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abstract

In this work, we develop characterization techniques based on Raman
and PL spectroscopy for the study of doping effects in p-type Si and
MoS2. Doping monitoring is a critical factor in the proper fabrication
of Si-based electronics, which inherently requires the fabrication of
targeted doped regions at the nanoscale. We show that it is possible
to measure the dopant concentration in p-type Si over a wide range
(1015 ÷ 1020 cm−3) using laser excitation in the visible and near UV
regions. We exploit the effect of doping-dependent Fano interference in
the first-order Raman spectrum of Si. The Raman spectra of differently
doped Si samples are analysed with unprecedented accuracy using
an improved fitting method that employs a convolution of Fano and
Gaussian functions to distinguish the physical and instrumental contri-
butions of emission. Regardless of the excitation wavelength, the one-
phonon Si peak exhibits broadening, frequency-softening, and intensity
decay as a function of doping concentration, which are accurately de-
termined for reliable doping characterization. The experimental data
are directly compared with the relevant literature data of highly doped
Si, showing that the proposed analysis is consistent with the previ-
ous studies at high doping concentrations and complementary in the
intermediate concentration range (1015 ÷ 1018 cm−3). The fitted peak
broadening and frequency shift parameters show linear trends as a func-
tion of doping concentration, which are used to construct calibration
curves for doping monitoring applications. Differential penetration of
light of different wavelengths into Si is used to probe the subsurface of
Si wafers at different depths, allowing nondestructive characterization
of doping. The application of near-UV Raman analysis to small-angle
beveled samples enables doping profiling. The doping profile of p-type
Si is reproduced down to 100 nm with good doping sensitivity (10 ppm)
in the (1018 ÷ 1020) cm−3 concentration range. Excellent vertical (10 nm)
and lateral (1 µm) resolutions demonstrate that Raman profiling is an
efficient alternative to the more onerous SIMS and SRP techniques.
This work also reports on the study of the effects of thermal anneal-
ing of mechanically exfoliated single and multilayer samples of MoS2
deposited on a SiO2/Si substrate. The changes in Raman and PL re-
sponses due to annealing of the samples in the temperature range of
(200 ÷ 300 °C) are analysed. Optical microscopy and AFM analyses of
samples annealed up to 400 °C are also reported. We demonstrate the
presence of a nano-confined water film at the interface between MoS2
and the substrate. The thickness of this water film can be reduced by
annealing and restored by water baths. Then we directly demonstrate
the sublimation of the bottom layer of MoS2 at the interface with SiO2
by annealing at the highest temperatures. Annealing processes in the
temperature range of (200 ÷ 300) °C lead to an increase in the sulphur
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abstract 10

vacancy concentration at the basal planes of the flakes. Passivation of
sulphur vacancies by H2O and O2 adsorption after air exposure leads
to the deplation of free electrons in MoS2, which is reflected in PL
and Raman responses. PL emission, due to radiative recombination of
neutral excitons (A0 ) and charged excitons (A- ), show an increase in
integrated intensity after annealing, demonstrating the direct correla-
tion between the population of type A excitons and sulphur vacancy
concentration. The relative weight of the A0 and A- components of
the PL spectrum can be tuned by annealing in the temperature range
(200 ÷ 300) °C, with A- dominating at the lower temperatures and A0

dominating at the higher temperatures. Mathematical models using
A0 and A- intensities allow us to quantitatively estimate the variation
in sulphur concentration and the change in free electron density in
annealed MoS2 compared to pristine exfoliated MoS2 as a function of
annealing temperature. Considering the typical vacancy concentrations
of mechanically exfoliated MoS2, we estimate sulphur vacancy concen-
tration values close to 1014 cm−2 after annealing at ∼ 300 °C. For the
mean density of free electrons, we find values of the order of 1013 cm−2

for freshly exfoliated MoS2 with a decrease by several integer factors
after annealing at 300 °C. We then demonstrate the direct correlation of
the integrated intensity yield of the resonant-Raman spectra with the
corresponding PL spectral yield as a function of annealing temperature,
providing experimental evidence for exciton-phonon coupling in 2D
MoS2. The in-plane E1

2g phonon mode shows strong coupling with type
A excitons, while the out-of-plane A1g mode does not. This indicates
an in-plane orientation of the type A excitonic wave functions within
the 2D plane of the single-layer MoS2.
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1.1 general motivations

Silicon (Si) is the most commonly used semiconductor for solid-state
electronics. Semiconductors are fundamental because they allow switch-
ing between on and off states at room temperature, an operation
achieved by diodes and transistors. The silicon-based metal-oxide-
semiconductor field-effect transistor (MOSFET) is the ubiquitous active
element in the standard fabrication technology called complementary
MOS (CMOS) for the very large scale integration (VLSI) microchips
used in computers, smartphones, digital cameras, and in the majority
of current electronic devices [5]. Si is the most important semiconductor
material for electronics, despite it cannot be considered the optimal
semiconductor for the better electronic properties. There are several
reasons for the predominance of Si. Si is one of the most abundant
elements on Earth, where it is found in natural quartzite and else-
where. The efficiency of the extraction, purification and crystallization
processes make Si a frontrunner from an economic point of view. Al-
though Si does not have very high carrier mobility, it was preferred
over germanium at the beginning of electronics development in the
1950s and 1960s because it has a larger energy band gap, which allows
better operation at higher temperatures, and because it has a higher
melting point (1412 °C versus 937 °C) to withstand higher processing
temperatures [6]. The moderate band gap of Si leads to a relatively low
intrinsic concentration of free charge carriers, which has the advantage
of low leakage current for better electronic device performance. There
are not only physical advantages that have led to the widespread use
of Si in recent decades, but also technological advantages. Si can be
produced in high purity and in very large size. Doping of pure Si can
be done with high accuracy and in a very wide concentration range,
allowing different electrical properties for optimal device operation.
Another technical aspect that has favored Si in the past is the fact that
it is very easy to grow a very stable, high quality insulator on the Si
surface, namely SiO2, which has historically been the dielectric element
in MOSFETs and is also used as an insulator and passivation layer for
integrated circuits (ICs). Moreover, the enormous efforts made in the
last decades to achieve ever better performance of the devices and the
production process, as well as the high level of knowledge to optimize
the various aspects of design and manufacturing, make it very difficult
for other materials or technologies to compete with Si electronics to-
day. In addition, continuous improvement in electronic products and
emergence of new technologies such as Artificial Intelligence (AI) and
Internet of Things (IoT) are leading to steady growth of the semicon-
ductor market. The Covid-19 pandemic also seems to be playing an
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unexpected role in the recent growth of Si chips demand [7].
According to the Semiconductor Application Forecaster (SAF) from
International Data Corporation (IDC), global semiconductor revenue
grew to USD 464 billion in 2020, 10.8% higher than 2019 revenue, and
is expected to grow 17.3% in 2021 compared to 2020 [8, 9].
For these reasons, semiconductors research remains attractive and im-
provements in the physical and technological aspects of Si technology
can be very enticing.
Especially for the fabrication of advanced ICs, which require extremely
shallow regions with very high carrier concentration in the subsurface
of the Si wafer, it is of utmost importance that doping is obtained with
accurate knowledge and reliable control. Therefore, it is desirable for
semiconductor manufacturing facilities (Fabs or factories) where the
doping processes are performed to rely on an analytical method for
characterising the doping concentration below the wafer surface that
provides rapid feedback and is effective at the nanoscale.
Currently, there are a number of techniques that can be used to study
the doping concentration of Si-based materials, but they have differ-
ent drawbacks. Electrochemical capacitance voltage (ECV) [10] and
four-point probe resistivity measurement [11] have very low spatial
resolution. Spreading resistance profiling (SRP) [12] and secondary
ion mass spectrometry (SIMS) [13] are effective at the nanoscale, but
both are destructive. In particular, SRP and SIMS are capable of obtain-
ing a depth profile of the doping concentration and are currently the
standard techniques for this purpose. However, they require special
sample preparation, precise control of environmental conditions, and
equipment that is generally only accessible with a significant budget
[14, 15]. SRP can probe a very large concentration range (1012 ÷ 1021

cm−3), but has limited lateral resolution (not less than 20 µm) [16–18].
SIMS provides an elemental dopant profile, whether or not the atoms
of the dopant species are electrically active, and with high spatial reso-
lution, but requires rather complex and expensive instrumentation as
high-vacuum equipment [19–21].
On the other hand, the doping concentration in Si can be determined
by a Raman spectroscopy technique, which we aim to develop in this
study. Micro-Raman spectroscopy allows to study the material with
a high lateral resolution in the order of micrometers and to probe
the subsurface of the material at selected depths by using different
excitation wavelengths due to their different optical penetration in the
opaque Si. Laser excitations in the visible range can achieve depth
resolutions in the micrometer range, while laser excitations in the near
UV range can achieve depth resolutions in the nanometer range. This
is ideal for very shallow doped regions used for the source/drain and
source/drain-extension regions in MOSFETs within CMOS technology.
The technique we wish to investigate makes use of the analysis of the
Fano interference effect in the Raman spectrum of doped Si, which, as
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Cardona and co-workers showed in the 1970s, is known to be quanti-
tatively related to the free carrier concentration in the semiconductor
[22–24]. After the pioneering studies of Cardona and co-workers who
investigated highly doped material (doping concentration > 5 × 1018

