 5.32(c). It is found that as-transferred Gr on Al;O3 has typical
thickness below 2.2 nm, lower than the value 2.8 nm found in the case
of Gr transferred on SiO3, as also shown in Fig. 5.10(c).

These thickness values, higher than expected for single layer of Gr
for both samples, can originate in part from the presence of impurities
or of some residual PMMA on top of some flakes of Gr, and in part
from the substrate roughness, and the presence of a trapped water
layer between the substrate and Gr [245, 246].
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Figure 5.32: As-transferred Gr on Si02/Si substrate AFM morphology
image (a); as-transferred Gr on Alp O3 /Si substrate AFM morphology image
(b); histograms with height of flakes statistics (c). Comparison of the -
Raman spectra of the samples of graphene on SiOz and graphene on Alx Os,
focused in the spectral region of the graphene typical bands (d); the 2D band
best fit curves with Lorentzian lineshape with full width at half mazimum of
(36.5+ 0.3) em™" for Gr/SiOs/Si and (32.0 % 0.2) cm™" for Gr/Al, O3 /Si
are superimposed to the spectra. Adapted from [247].

AFM analyses carried out on bare SiOs and Al,O3 substrates show
similar roughness values in the two cases. On the other hand, by water
contact angle measurements, it is evidenced a larger hydrophobicity
of Al;Os5, featuring 80° contact angle, than SiO9, having 40° contact
angle. These experimental results suggest that the different measured
Gr thickness values originate from reduced water trapping on Al,Og
resulting in a better adhesion between Gr and this type of substrate
[249]. The identification of monolayer Gr is specifically carried out by
p-Raman measurements. The results for the sample of Gr/Al,O3/Si
are reported in Fig. 5.32(d). It can be observed that the typical

spectral features of Gr are recorded on the flakes (targeted by contrast
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optical image of the microscope of the Raman setup). In details,
the G and 2D bands of Gr are identified and are located at 1585 +
1 em™! and 2680 4+ 1 cm™!, respectively. It is also observed the
absence of the D-band, at about 1350 cm™!, indicating the good
quality of the Gr. Furthermore, the intensity ratio Iop/lg > 2.5,
and the full width at half maximum (32.0 £ 0.2 cm~!) and shape
(Lorentzian) of the 2D band, quite compatible with literature data
~30 em™1! [129, 245, 253], evidence the monolayer nature of Gr flakes
on AlyO3/Si. These features are comparable to those found for the
other used Gr transferred on SiO2/Si, as seen previously, and reported
in Fig. 5.32(d), and enable to compare the two kinds of samples and
conclude that they essentially consist in monolayers of Gr deposited

on two different substrates.

5.3.1 Effects of thermal treatment in an Oxygen
atmosphere

As we have seen in the previous section, to induce p-type doping of
the Gr/SiO2/Si sample a thermal treatment of 2h in O at 10 bar and
290°C has been carried out. The main observed effects are the blue
shift of the G and 2D bands and the decrease of the Iop/Ig ratio.
As previously shown these features indicate a p-type doping and a
successive thermal treatment in vacuum at 300°C up to 2h does not
affect the changes induced by previous thermal treatment in oxygen,
indicating the stability of doping. To clarify the oxygen location as
well as to extend the investigation on the efficiency of doping of Gr
by this molecule we changed the substrate and seek if the effects of
doping observed after the treatment in Oy are active on a sample of
Gr with substrate different from SiOs. The sample of Gr/Al;O3/Si
has been used. As above reported its flakes of Gr are similar to those
observed on SiO5/Si and, in particular, they are monolayers of few
pm size. As shown in Fig. 5.33, a thermal treatment at 10 bar of
O5 for 2h at 290°C is not able to induce any change in the Raman
features, evidencing no doping effect in contrast to results reported
for Gr on SiOy. The treatment of Gr/Al;O3/Si in Oy has been then
repeated for a longer time (t = 16 h) to clarify any kinetics criticism.
Even after this thermal treatment no relevant variations in the Raman

spectrum are observed.
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Figure 5.33: Gr on Al,Os/Si AFM morphology image after 16h thermal
treatment in Oz at a pressure of 10 bar and 290°C (a). Comparison of
the p-Raman spectra of as transferred Gr/Al,Os/Si and of Gr/Al,Os/Si
thermally treated at T = 290° C with Oz at a pressure of 10 bar first for 2h
(red curve) and then for 16h (blue curve) (b). All the spectra are normalized
to the 2D band amplitude and are arbitrarily vertically shifted. Adapted from

[247].