cm−3), several works have focused on the study of a Raman analysis to
characterise the doping concentration in Si-based material [14, 25–28].
However, no study has extended this approach to the study of interme-
diate and low doping concentrations and has verified the validity of the
underlying physical concept in the case of UV excitation wavelengths
to take advantage of the lower penetration depth of this light for a
better spatial resolution of the analysis. With the advantages of modern
spectral fitting analysis, it is now possible to evaluate the effects of
doping on the Raman spectrum with unprecedented accuracy, not only
at high doping concentrations, but also at intermediate concentrations
(1016 ÷ 1018 cm−3), which require higher sensitivity. The high vertical
resolution in the nanometer range and the high sensitivity to the dop-
ing concentration favor the use of a Raman-based technique not only
to characterize the sub-surface doping content, but also to produce a
doping depth profile. We believe this can be done using spectroscopic
analysis in conjunction with the bevel method borrowed from the SRP
technique, where a sample beveled at a small angle is used to probe
the interior of the material by surface (on the bevel) measurements [29].

On the other hand, despite the continued increase in demand for
microchips for electronics, some of the current research is focused on
new technological solutions and strategies in the prospect of a feared
standstill in performance improvement. Indeed, the potential progress
in performance improvement predicted by Moore’s Law appears to be
close to the finish line. Moore’s Law states that the number of transis-
tors that can be packed into a given unit of an integrated circuit doubles
about every 18 months [30, 31]. However, the race to shrink transistors,
which has so far made it possible to keep up with Moore’s law, seems
to be reaching its physical limits (lateral dimensions < 10 nm) and also
leads to further complications in device modeling [32].
Studies on 2D materials aim to continue this law and extend this limit
of miniaturization to the atomic level [33]. Moreover, 2D crystals with
atomic thickness represent a perfect playground for the exploration of
physics at low dimensions, with the prospect of realizing novel devices
based on entirely new physics and technology. With this perspective,
the Institute of Electrical and Electronics Engineers (IEEE), one of the
world’s leading professional organizations for technological advance-
ment, is supporting the creation of roadmaps for key players in the
global microelectronics industry. In these International Roadmaps for
Devices and Systems (IRDS), several International Focus Teams (IFTs)
assess the current state and future evolution of the ecosystem, with each
team focusing on a specific research area and creating 15-year action
plans. The IFTs’ 2017 reports, titled Emerging Research Material and
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Beyond CMOS, identify in MoS2 one of the most promising materials
for technology development in the near future [33].
MoS2 is a transition metal dichalcogenide that occurs naturally. It is an
exfoliable material that can be obtained two-dimensionally down to a
single layer less than one nanometer thick. There are several methods
to obtain MoS2 in the 2D phase. Top-down techniques start from lay-
ered bulk material to obtain progressively thinner samples. Examples
of these techniques include mechanical exfoliation [34] and chemical
liquid exfoliation [35]. Then there are bottom-up techniques such as
chemical vapor deposition (CVD), where starting from the basic con-
stituents of the material, molecular recognition leads to self-assembly
of the elements to form structures of higher dimensions [36] . MoS2
is a semiconductor and therefore complementary to the semimetal
graphene [37]. It raises many expectations both in the context of the
More Moore strategy, for which an extension of the functionalities of
CMOS technology is envisaged through the hybrid integration of new
technologies and materials, and in the context of the Beyond CMOS
strategy, which proposes the creation of completely new information
processing paradigms [33]. In this latter perspective, the special exci-
tonic properties of MoS2 attract for the development of novel excitonic
devices that use excitonic states as a new computational state variable
[38–40].
The electronic properties of MoS2 are strongly dependent on the thick-
ness of the material. Its peculiar electronic semiconductor structure,
which depends on the number of layers and undergoes an indirect-
direct band gap transition from the bulk to the monolayer phase, makes
MoS2 particularly interesting for optoelectronic applications [41–43].
In the ultrathin 2D phase, the enhancement of quantum confinement
and the reduction of dielectric screening within the material lead to
enhanced interactions between charged particles in the material and
strong interaction with electric fields [44, 45]. For this reason surface
modifications that introduce doping become particularly effective, lead-
ing to new optoelectronic effects and opening the prospect of powerful
optoelectronic devices [46–50].
However, due to the novelty of this field, there is still much to be done
for 2D materials such as MoS2 and their experimental applications to
be effectively used in electronic applications on a global scale. Further
investigation of many physical and technological aspects is needed.
In particular, the study of optical and electronic properties is useful
for potential applications in optoelectronics. Therefore, it is crucial
to search for efficient and reliable methods to study these properties
and to control changes caused by structural defects, such as atomic
vacancies, that often occur on the surfaces of 2D materials.
For this reason, in this work, besides the studies on Si, we also develop
a technique based on Raman and PL spectroscopy together with an-
nealing processes to study MoS2 and to investigate some particular
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optical and electronic properties of this material. We study the changes
in the Raman and PL responses of MoS2 and in the associated optoelec-
tronic properties in dependence of a variation of the doping level in
the material. We find that the doping level depends on the formation
of structural defects such as sulphur vacancies on the surface of the
2D material. The concentration of sulphur vacancies can be altered by
annealing processes. This mechanism can also be used to develop a
method to reduce the number of layers of MoS2 by thinning the sample
flakes by partial sublimation.
The common feature of our research on Si and MoS2 lies in the abil-
ity of using spectroscopic techniques to study the change effects in
certain optical observables of materials that are ultimately caused by
changes in the electronic density, i.e. the doping level, in the materials
themselves. In the case of Si, this experimental evidence will be used
to study the doping concentration in wafers for electronics, and in the
case of MoS2, to obtain information on optoelectronic properties and
on structural, topological and morphological aspects of the material in
order to increase the knowledge of this emerging material.

1.2 objectives of this thesis

The objectives of this work can be outlined as follows:
To obtain a quantitative characterization of the doping state of crys-

talline Si by a clean, simple and fast Raman analysis. The non-invasive
nature of a spectroscopic technique could make this a useful tool in
foundries for product control and process monitoring, and also pro-
vide an in-line diagnostic tool for investigating dopant activation after
dopant introduction;

To develop an efficient method for doping profiling in Si that is
effective in terms of nanoscale spatial depth resolution and can compete
with the more onerous techniques currently in use;

To study the optical and electronic properties of 2D MoS2 through
doping variations by Raman and PL spectroscopy. A deep understand-
ing of the correlation between the optical properties and doping through
photon-electron and phonon-electron interactions can be useful to in-
vestigate new physics as well as advance new technologies;

To use the variations in optical properties by spectroscopic analysis
to monitor the sulphur vacancy concentration and doping level in 2D
MoS2;

To evaluate the feasibility of selective sublimation of MoS2 layers by
thermal treatments in order to achieve a novel exfoliation method of
the material;

To investigate the dynamics, interplay and spatial orientation of
different types of excitonic states in the MoS2 monolayer accessible
by resonant Raman and PL spectroscopy and whose population is
modifiable by thermal treatments.
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1.3 organization of this thesis

This work is organized as follows:
Chapter 2 introduces the materials studied in this work, namely Si

and MoS2, and gives an overview of the crystal structure, electronic
band structure and phonon dispersion curves for both. In the latter
case, special attention is paid to the excitonic states that characterize the
optical properties of MoS2 in the single-layer phase. The last section of
this chapter is devoted to the basic theory of doping in semiconductors.

Chapter 3 provides the necessary theoretical basis of Raman scatter-
ing and PL emission. As for Raman scattering, the macroscopic and
microscopic approaches are treated separately and a section is devoted
to Raman scattering under resonant conditions. Concerning PL emis-
sion, we give a brief discussion of luminescence concepts, highlighting
the various recombination mechanisms that can occur in a semicon-
ductor due to band-to-band recombination as well as recombination
involving carriers trapped in impurities and annihilation of excitons.
A description of PL by excitons in terms of exciton-polariton emis-
sion is also given. The chapter concludes with a basic description of
Raman-specific Fano interference effects in highly doped Si.

Chapter 4 introduces experimental and analytical methods by present-
ing the technical aspects and developments necessary for conducting
experiments and analysing the data obtained. A detailed description
of the spectrometer setups used in this work for Raman and PL spec-
troscopy is given, highlighting the main parts and functions of a spec-
trometer. This is followed by an overview of the material and methods
used to study the doping concentration in Si. Then there is a descrip-
tion of the samples of differentially doped Si, followed by a detailed
explanation of the method used to fit the recorded Raman spectra to
evaluate the Fano effect detectable in the spectra. This is followed by
an explanation of the methods used to obtain and analyse the Raman
and PL spectra of MoS2 in single and few-layer phases. At this point,
the annealing procedures that were performed on MoS2 samples to
produce changes in the sulphur vacancy concentration in this material
are reported. The chapter concludes with the presentation of a statisti-
cal model, called the three-level model, for describing the population
density of two different types of excitonic states in MoS2, which is
useful for estimating the density of free electrons in single-layer flakes
of MoS2.

Chapter 5 describes a Raman spectroscopy-based doping characteri-
zation technique for monitoring the dopant content in p-type Si-based
material. First, the need for doping characterization in semiconductor
technology is outlined, current solutions are reported, and the Raman
spectroscopy approach is proposed to achieve an alternative method
with significant advances. Then, the technique is developed using exten-
sively the considerations from the chapters 3 and 4. The experimental
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Raman scattering data of optimally arranged sets of differently doped
Si samples are analyzed and discussed in the framework of the Fano in-
terference effect model. The method for interpreting the doping concen-
tration is presented and its validity for measurements with excitation
laser lines in the visible to near-UV range is demonstrated. Subsur-
face doping monitoring and doping profiling are demonstrated, and
application to state-of-the-art nanoelectronic configurations is reported.

Chapter 6 contains a detailed study of single and few-layer MoS2 sam-
ples using PL and resonant Raman spectroscopy in combination with
optical and atomic force microscopy and annealing processes. The study
represents an attempt to improve the understanding of the influence
of structural defects in MoS2 on the very interesting optical properties
of the material, taking into account the doping change induced by
the variation of the sulphur vacancy concentration. The morphologi-
cal effects of annealing on the material are rationalized and a bottom
thinning procedure is proposed. It is shown that the PL response of the
MoS2 monolayer correlates directly with the change in sulphur vacancy
concentration and can be interpreted as a consequence of a change
in doping concentration within the material. The variation of sulphur
vacancy concentration and doping concentration are quantitatively eval-
uated using mathematical models. Some fundamental properties of the
excitonic states are investigated by studying the phonon-exciton inter-
action using PL and resonant Raman analyzes, which provide direct
evidence for exciton-phonon coupling in 2D MoS2 and give insight into
the spatial orientation of the excitonic wave function with respect to
the plane of the MoS2 monolayer.

Chapter 7 summarizes the results from the previous chapters and
gives an outlook on the improvements of the proposed techniques.
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relevant properties of silicon and two -
dimensional mos2

In this chapter, we describe some fundamental properties of silicon (Si)
and molybdenum disulfide (MoS2) that are useful for understanding
the experimental results presented in this thesis. We give an overview of
the crystal structures, electronic band structures and phonon dispersion
curves of Si and MoS2, in the latter case with special reference to the
excitonic states. Subsequently, the basic concepts of doping in semicon-
ductors are presented with their fundamental physical background.

2.1 silicon crystal structure , electronic energy

bands , phonon dispersion curves

Si is a nonmetallic chemical element from carbon group 14 in the
periodic table (also group IVa), it has atomic number 14 and atomic
weight 28.086. Si is one of the most abundant elements in the Earth’s
crust after oxygen, 27.7 % of the crust is silicon. An atom of Si has
an empirical atomic radius of 110 pm and the electronic configuration
1s22s22p63s23p6.
As a single crystal, e.g., obtained by slowly pulling a seed crystal from
molten silicon (Czochralski process [51]), Si has the cubic crystal struc-
ture of diamond, space group denoted by O7

h (Fd3m in international
notation). An sp3 hybridization of the 3s23p2 shells of the Si atom is
responsible for the tetrahedral arrangement of chemical bonds between
a Si atom and its four nearest neighbors in the crystal lattice. The
Bravais lattice of Si is a face-centered cubic (fcc) with a basis of two
atoms in (0, 0, 0) and (1/4, 1/4, 1/4) a, where a is the lattice constant
(a = 5.431 Å). In other words, the unit cell of Si consists of two inter-
penetrating identical fcc Bravais lattices shifted along the cubic body
diagonal by 1/4 of the diagonal length [52]. The unit cell of diamond
structure of Si is illustrated in Figure 1 (a). The unit cell contains a total
of 8 Si atoms, 8 at the corners 1/8 each in the cell, 6 atoms in the faces
1/2 each in the cell, 4 atoms inside the cell.
Considering the Si element weight of 28 atomic mass units (amu ≃
1.66 × 10−24 g) and the lattice constant of 5.43 Å, the mass density of Si
crystal results 2.33 g cm−3. The inter-atomic spacing between atoms in
a primitive cell is 2.34 Å, the number density of atoms is 5 × 1022 cm−3

[53].
The reciprocal lattice of Si can be described by its primitive cell. It can
be shown that the reciprocal lattice of a direct fcc lattice is a body-
centered cubic (bcc) lattice with lattice constant 4π/a, where a is the
direct lattice constant. Constructed as a Wigner-Seitz cell, the truncated
octahedron within the cube in Figure 1 (b) represents the primitive cell
of the reciprocal lattice of diamond and zinc-blende structures, and



i
i

“Stefano-tesi” — 2022/4/19 — 19:03 — page 20 — #23 i
i

i
i

i
i

relevant properties of silicon and two -dimensional mos2 20

Figure 1. (a) Crystallographic unit cell of diamond structure, the shaded area showsa primitive cell. Adapted from [54]. (b) Wigner-Seitz cell of the reciprocal latticeof an fcc crystal as diamond and zinc-blende, known as the first Brillouin Zone.High-symmetry points and directions are given in the usual notations. Adaptedfrom [55].
hence of Si, and is referred to as the first Brillouin Zone (BZ) [55]. The
labels Γ, L, X, W, K denote the points of high symmetry of the BZ,
while ∆, Λ, Σ denote the direction of high symmetry ⟨100⟩, ⟨111⟩, ⟨110⟩
connecting the center Γ with the edge of the BZ. In table 2.1 we report
some specifications of the BZ high-symmetry points and directions.

Table 2.1. Specifications of high-symmetry points and directions of the firstBrillouin Zone of fcc, diamond, and zinc-blende lattices. From [55].
point degeneracy direction

Γ, (0, 0, 0) 1

X, 2π/a(±1, 0, 0), 2π/a(0,±1, 0), 6 ∆, ⟨100⟩
2π/a(0, 0,±1)

L, 2π/a(±1/2,±1/2,±1/2) 8 Λ, ⟨111⟩
K, 2π/a(±3/4,±3/4, 0), 2π/a(0,±3/4,±3/4), 12 Σ, ⟨110⟩

2π/a(±3/4, 0,±3/4)

The band structure of Si can be determined by pseudopotential methods
[56, 57], the results are shown in Figure 2 (a). The labels in Figure 2 (a)
are derived from the group theory notation of the indirect representa-
tions of the space group of the crystal. The electronic states are affected
by the crystal potential with its invariance properties, therefore the
electronic wave functions reflect the crystal symmetries. Consequently,
the electronic states and energy levels can be classified according to the
irreducible representations of the point group of the wave vector [58,
59].
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The upper valence bands and the lower conduction bands are generated
by the bonding and anti-bonding combinations of sx, px, py, pz, atomic
orbitals [60]. While the maximum of the valence band (VB) is located at
k ≃ 0 (point Γ), the minimum of the conduction band (CB) is located
along the direction [100] (∆) at a point very close to the edge X of the
BZ, making Si a semiconductor with an indirect band gap. The indirect
energy gap (Eg) is slightly temperature dependent and approaches
1.17 eV at T = 0 K and 1.12 eV at room temperature [55, 60].

Figure 2. (a) Electronic band structures of Si obtained by a nonlocal pseudopo-tential method (solid line) and a local pseudopotential method (dotted line) [56].Adapted from [61]. (b) Schematic representation of the electronic band structureof a cubic semiconductor, detailed at the central direct transition at k ≃ 0 andincluding the spin-orbit splitting effect. Adapted from [60].
The top of the valence bands at Γ25′ are very important because, under
thermodynamic equilibrium, they host most of the free holes. In Γ25′

the valence bands arise from the bonding combinations of the px, py, pz,
orbitals and are sixfold degenerate [60]. In reality, the degeneracy is
broken by the spin-orbit interaction, leading to a splitting of the upper
valence bands into p3/2- and p1/2-bands. In Figure 2 (b) we show a
schematic representation of the electronic bands in which the splitting
effect due to spin-orbit interaction has been taken into account. The
p3/2-bands form the heavy-hole band and the light-hole band, which
are fourfold degenerate at k ≃ 0 (Γ+

8 in Figure 2 (b)). The p1/2 bands,
called split-off bands, are twofold degenerate (Γ+

7 in Figure 2 (b)). The
spin-orbit separation at k ≃ 0 is ∆0 = 0.044 eV [23]. The values of the
effective masses of heavy hole, light hole and split-off hole, averaged
over all possible k directions, are 0.54, 0.15, 0.23 respectively in units of
free electron mass [58].
Now we present some qualitative features of the phonon dispersion
curves in the Si crystal. The dispersion curves of phonons in Si, which
are experimentally measurable by neutron scattering spectroscopy [62–
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64] or infrared absorption [65, 66], can be plotted as a function of
phonon momentum along high symmetry directions in the first BZ (see
Figure 3). As can be seen for any crystal with two atoms per primitive
cell, the phonon dispersion curves consist of six branches, three for the
acoustic modes and three for the optical modes. In Figure 3 the acoustic
branches lie on the lower energy part of the plot.