As reported in Fig. 5.33(a), the treatments do not affect the flakes
properties. Basing on these results, and observing the great analogy
of Gr samples transferred on AloO3 and on SiOs, it is hypothesized
that a prominent role to obtain p-type doping by oxygen treatment is
played by the substrate. In particular, if oxygen was bonded on top of
graphene it should be equally effective in doping Gr on Al,O3 and on
SiO4 but this is not the case as shown by the above reported results.
As a consequence, it can be stated that the molecule is trapped in the
interface between the flake and the substrate, as schematically shown
in Fig. 5.34.

NOT Trapped Trapped

8z ~ o

Figure 5.34: Schematic explanation of the positioning of the oxygen during
the doping step [247].



5.4 MoS; on SiO,/Si 157

The different effectiveness in doping Gr on Al,Oz and on SiOg
suggests that this latter substrate has a larger O adsorption efficiency
than the former. This aspect is of particular concern for applications
and the possibility to tune this feature, by specifically modifying
the SiOy surface, for example, could be of relevance. Probably, the
most hydrophobic nature of Al,Oj3, as shown by the larger water
contact angle of 80°, compared to that of SiOs, having a contact angle
40°, creates a better interaction and, therefore, a greater proximity
between Gr and the substrate inhibiting oxygen allocation. It is
worth to note that differences of behaviour of Gr related to the
dielectric constant of SiO5 and Al,Og3 substrates have been highlighted
in literature showing that the two substrates could affect the doping
efficiency [249].

5.4 MoS; on SiO,/Si

As mentioned in chapter 4, MoSs samples have been obtained
by mechanical exfoliation of bulk molybdenite crystals purchased by
SPI. The exfoliation technique was based on the use of a thermal
release tape with typical release temperature of 130°C and thermo-
compression printing [228].  After printing on the SiO2(300nm)/Si
target substrate, the sample surface was carefully cleaned by using
solvents in an ultrasonic bath. MoS, flakes of different lateral size and
variable thickness (from single layer to multilayers) were obtained on
SiO5 by this approach.

Preliminary inspection of MoSs flakes was performed by optical
microscopy (OM). The variable flakes thickness produces a variable
contrast in OM images, due to the light interference effect generated
by the MoSy thin film with the 300 nm SiO2 layer thermally grown
on Si.

Tapping mode atomic force microscopy (AFM) with a DI3100
AFM was employed for precise determination of flakes thickness. Sim-
ilarly to previous works with graphene on SiO5 [242], by systematically
comparing optical contrast with thickness measurements by AFM, we
have developed a calibration procedure allowing a fast estimation of
the flakes thickness and uniformity by OM inspection. Representative

OM images on MoS, flakes of different sizes and thickness uniformity
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are reported in Fig. 5.35 (a) and (b), whereas AFM images of selected
areas in these samples are reported in Fig. 5.35 (¢) and (d), respec-
tively. Finally, Fig. 5.35 (e) and (f) show the line-scans of MoSs film
step height with respect to SiOs surface and the MoS, thickness vari-
ations within not uniform samples. The OM images in Fig. 5.35 (a)
and (b) have been acquired by the camera integrated with the AFM
system using identical illumination conditions with white light. This
allows to make a direct comparison between the optical contrast with
the film thickness estimated by AFM.
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Figure 5.35: (a, b) Representative OM images on MoSs flakes of different
sizes and thickness uniformity. (c, d) AFM images of selected areas in these

samples and (e, f) corresponding height line-scans [254].
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5.4.1 Effects of thermal treatment in an Oxygen
atmosphere

To investigate the effects of oxygen treatments similar to those
inducing doping in graphene, a sample of MoS, has been treated
in O atmosphere at 2 bar in the temperature range 300°C-430°C
in the linkam cell, indeed in this temperature range doping should
be effective for few layers [210]. In particular, 10°C increase of
temperature steps were applied from 300°C up to 390°C and, at
each step, the sample was maintained at the selected temperature for
10 minutes and Raman measurements were collected every minute;
afterward the sample temperature was increased to 400°C for 30
minutes, collecting Raman measurements. As reported in Fig. 5.36,
the Raman spectrum of the native sample features the typical bands
of bulk MoS, relative to the Ej, and Aj, modes at 383 cm™' and
409 cm™!, respectively, showing that the applied exfoliation process

produced multilayer flakes.
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Figure 5.36: In-situ Raman spectra of MoSa before thermal treatments
(bottom line), after thermal treatment in Oz at 300° C' (middle) and 400° C
(top). Spectra are vertically shifted for the sake of comparison.