Figure 3. Phonon dispersion curves for silicon. The continuous curves are calculatedfrom [67], the points are experimental data from [62]. Adapted from [67].
A complessive motion of atoms, as occurs in a phonon mode, is char-
acterized by a displacement of atoms in real space and a wave vector
k in reciprocal space. The displacement of atoms of a phonon mode
with wave vector along a high symmetry direction of the first BZ can
be either parallel or perpendicular to the wave vector direction and is
consequently classified as transverse or longitudinal. It can be shown
that both the displacement of the atoms and the wave vector of the
mode depend on the symmetry properties of the crystal. It follows
that phonons with wave vector k is indistinguishable to those with
wave vector q + G, where G is a reciprocal lattice vector. The symmetry
operations transforming k into equivalent vectors q + G belong to the
group of symmetry of k (group of the wave vector) [58]. The phonon
modes at any point k in reciprocal space can be classified according
to the irreducible representations of the symmetry group of k at that
particular k.
Phonons with k near the center of the BZ have a relatively long wave-
length and involve atoms that are dislocated in various contiguous unit
cells. Focusing on a primitive cell invested by a phonon mode, one can
show that the two basis atoms move in phase in the case of an acoustic
phonon or out of phase in the case of an optical phonon. Considering in
particular the optical phonons of symmetry Γ25′ at k ≃ 0, which are of
specific interest in first-order Raman spectroscopy of Si [68], the TO and
LO branches are degenerate in diamond-type crystal [58]. Thus, it is
possible to observe in the Raman spectra of Si the one-phonon Raman
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scattering signal originating either from all three degenerate optical
phonons or only from those of a particular symmetry (LO or TO), de-
pending on the particular geometrical and polarization configurations
adopted in the light scattering experiment.

2.2 mos2 : a transition metal dichalcogenide

The special electronic properties of graphene [34, 69, 70], such as its very
high carrier mobility with a reported value of ∼ 15 000 cm2V−1 sec−1

at 300 K [71], have also attracted the interest of researchers in other
two-dimensional inorganic materials (2D). Since the semimetal property
of graphene limits its application in nanoelectronic devices [72], special
efforts have been directed towards 2D materials with semiconductor
properties.
Many 2D materials appear in the bulk as a structure of stucked layers
(monolayer units) held together by relatively weak van der Waals (vdW)
interactions. Each monolayer unit has a independent crystal structure
in which the atoms are strongly bonded together by predominantly
covalent bonds. A monolayer unit can be constituted by a single atomic
layer (like in graphene), or several atomic layers strongly bonded to-
gether (like in MoS2).
Due to the weak vdW interactions between the monolayers and the
independent strongly bonded structure of the monolayer unit, single or
few monolayers can be isolated from the bulk crystal using top-down
techniques such as mechanical exfoliation [34], electrochemical exfo-
liation with lithium intercalation [73], chemical liquid exfoliation [35,
74]. Recently, a thorough review on the mechanical exfoliation with
an accurate determination of the number of layers of 2D MoS2 sam-
ples [75] was presented. In addition, 2D crystals can also be obtained
by bottom-up methods such as hydrothermal synthesis [76, 77], wet
chemical synthesis [78], molecular beam epitaxy [79], chemical vapour
deposition (CVD) [36, 80], etc.
An example of this class of materials are transition metal dichalco-
genides (TMDCs). TMDCs in the 2D phase have attracted considerable
attention because of their diverse properties and natural occurrence.
There are more than 40 layered compounds in the TMDC class of ma-
terials, all of which have the same chemical formula MX2, where M is
a transition metal from groups 4 to 10 (Ti, Zr, Hf, Mo, W, Rc, Pd, etc.)
and X represents the chalcogen atoms (S, Se, or Te) [81, 82]. Bulk TMDs
have different electronic properties, e.g. HfS2 is an insulator, MoS2 and
WS2 are semiconductors, WTe2 and TiSe2 are semimetals, NbS2 and
VSe2 are real metals [82, 83]. Indeed, TMDCs have long been known in
materials science and engineering and have led to important industrial
applications as solid lubricants and surface protectants[81, 84–88]. An
important reason for the considerable recent attention paid to TMDs in
the 2D phase is their layer-dependent electronic properties and sizable
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Figure 4. Molybdenite on quartz, from the Molly Hill mine, Quebec, Canada.(author: John Chapman. c CC BY-SA 3.0, from [96])
band gaps around 1 − 2 eV [81, 84], which makes them particularly
promising for the development of field-effect transistors (FETs) or as
light-absorbing materials in new-generation alternative optoelectronic
devices [89].
In particular, molybdenum disulfide (MoS2) [90] has attracted much
interest because of its unique physical, optical, and electronic properties
[91–95].
Molybdenum is a transition metal from group 6 and period 5 of the
periodic table, its atomic number is 42, its electronic configuration
is [Kr]4d55s1, its Russell-Saunders term symbol is 7S3, its ionisation
potential is of 7.13 eV. Sulphur is a chemical element from group 16
(chalcogens) and period 3 of the periodic table, its atomic number is
16, its electronic configuration is [Ne]3s23p4, so it has six valence elec-
trons, its Russell-Saunders term symbol is 3P2, its ionisation potential
is 10.36 eV. In MoS2, the Mo atom has oxidation state +4, the S atom
has oxidation state −2.
Molybdenum disulfide (MoS2) is an inorganic compound found in na-
ture in the form of the mineral molybdenite (see Figure 4). Its appearance
and properties are very similar to those of graphite. It is easily cleaved
basally, leaving a dark green mark [96], like graphite on paper.
With its layered structure, molybdenite has long been used as a lubri-
cant. As an insubstantial powder, it is a dry lubricant, but can also be
used as an additive in oil or grease [97, 98]. It is also widely used as a
catalyst in the desulfurization process [99] and in various applications
such as hydrogen storage [100], in electrical capacitors [101] and as a
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cathode in lithium batteries [102].
In the bulk phase, Molybdenum Disulfide is a semiconductor with an
indirect bandgap of (∼ 1.3 eV) [103]. However, this property gradually
changes as the number of layers decreases, so that the single layer of
MoS2 can be considered a semiconductor with a direct bandgap [94,
104]. The value of the direct bandgap remains controversial. Early work
reported a value of ∼ 1.8 eV [94] but more recent theoretical work re-
ports higher values (2.1÷ 2.8) eV [105–109]. In any case, these properties
make MoS2 particularly interesting because it is optically active in the
visible spectrum [89].

2.2.1 MoS2 lattice structure

In the bulk phase, MoS2 consists of planar structures arranged one
above the other to form a layered material. Each planar structure in
turn consists of three layers, with one layer of Mo atoms sandwiched
between two layers of S atoms [110–112]. Each three-layered structure
forming a MoS2 layer is connected to the others by relatively weak van
der Waals interactions, with a binding energy of ∼ 20 meV/Å

2
[113,

114]. Within each layer, the atoms of the metal Mo and those of the
chalcogen S are bound together by strong covalent bonds [82].
Considering the fundamentals of sphere packing, the most usual struc-
ture of MoS2 consists of two pairs of adjacent close-packed layers
represented by the sphere packing sequence AbA BaB, the close-packed
layers A and B consist of sulphur, the interstitial layers b or a are of
molybdenum [115, p. 125].
In both sandwiches, AbA and BaB, the interstice Mo atom displays a
trigonal prismatic coordination. This structure is known as 2H phase,
where the numeral indicates the number of sandwiches per unit cell
along an axis orthogonal to the layers, H stands for hexagonal and
refers to the crystal symmetry (see Figure 5 (a)).
A less common polytype of MoS2 known as the 3R phase is character-

ized by a rhombohedral crystal symmetry with a unit cell consisting
of three stacked S-Mo-S sandwiches with an AbA BcB CaC stacking
sequence in which the S atoms occupy the place of the close-packed
atoms and the Mo atoms occupy the place of the interstices. In each
sandwich, the metal atom displays a trigonal prismatic coordination,
as in the previous case of 2H (see Figure 5 (b)).
Moreover, it was observed in [116] that the MoS2 nanosheets prepared
by chemical Li intercalation do not belong to the polytypes 2H or 3R,
but to a different polytype 1T (see 5 (c)). This structure can be repre-
sented by the AcB sphere-packing sequence, in which the interstice Mo
atom exhibits an octahedral coordination. In the 1T structure, there is
only one S-Mo-S layer per unit cell and the overall crystal is character-
ized by trigonal symmetry.
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Figure 5. Crystal structures of MoS2 polytypes. (a) Hexagonal crystal symmetry,two S-Mo-S layers per unit cell, trigonal prismatic Mo atom coordination. (b)rhombohedral crystal symmetry, three S-Mo-S layers per unit cell, trigonalprismatic Mo atom coordination. (c) trigonal crystal symmetry (1T-MoS2), oneS-Mo-S layer per unit cell, octahedral Mo atom coordination. Adapted from [89].
The trigonal 1T polytype is not stable, and it has been observed to revert
to the original 2H phase apon both annealing at moderate temperature
(≈200 °C) and aging at lower temperatures for several weeks. [117–119].
The more common 2H-MoS2 structure is symbolized by the space group
type P63/m m c in the notation of Hermann-Mauguin (point group D6h),
therefore MoS2 is a centrosymmetric crystal [120–122].
The primitive unit cell of 2H-MoS2 is shown in Figure 6, it contains 6
atoms, 4 atoms of S and 2 atoms of Mo. The lattice parameters of the
primitive unit cell are a = b = 3.15 Å and c = 12.3 Å. [120].
The polytype 3R-MoS2 has a crystal structure belonging to the trigonal

space-group type R3m, with a rhombohedral unit cell with a = b =
3.15 Å and c = 18.33 Å [123]. The 1T-MoS2 structure belongs to the
trigonal space-group type P3 [124] with a primitive unit cell and a
threefold rotational axis in the c⃗ direction.
As can be seen from the previous arguments, a single layer (monolayer)
of MoS2 has only two possible structures: from 2H and 3R bulk ma-
terials we can obtain a trigonal prismatic monolayer, symbolized as1H-MoS2, or else from a 1T bulk material we can obtain an octahedral
monolayer, symbolized as 1T-MoS2. These different phases can be iden-
tified by high-resolution scanning transmission electron microscopy
(STEM), as shown in [125]. In the case of the monolayer, the symmetry
of the inversion with respect to a centre is missing, so the monolayer is
not centrosymmetric and the space group to which it belongs is P6m2
(point group D3h) [122].
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Figure 6. (a) Primitive Unit Cell (P63/m m c) of 2H-MoS2. The bulk unit cellcontains 2 Mo atoms and 4 S atoms. Each of the Mo atoms is coordinatedto 6 S atoms in a trigonal prismatic coordination. The primitive vectors are
a = (a, 0, 0), b = (a/2,

√
3a/2, 0), andc = (0, 0, c). a = b = 3.15 Å, c = 12.3 Å.(b) Top view of 2 × 2 unit cells of MoS2. Adapted from [122].

2.2.2 electronic band structure and excitons in MoS2

Theoretical and experimental studies showed a strong dependence of
the semiconducting electronic structures of MoS2 nanosheets on their
layer number [94, 104, 106, 126, 127]. A gradual transition from the indi-
rect bandgap of the bulk crystal to a direct bandgap of the mono-layer
sample has been demonstrated, which makes the single layer phase
particularly interesting for optoelectronic applications [92, 94, 95, 104,
128, 129].
Figure 7 (a) shows the band structures of MoS2 samples representative
of bulk, four-layer, bilayer and monolayer flakes of MoS2 in their evolu-
tion from indirect to direct bandgap semiconductors [104]. In Figure
7 (b) we show the first Brillouin zone of MoS2, which highlights the
high-symmetry points and directions of the reciprocal lattice of MoS2
[130]. As can be seen from the Figure 7 (a), in case of bulk MoS2, the
top of the VB is located at Γ point (centre of BZ), the bottom of the CB
is located in the middle of the high-symmetry direction connecting Γ
and K; this point is sometimes referred to as Λ [94, 104]. Otherwise, in
case of monolayer, both the top of the VB and the bottom of the CB are
at K point.
Moving from bulk to thinner and thinner sheet of material up to the
single layer of MoS2, one observes a progressive increase in the indirect
bandgap, with the bottom of the CB at Λ rising slightly and the top
of the VB at Γ decreasing sharply (see Figure 7 (a)). The variation is
such that in the extreme case of monolayer, the indirect bandgap is
larger than the direct bandgap at K, which, on the other hand, shows
no significant changes as the number of layers of the material varies
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[94, 104, 131, 132].
The reason for the different behaviour of the K and Γ points as a func-
tion of the number of layers lies in the different nature of the electronic
states that form the bands at these points. The top of the VB at K
consists of electronic states formed by the d orbitals of the Mo atom.
These orbitals are only slightly affected by the interlayer interactions
because they are strongly localized in the midplane of the S-Mo-S layer,
so that their energy level does not depend on the crystal thickness [104,
106, 127, 133]. On the other hand, the VB at the Γ point arises from the
hybridization of d orbitals of the Mo atom and pz orbitals of the S atom,
which in this case are influenced by the interaction between the layers,
hence the dependence on the layer number [104].
Two thin peaks labeled A and B at about 1.8 eV and 2.0 eV in the

absorption spectrum of bulk MoS2 reveal the presence of two exci-
tonic transitions associated with direct optical transitions between band
edges at the K point in the BZ [112, 134] . Similar observations have
also been made for other TMDCs [105, 135, 136].
Excitonic states can be viewed as quasiparticles consisting of an excited
electron and a hole bound by a Coulomb force, making the system
resemble a hydrogen-like atom. For few-layer nanosheets of MoS2, the
absorption spectrum resembles that of bulk, except for small deviations
in the energies of the A and B peaks [94]. For a monolayer undoped
sample of MoS2, the authors of [47] give 1.92 eV and 2.08 eV for A
and B absorption peaks, respectively. The absorption spectrum of a
monolayer sample of MoS2 is shown in Figure 7 (c) [47].
The separation between peaks A and B is due to the spin-orbit splitting
of the valence bands at the K point in Brillouin zone. The absorption
peaks A and B correspond to the K4 → K5 and K1 → K5 transitions,
respectively, where K4 and K1 denote the initial states at the top of the
split valence bands and K5 denotes the final state at the direct optical
band gap at the K point [112] (see Figure 8).
The energy splitting of the valence band at K of about 0.30 eV is re-
flected in the different location of peaks A and B, although the distance
between the peaks of about 160 meV does not exactly correspond to
the valence band splitting because of the different binding energy of
excitons A and B [112].

Photoluminescence (PL) and photocurrent experiments also reveal the
presence of optical transitions that can be associated with excitons A
and B in both bulk and thin films of MoS2. [94, 104, 107, 112].
Normally, the binding energy of excitons in direct bandgap semicon-
ductors has values on the order of a few units or a few tens of meV
(see, e.g., Table 6.4 in [58, page 272]). The confinement effect and the
concomitant reduction in the dielectric screening that occurs in very
thin materials such as nanosheets of MoS2 results in a much higher
binding energy for the excitons that can be populated in these materials.
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Figure 7. (a) Evolution of the electronic band structure of MoS2, from left to right:bulk, quadrilayer, bilayer, monolayer. The solid arrows indicate an indirect-to-direct bandgap transition at monolayer. Adapted from [104]. (b) First Brillouinzone of MoS2 highlighting the high-symmetry points and directions. (c) Absorptionspectrum of a monolayer MoS2, the two peaks A and B are assigned to excitonstates at point K of the Brillouin zone. Adapted from [47].
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Figure 8. Schematic representation of the energy configuration at K point in theBrillouin zone of MoS2 showing the radiative transitions of the exciton A0 (A inthe figure), the exciton B, and the charged exciton (trion) A- . Eg denotes the bandgap, ∆ the spin-orbit splitting of the valence bands. εA, εB and εAmeno denote thebinding energies of A0 , B and A- , respectively. K1, K4, K5 denote the states atthe top of the split valence bands and the bottom of the conduction band. Adaptedfrom [45] .
In [107], the authors obtain a binding energy of ∼ 570 meV for exciton
A for a MoS2 single layer suspended in air. In [137], considering a
model where one surface of the single-layer MoS2 is in vacuum and the
other on a SiO2 substrate, binding energies of 455 meV and 465 meV are
calculated for excitons A and B, respectively. Monolayer MoS2 grown
on HOPG is shown to have a band gap of 2.15 or 2.35 eV depending on
the experimental measurement conditions, and the measured PL peak
corresponding to the A exciton is at 1.93 eV (obtained at temperature
79 K), which then gives binding energy values of 220 or 420 meV [138–
140].
In [141], the authors calculated the Bohr radius of the A exciton (dis-
tance between electron and hole) for MoS2 to be about 1 nm, which is
three times the unit cell dimension (a = 3.16 Å).
Moreover, in [141] the authors theoretically predict the existence of
other excitonic states besides A and B, found in absorption at energies
between 2 and 2.8 eV, whose peaks merge into a much broader band
due to electron-phonon interaction. Between these states, a series of
excitonic states should form the excitonic C peak at about 2.5 − 2.6 eV.
The exciton C is expected to arise from direct transitions between the
top of the valence band and the bottom of the first three conduction
bands near the Γ point in the BZ [141].
In addition to bare excitons, which are electrically neutral (have no
charge) because they consist of one electron and one hole, there can
also be charged excitons, which are positive if they consist of two holes
and one electron, and negative if they consist of two electrons and one
hole [142–144].
In [47] Mak et al. demonstrate by absorption and photoluminescence
spectroscopy the presence of negative excitons, so-called trions, in the
MoS2 single layer, which can be populated by optical excitation. The
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trion is formed by an energetically favourable transition through the
capture of an additional electron to an exciton (e.g. e- + A0 → A-).
Normally, trions can be observed in most common two-dimensional
semiconductors, but at temperatures far below room temperature. In
the case of the MoS2 monolayer, however, the trions can be detected
even at room temperature due to their relatively high binding energy
(∼ 20 − 30 meV relative to the neutral exciton) [45, 47, 144, 145].
A schematic representation of the electronic configuration of the ex-
citons and trions formed at the K point of the BZ in MoS2 can be
derived from Figure 8 [45]. This formation mechanism shows us how a
possible excess of negative charge can favour the formation of trions A-