For all the investigated temperatures, the treatments give no
detectable changes in the Raman band features, and in particular we
did not observe the appearance of the bands at 158, 285 and 820 cm™!
associated to MoOs, expected as side product of the oxygen thermally
induced doping of MoSs [210]. Nevertheless, during these treatments,

we observed by the microscope a gradual size reduction of the flakes.
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A further increase of temperature up to 430°C had the same effects
as lower temperatures. However, as shown in Fig. 5.37, we noticed
by the optical microscope measurements a increase of optical contrast
between the center of the various MoSs flakes and their edges, these
latter appearing more dark. To go deeper in this aspect we carried
out AFM measurements and, as shown in Fig. 5.37, we found that the

edges of the flakes are thinner, suggesting the presence of less layers.

100 nm

0.0 5.0 um i

-100 nm

Height (nm)

Figure 5.37: MoSy flake after the thermal treatment up to 430°C in Os
optical microscope (left) and AFM (right) images.

As shown in Fig. 5.38, by carrying out Raman measurements ex-

situ, we found that the flakes edge zone has a different spectrum.
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Figure 5.38: FEz-situ Raman spectra of MoSa before thermal treatments
(bottom line), after thermal treatment in Oz at T<430°C in the center
of a flake (middle) and on the edge of a flake (top). Spectra are vertically

shifted for the sake of comparison.
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In particular, the bands attributed to MoOs at the spectral po-
sitions 158, 285 and 820 cm~! are now clearly seen. This finding
suggests that the observed erosion of the flakes during the thermal
treatments in oxygen is driven by the formation of oxidized regions in
the borders of the MoSs flakes that gradually convert them to MoOs,
before completely destroying it. Similar effects have been suggested
for transition metal dichalcogenides and show that the thermal pro-
cesses could be driven by analogous reactions [255]. In particular,
these effects are of relevance for the application of 2D materials in
ambient environments where the temperature could be increased dur-
ing their use. Finally, the possibility that doping of central parts of
the flakes occurred during the treatments carried out could not be
excluded, but to further highlight it other in-situ measurements with
higher spectral resolution, able to detect MoSs Raman bands shift or

broadening, should be used.
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Summary

In this thesis work we have conducted a study on 2D materials,
which are of wide interest and relevance in materials science and
solid state physics, due to their excellent physical properties. In
particular we studied the effects, caused by thermal treatments in air
and controlled atmosphere, on graphene and molybdenum disulfide
samples.

Gr samples used in these studies were obtained by controlled
graphitization of SiC(0001) surface during high temperature annealing
and by chemical vapour deposition on copper foils and the subsequent
transfer to SiOg /Si or AloO3/Si substrates. MoSs thin films have been
obtained by exfoliation from the bulk crystal and transfer to SiO2/Si
substrates.

The first phase of the work was focused on the characterization of
the different materials by optical microscopy, pu-Raman spectroscopy
and atomic force microscopy. Such characterization was found to
be relevant to follow the changes of the materials connected to the
presence of defects, surface roughness, presence of different numbers
of layers of materials, different doping levels and/or different stress
effects.

The graphene samples (Gr) were grown on the C face of 4H-SiC un-
der optimized conditions (high annealing temperatures ranging from
1850°C to 1950°C in Ar ambient at 900 mbar) in order to achieve
few layers of Gr coverage, with the absence of defects. Several mi-
croscopy techniques, including optical microscopy (OM), p-Raman
spectroscopy, atomic force microscopy (AFM) and atomic resolution
scanning transmission electron microscopy (STEM) have been used to
extensively characterize the lateral uniformity of the as-grown layers

at different temperatures. p-Raman analysis provided information on
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the variation of the number of layers, of the stacking-type, doping and
strain. For all the growth temperatures from 1850°C to 1950°C, Gr
layers were defects-free and their coverage onto SiC was inhomoge-
neous (the same sample areas with the presence of different thickness
graphene), also, the average number of layers was found to increase
with the annealing temperature. It’s interestingly, that the doping
of Gr appears to be uniform basing on the G band analysis; also, in
each sample there is the presence of single layer of Gr, Gr with few
layers of Bernal stacking type and few layers of Gr with turbostratic
stacking type. For all growth temperatures, it has also been observed
that layers are compressively strained, with strain increasing with the
layer number. Overall these results enabled to find a route to produce
high quality graphene on large area showing that the higher tempera-
ture gives more uniform spectral features distribution suggesting more

uniform properties of graphene.