at the expense of neutral excitons A0 [146, 147]. Thus, one element that
indirectly affects the relative fraction of excitable trions and excitons in
a monolayer MoS2 sample is the electron charge density in the material
(nel).
In particular, the presence of the trions A- has been demonstrated by the
observation and analysis of the photoluminescence peak attributed to
exciton A. In fact, the photoluminescence peak A is due to the overlap
of two peaks, designated A- and A0 , which are due to the radiative
recombination of negative trions and neutral excitons, respectively [45,
47, 49, 148].
Another interesting aspect related to excitons in MoS2 and other TMDCs
is their unique valley polarisation properties. In the case of the single
MoS2 layer, the breaking of spatial inversion symmetry leads to im-
portant polarisation and selection rules for the spin and momentum
of the electrons and holes forming excitons A and B, which can be
used advantageously in valleytronics [149–152]. In valleytronics, the
confinement of charge or spin carriers in selected extremes (valleys)
of electronic bands, known as valley polarisation, is used to develop
a new class of devices [149]. In the case of monolayer MoS2, the two
extremes of the K valence bands split by the spin-orbit effect are spin-
polarised due to the noncentrosymmetry of the single layer. Moreover,
the spin polarisation is reversed due to the time reversal symmetry in
the K and K points (-K is usually denoted as K’) of the Brillouin zone.
Thus, the spin property is coupled with the crystalline moment K or K’.
Appropriately polarised optical excitation allows a selective population
of excitons, e.g. of type A at K or K’; de-excitation processes, which
are governed by the same section rules as excitation processes, allow
light emissions with the same polarisation as the incident light, thus
enabling optical addressability of the excitonic valley properties [149,
153, 154].

2.2.3 Phonon properties in MoS2

A complete treatment of lattice dynamics in TMDCs can be obtained
from group theory [155–160]. In the case of 2H-MoS2, the primitive
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unit cell contains six atoms, four sulphur atoms, and two molybdenum
atoms (see Figure 6 (a)). The presence of six atoms in the primitive
unit cell would result in 18 vibrational normal modes, three of which
are acoustic and the remaining 15 optical, but because of the lateral
degeneracy of some of them there are only 12 distinct optical phonon
branches plus three acoustic [161]. At the high-symmetry point Γ of the
Brillouin zone shown in Figure 7 (b), the symmetries of the phonon
modes in the case of bulk MoS2 can be assigned to the irreducible
representations of the group D6h [161]:

Γbulk ≡ A1g ⊗ 2A2u ⊗ 2B2g ⊗ B1u ⊗ E1g ⊗ 2E1u ⊗ 2E2g ⊗ E2u.

Here we can distinguish three acoustic vibrations of symmetry A2u and
E1u; then there are four Raman-active optical modes (E1

2g, E2
2g, E1g, and

A1g); two infra red (IR) active optical modes (A2u and E1u); finally, there
are four optically inactive (silent) modes (B1u, E2u, and 2B2g) [157, 161].
In the case of the single layer of MoS2, the spatial inversion symmetry
of the bulk is lost, the symmetry of the point group is reduced from D6h
to D3h, there are three atoms in the primitive cell and thus nine phonon
modes at the Γ point, six optical and three acoustic phonon branches.
[122]. The nomenclature of the phonon branches at the point Γ changes
according to the irreducible representations of the group D3h [119]:

Γmonolayer ≡ 2A′′
2
⊗ A′

1
⊗ 2E′ ⊗ E′′.

Here the acustic modes are of symmetry A′′
2 and E′, there is an IR-active

mode of symmetry E′, and three Raman-active modes (A′
1, E′′ and E′).

However, the two main Raman-active optical phonons observed in the
most common experimental setups (back-scattering configuration) and
belonging to the A′

1 and E′ representations are often associated with
the A1g and E1

2g bulk modes, respectively [119].

Figure 9 (b) [122] shows the phonon dispersion curves and densities of
states (DOS) of MoS2 in the single layer and bulk phases. In support,
TABLE II in Figure 10, taken from the work of Molina-Sánchez et al.
[122] provides a summary of the atomic displacement properties and
frequencies of the phonon modes at Γ point in the BZ.

For the purposes of this thesis, it is useful to focus on the four Raman-
active phonon modes that occur at the frequencies [158]:

ω(E2
2g) = 32cm−1, ω(E1g) = 287cm−1,

ω(E1
2g) = 383cm−1, ω(A1g) = 409cm−1.

(2.1)

The modes E1g, E1
2g and A1g are due to atomic vibrations within the

single S-Mo-S layer of MoS2. In contrast, the mode E2
2g is due to rigid

vibrations of the neighbouring layers in the stack forming the material.
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Figure 9. (a) Mo and S atoms displacements involved in the Raman-active(E2
2g, E1g, E1

2g, A1g) and IR -active (E1u) phonon modes. Adapted from [46]. (b)Phonon dispersion branches of MoS2 in single layer and bulk phases. The corre-sponding densities of states are indicated on the right side of the branches. Thebottom panels show magnified branches near the E1
2g and A1g modes. (c) StokesRaman spectra of the monolayer (1L), bilayer (2L), and bulk of MoS2 recorded atan excitation wavelength of 532 nm. The frequency difference between the peaksis indicated, showing the dependence on thickness.
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Figure 10. Lattice vibration of 2H:MoS2 at Γ in the Brillouin zone. The long-wavelength phonon modes are classified according to the irreducible representationof the point groups D3h and D6h for monolayer and bulk MoS2, respectively. Thevibrational direction of the atoms is in-plane (out-of-plane) if it is perpendicular(parallel) to the primitive unit cell vector c. Taken from [122].
Figure 9 (a) [46] shows a schematic representation of the atomic dis-
placements and vibrational directions occurring in the Raman-active
and IR -active (E1u) phonon modes.
Theoretical calculations on TMDCs predict that phonon mode fre-
quencies differ from bulk to monolayers [159]. Indeed, using Raman
spectroscopy, it has been experimentally observed that the frequency
of the phonons E1

2g and A1g varies with the number of layers of MoS2
nanosheets [46, 122, 162, 163]. In particular, it was observed that the
Raman peaks A1g and E1

2g obtained under non-resonant conditions
(e.g., with laser excitation of 533 nm) exhibit a red shift and a blue
shift, respectively, when the number of layers decreases from 4 − 5
layers to a monolayer. Figure 9 (c) shows the thickness dependence
of the frequencies of E1

2g and A1g Raman peaks for MoS2 samples in
bulk, bilayer and single layer phases. This feature is commonly used
in the characterization of thin nanosheets of MoS2 material to identify
monolayer samples and to estimate the number of layers of the samples,
with sensitivity ranging from 1 to about 4-5 layers. [46, 161–163].
Based on the classical model for coupled harmonic oscillators, the fre-
quencies of both A1g and E1

2g would decrease with decreasing sample
thickness, as the less intense van der Waals forces between the layers
cause a decrease in the restoring forces on the atoms [46]. While the A1g
mode agrees with this prediction, the E1

2g mode exhibits an anomalous
blue shift with decreasing layer number. This unexpected behavior is
attributed to a decrease in dielectric screening with the thinning of the
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material, which enhances the long-range Coulomb interactions between
the effective charges and the restoring forces on the vibrating atoms
[122].

2.3 doping in homogeneous semiconductors

2.3.1 free charge carrier densities in thermal equilibrium

Some of the most important aspects of a semiconductor are the concen-
tration of free charge carriers within it and how this can be modulated
by the intentional or unintentional introduction of impurities, known
as doping. The number of electrons per unit volume in CB and the
number of holes per unit volume in VB, denoted nc and pv, respectively,
depends on the temperature (T) and the presence of impurities in the
material. The general expression for the free carrier concentration in
thermal equilibrium can be written as [52]:

nc(T) =
∫︂ ∞

εc

dε gc(ε)
1

e(ε−µ)/KBT + 1
, (2.2)

pv(T) =
∫︂ εv

−∞
dε gv(ε)

(︃
1 − 1

e(ε−µ)/KBT + 1

)︃
=

=
∫︂ εv

−∞
dε gv(ε)

1
e(µ−ε)/KBT + 1

.
(2.3)

Where gc(ε) and gv(ε) are the densities of states in BC and BV, respec-
tively, µ is the chemical potential, also called the Fermi energy level,
KB is the Boltzmann constant, and εc and εv denote the bottom of CB
and the top of VB, respectively. The statistical factors multiplying the
densities of states in the integrals in (2.2) and (2.3) give the occupation
probabilities of electrons and holes, respectively, at the energy level ε.
At typical working temperature of semiconductor electronics and if
the impurity concentration is not too high (nondegenerate case), the
following conditions are satisfied:

εc − µ ≫ KBT,
µ − εv ≫ KBT.

(2.4)

and justify the following approximations:

e(ε−µ)/KBT + 1 ≈ e(ε−µ)/KBT f or ε > εc,

e(µ−ε)/KBT + 1 ≈ e(µ−ε)/KBT f or ε < εv,
(2.5)
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which allow to write the free carrier densities as:

nc(T) = e−(εc−µ)/KBT
∫︂ ∞

εc

dε gc(ε) e−(ε−εc)/KBT

= e−(εc−µ)/KBT Nc(T),
(2.6)

pv(T) = e−(µ−εv)/KBT
∫︂ εv

−∞
dε gv(ε) e−(εv−ε)/KBT

= e−(µ−εv)/KBT Pv(T).
(2.7)

The terms Nc(T) and Pv(T) are called the effective densities of states
of CB and VB, respectively. Their change with T is much slower than
the exponential factors by which they are multiplied. Exploiting the
quadratic approximation of the energy ε(k) in the neighborhood of the
band extrema, it is possible to obtain for the effective densities:

Nc(T) =
1
4

(︃
2mcKBT

πh̄2

)︃3/2

, (2.8)

Pv(T) =
1
4

(︃
2mvKBT

πh̄2

)︃3/2

. (2.9)

Here the effective masses mc and mv result from the principal values
of the mass tensors of the conduction band and the valence band,
respectively [52]. Calculations of the effective densities for pure Si
are reported in [164] and give Nc(T) = 2.86 × 1019 cm−3 and Pv(T) =
3.10 × 1019 cm−3 at T = 300 K [164].
The product of the number carrier densities nc and pv does not depend
explicitly on the Fermi level µ and leads to the so-called mass action
law for semiconductors [52].

nc(T)pv(T) = e−(εc−εv)/KBT Nc(T)Pv(T)

= e−εgap/KBT Nc(T)Pv(T).
(2.10)

In the intrinsic case, i.e. for pure material or very low impurity con-
centration, the number of electrons in CB is equal to the number of
holes in VB (nc = pv = ni) and using the law of mass action we simply
obtain:

ni =
√

nc pv = e−εgap/2KBT√Nc Pv. (2.11)

The value of ni = 1.07 × 1010 cm−3 is obtained for pure Si at T = 300 K
[164].
The above equations (2.6) and (2.7) for nc and pv allow us to obtain an
expression for the Fermi level in the intrinsic case by simply equating
the two densities and forming the logarithm of the two terms:

µi = εv +
εgap

2
+

KBT
2

log
(︃

Pv

Nc

)︃
, (2.12)

from which it can be seen that µi lies approximately in the middle of
the energy gap of the semiconductor.
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2.3.2 extrinsic semiconductors

In extrinsic semiconductors, which are fundamental to electronics, the
presence of impurities in the material creates extra electrons in CB
and/or holes in VB. The process of providing additional charge carri-
ers is called doping. The impurities that provide electrons in CB are
called donors, those that provide holes in VB are called acceptors. A
semiconductor doped with donors is called an n-type semiconductor;
if it is doped with acceptors, it is called a p-type semiconductor. Effec-
tive doping is achieved only when some original atoms in the lattice
sites are replaced by impurities, which are then called substitutional
impurities. In semiconductors of the group IV, such as Si, doping is
achieved by adding elements of the group V or of the group III, e.g. As
or B, respectively.
An element of the V group has five valence electrons and forms a
tetrahedral bond with four surrounding Si atoms in the substitutional
position, the remaining fifth electron does not form a bond. [52]. The
substitutional impurities of the V group can be represented by the
addition of a fixed positive charge (+e) to a host atom in its site together
with an additional weakly bonded electron, which can be easily pro-
moted to CB. For this reason impurities of V group are donors. For this
reason, impurities of the V group are donors. In other words, doping
by donors introduces additional electronic levels in the band gap of the
semiconductor, very close to the bottom of the CB at an energy level εd,
so that the relation εc − εd ≪ εgap holds.
Group III elements may represent acceptor impurities in group IV semi-
conductors. An acceptor impurity can be represented by the addition
of a fixed negative charge (-e) on the host atom along with a weakly
bound hole that can be easily promoted to VB. Again, we can say that
acceptors introduce additional electronic levels εa in the band gap, very
close to the top of VB with εa − εv ≪ εgap. The acceptor levels are empty
when the holes are bound to the impurities, electrons can easily be
excited, e.g. by thermal energy, from the top VB to εa, which neutralize
the bound holes, as a consequence the same number of free holes is
created in VB.
To fully characterize the doping state of a semiconductor, it is important
to calculate the number of free charge carriers at a given temperature
and Fermi level. For this purpose, it is convenient to start from an ideal
situation at T = 0 K and consider a semiconductor with Nd donors and
Na acceptors per unit volume with Nd > Na (this condition does not
lead to a loss of generality, the reverse condition would lead to the
same results). At T = 0 K we can imagine the ground state situation
in which the VB is completely filled (zero free holes), the acceptor
levels are also completely filled with electrons supplied by the donors,
the donor levels are partially filled with Nd − Na electrons per unit
volume, and the CB is completely empty. At T ̸= 0 we can assume
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that a number of electrons have left the VB and the acceptor levels
to redistribute between the donor levels and the CB, leaving the total
number of electrons unchanged.
Clearly, the number of electrons in the CB and donor levels (nc + nd)
at T ̸= 0 must be given by their value at T = 0 K, (Nd − Na), plus a
number of electrons originating from the VB and acceptor levels, which
can be determined by the number of holes in the VB and acceptor levels
(pv + pa) [52]:

nc + nd = Nd − Na + pv + pa (2.13)

A schematic representation of the energy bands and impurity levels
with the respective electron densities at T = 0 K and T ̸= 0 is shown in
Figure 11.

Figure 11. Schematic representation of the energy bands and impurity levels inan extrinsic semiconductor with the respective densities of electrons at T = 0 K(a) and T ̸= 0 (b)
To determine nc and pv, we need to find the Fermi level µ(T) in the
case of an extrinsic semiconductor. This can be found by developing
the equation (2.13) together with the mass action law in its equivalent
form (nc pv = n2

i ).
Before proceeding, it is convenient to find explicit relations for nd and
pa, which can be obtained by statistical mechanics arguments. nd, the
density number of electrons bound to the donors, can be determined
by the product ⟨n⟩ Nd, where ⟨n⟩ is the mean number of electron in a
single donor impurity. Similarly, pa, the density number of holes bound
to the acceptors, can be determined by multiplying the mean number
of holes in a single acceptor impurity ⟨p⟩ by the total density number
of acceptors (pa = ⟨p⟩ Na).
In the context of statistical mechanics of the grand canonical ensemble,
it is possible to obtain the very general expressions of ⟨n⟩ for a system
in thermal equilibrium [165],

⟨n⟩ =
∑ Nje−β(Ej−µNj)

∑ e−β(Ej−µNj)
, (2.14)
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where the system has a number of states with Nj electrons and Ej energy,
and β = 1/KBT. More specific considerations about the accessible states
of the system corresponding to donor impurity or acceptor impurity,
and the number of electrons and energies of these states, lead to the
expressions [52]:

⟨n⟩ =
1

1
2 eβ(εd−µ) + 1

, (2.15)

⟨p⟩ =
1

1
2 eβ(µ−εa) + 1

. (2.16)