The graphene samples on SiOs/Si, consisting of single crystalline
monolayer domains, were grown on copper (Cu) by chemical vapor
deposition (CVD) and then transferred on a 300 nm thick SiOq
layer on Si by using the PMMA-assisted tranfer procedure. Doping
and stability of monolayer are investigated by p-Raman spectroscopy
and atomic force microscopy (AFM) during thermal treatments in
oxygen and vacuum controlled atmosphere at temperature lower than
300°C, without destroying the sample. The exposure to molecular
oxygen induces graphene changes as evidenced by a blue-shift of
the G and 2D Raman bands, together with the decrease of Iyp/Ig
intensity ratio, which are consistent with a high p-type doping (~10*3
ecm™2) of graphene. The successive thermal treatment in vacuum
does not affect the induced doping showing this latter stability. By
isothermal treatments, made at different temperatures, it is seen that
the equilibrium configuration depends on the temperature, indicating
a distribution of doping states. Finally, an activation energy of 56 meV
of the doping process has been estimated together with a stability or

bonding energy larger than 49 meV.

The Raman 2D and G bands spectral positions and amplitude
ratio after treatment in Oy are affected by the permanence in air
atmosphere in a time scale of months whereas the vacuum safely

maintains the doping effects determined through Raman bands.
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We have focused on the possible effects caused by the atmosphere
on the p-type doping induced by thermal treatments in O5 gas of Gr on
SiO4 substrate. It has been shown that thermal treatments in nitrogen
(N2), carbon dioxide (COg), or in vacuum controlled atmospheres
induce only minor effects on the doping of Gr and principally affect
its defectiveness. By contrast, a treatment in HoO clearly evidences
a recovery in the Raman spectral features, towards undoped sample,
suggesting that the literature reported air influence on the doping
depends on water present in the atmosphere. The disentanglement of
strain and doping effects has been also highlighted showing that in
presence of oxygen this latter is overwhelming.

While a high p-type doping (~10'3 ¢cm™2) is observed for Gr on
SiOq, no significant doping is found for Gr samples on the AlyOj3
substrate, suggesting a key role of the Gr/SiOs interface states in the
trapping of oxygen responsible for the Gr p-type doping. It is deduced
that the oxygen, during the doping step, is positioned between the
SiO and the layer of graphene, giving the interface Gr/SiO4 a relevant
role for the doping to take place.

The effects of temperature and atmosphere (air and O3) on the
doping of monolayers of graphene (Gr) on SiOs substrate on Si have
been investigated by in-situ micro-Raman spectroscopy, during ther-
mal treatments up to 350°C. The spectral positions of the G and 2D
Raman bands of Gr undergo minor changes during treatment, whereas
their amplitude and full width at half maximum (FWHM) experience
variations with temperature and with the atmosphere used. The ther-
mal treatments in oxygen atmosphere show, in addition to a thermal
effect, an effect attributable to a p-type doping given by this gas. The
lineshape thermal broadening, found during thermal treatments by in-
situ Raman measurements, can be related to thermal phonon effects
whereas the absence of band shift is in agreement to the balancing of
red shift, due to thermal effects, and blue shift, induced by doping,
showing the potentiality of in-situ measurements to follow the doping
kinetics.

Similar in-situ measurements carried out to monitor Oy doping of
MoS, on SiO2/Si substrate have been investigated by in-situ micro-
Raman spectroscopy, during thermal treatments up to 430°C, and
by Atomic Force Microscopy (AFM). The MoS; treatment in Oy has
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evidenced a progressive erosion of the flakes at T >300°C without rel-
evant spectral changes in their central zone, during in-situ measure-
ments, whereas the formation of MoOg3 on the flakes edges is observed
indicative of the oxygen activated transformation.

In conclusion in this thesis we have focused attention on the pos-
sibility of doping and change 2D material properties such as graphene
and molybdenum disulfide by means of thermal treatment in a con-
trolled atmosphere showing some potentialities and weaknesses of this
procedure. In recent years there has been great interest in order to
modify and control the 2D material properties, used in various fields.
Regarding the doping it would further be appropriate to understand
the role that has the substrate, in that, as seen in the experimental
work carried out the doping can depend on the substrate used. For
this purpose it would be interesting to perform further experiments
varying further the substrate. In this thesis we have seen the effect of
SiC, SiO2/Si and AlyO3/Si substrates on graphene samples, noting a
invariance of Raman characteristics, as contrasted to a not invariance
of the doping of untreated 2D material. As regards the thermal treat-
ment under controlled atmosphere it is necessary to further clarify the
role and how is trapped oxygen (in our case, between the graphene
and the substrate), or the action of oxygen on different samples (as the
oxidation of MoSs). It would be also interesting to study the variation
of the thermal and thermal doping effects on other types of 2D mate-
rials, or build and observe the changes obtained on heterostructures
consisting of suitably doped 2D materials in order to obtain devices

with appropriate physical properties.
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