Consequently, the number densities of electrons and holes bound to
donor and acceptor levels are given by:

nd =
Nd

1
2 eβ(εd−µ) + 1

, (2.17)

pa =
Na

1
2 eβ(µ−εa) + 1

. (2.18)

Now, considering that the energy levels εd and εa are very close to the
band edges and remembering the assumptions under nondegenerate
conditions (2.4), we can assume:

εd − µ ≫ KBT,
µ − εa ≫ KBT,

(2.19)

which together with (2.17) and (2.18) guarantee that the impurities are
fully ionized by thermal excitation and nd ≪ Nd and pa ≪ Na. The
equation (2.13) can therefore be simplified and the system of equations:{︄

nc − pv ≃ Nd − Na = ∆n
nv pv = n2

i
(2.20)

after simple algebraic calculations yields:

nc =
1
2

∆n +
1
2

√︂
∆n2 + 4n2

i ,

pv = −1
2

∆n +
1
2

√︂
∆n2 + 4n2

i

(2.21)

where ∆n = Nd − Na gives a measure of the deviation of the extrinsic
case from the intrinsic behavior.
Using (2.6) and (2.7) and using ni = exp(−β(εc − µi))Nc and pi =
exp(−β(µi − εv))Pv with µi the Fermi level for the intrinsic case, we
can write:

nc = e−β(εc−µ)Nc = nie−β(µi−µ)

pv = e−β(µ−εv)Pv = pie−β(µ−µi)
(2.22)
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and substituting these last results into (2.21), and then subtracting the
second equation of (2.21) from the first, we obtain after simple passes:

eβ(µ−µi) − e−β(µ−µi) =
∆n
ni

or equivalently

2senh[β(µ − µi)] =
∆n
ni

. (2.23)

From the above relation, the Fermi level for the case of an extrinsic
semiconductor can be derived:

µ = µi +
1

2β
senh−1

(︂∆n
ni

)︂
. (2.24)

Using the equations (2.20), useful information can be obtained about
the density of free charge carriers in the extreme cases of low and high
doping. In the case of low doping, where there is intrinsic behavior, we
can assume that ni >> |Nd − Na| and thus expand the square root in
(2.21) to obtain:

nc ≃ 1
2

∆n + ni =
1
2
(Nd − Na) + ni,

pv ≃ −1
2

∆n + ni = −1
2
(Nd − Na) + ni.

(2.25)

Otherwise, in the case of high doping (|Nd − Na| >> ni), we have the
n-type and p-type extrinsic regimes:

nc ≃ ∆n = Nd − Na

pv ≃
n2

i
∆n

=
n2

i
Nd − Na

⎫⎪⎬⎪⎭ for Nd > Na (2.26)

nc ≃ −
n2

i
∆n

=
n2

i
Na − Nd

pv ≃ −∆n = Na − Nd

⎫⎪⎬⎪⎭ for Na > Nd (2.27)

From the above relations it is seen that the excess of charge carriers
due to impurities is found almost entirely in the CB in the case of the
n-type and in the VB in the case of the p-type, leaving the opposite
band almost undoped.
Analogously, from the equation (2.24), exploiting the relation

senh−1
(︂∆n

ni

)︂
= ln

(︃
∆n
ni

+

√︄(︂∆n
ni

)︂2
+ 1

)︃
,

we can expand the square root in the case of |Nd − Na| >> ni to obtain
the Fermi levels in the extrinsic regimes:

µ = µi +
KBT

2
ln
(︂2Nd

ni

)︂
n − type (2.28)

µ = µi −
KBT

2
ln
(︂2Na

ni

)︂
p − type (2.29)
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2.3.3 quasi-Fermi levels

Under the condition of thermodynamic equilibrium, the Fermi level is
unique for both electrons and holes. Otherwise, there may be situations
that deviate from thermal equilibrium, for example, when current
injection or optical excitation continuously produces electrons and
holes in the respective bands. In this case, the semiconductor can reach
a quasi-equilibrium state by very fast intraband relaxations of electrons
and holes in the respective bands, since these transitions are much
faster than those of electron-hole recombination processes.
Electrons and holes are then characterized by two different Fermi
levels, which are called quasi-Fermi levels. Under quasi-equilibrium
conditions, the equations (2.6) and (2.7) must be modified by:

nc(T) = e−β(εc−µc)
∫︂ ∞

εc

dε gc(ε) e−(ε−εc)/KBT

= e−β(εc−µc) Nc(T),
(2.30)

pv(T) = e−β(µv−εv)
∫︂ εv

−∞
dε gv(ε) e−(εv−ε)/KBT

= e−β(µv−εv) Pv(T).
(2.31)

Here µc and µv are the quasi-Fermi levels of electron and hole. The
product of nc and pv gives:

nc pv = e−β(εc−εv−µc+µv)NcPv = n2
i eβ(µc−µv). (2.32)

This relation replaces the mass action law of thermodynamic equilib-
rium (nc pv = n2

i ).
The above considerations are valid only if the differences εc − µc and
µv − εv are greater than some KBT. If these conditions are not satisfied,
e.g., if one of the quasi-Fermi levels is very close to the respective band
edge or beyond within the bands, the above relations for the free carrier
densities (2.30) and (2.31) cannot be applied, and the semiconductor is
in a state very similar to the so-called degenerate state that occurs at
very high doping.

2.3.4 degenerate semiconductors

Very high doping of donors or acceptors, say Nd or Na above 1020 cm−3,
causes the impurity level, εd or εa, to spread out and degenerate into
a band that overlaps with the CB or VB [166]. In these cases, the
semiconductor is called degenerate. In degenerate semiconductors, the
law of mass action is invalid, and the electrical properties of the material
resemble those of a metal rather than a semiconductor.
Joyce and Dixton gave a useful analytical approximate expression for
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the Fermi level in the degenerate cases [167]:

µc − εc

KBT
≃ ln

(︂ nc

Nc

)︂
+

1√
8

nc

Nc
−

(︂ 3
16

−
√

3
9

)︂(︂ nc

Nc

)︂2
+ ... n − type

(2.33)

εv − µv

KBT
≃ ln

(︂ pv

Pv

)︂
+

1√
8

pv

Nv
−

(︂ 3
16

−
√

3
9

)︂(︂ pv

Pv

)︂2
+ ... p − type

(2.34)
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basics of important optical phenomena

in semiconductors

This chapter is devoted to a brief introduction to the theories of Raman
scattering, photoluminescence emission, and Fano interference effects
in Raman spectroscopy, as they are essential for understanding the
experimental results presented in this thesis. More detailed discussions
can be found in [23, 58, 168–171].

3.1 basics of raman scattering

Raman scattering is named after Chandrasekhara V. Raman, who discov-
ered the effect in 1928 while studying how light interacts with liquids
and vapours [172]. Raman spectroscopy, that is the optical technique
based on the Raman effect, has been used for several decades in solid-
state science to study various material properties, such as molecular
and lattice dynamics, chemical and structural identification, orientation
of crystals, phase changes, phonon dispersion, phonon density of states,
electronic states, and the response of the material to external influences,
such as deformation, doping, functionalization, and the amount and
type of defects [173–180] etc. When a monochromatic beam of light,
such as a laser source, impinges on a sample, it can be elastically or
inelastically scattered. Of the scattered photons, most have undergone
elastic scattering, their energy is conserved after interaction with matter,
and this phenomenon is known as Rayleigh scattering. On the other
hand, a minority of the scattered photons have undergone inelastic
scattering, their energy can be smaller or larger than the incident en-
ergy, and this phenomenon is called Raman scattering, Stokes when the
energy of the outgoing light is smaller than that of the incident light,
anti-Stokes when the energy is larger. Rayleigh radiation has an inten-
sity about 1-2 orders of magnitude less than the incident light, while
Raman radiation is about 5-6 orders of magnitude less intense than
Rayleigh radiation. Raman scattering in solids is due to the indirect
interaction between the incident photons and the vibrational modes
in the material (called phonons), the electrons mediate the scattering,
although they remain unchanged after the process [58]. Schematically,
the process of Raman scattering can be described as follows: An incom-
ing photon, characterized by its momentum, energy, and polarization
(ki, ωi, ei), is absorbed by the material and excites the system from an
initial state |i⟩ to an intermediate (virtual) state |n⟩, where this transi-
tion does not have to conserve energy but must conserve momentum.
From |n⟩, the system emits a photon characterized by (ks, ωs, es) and
relaxes to the final state | f ⟩. If the energy of the photon happens to
closely match the energy of an allowed electronic transition, the process
is a special case of Raman scattering called resonant Raman scatter-
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ing, which will be discussed later. In the case of Rayleigh scattering,
h̄ωs = h̄ωi and the final state is identical to the initial state. In the case
of Raman scattering, on the other hand, the final state differs from
the initial state due to the creation (in the case of Stokes scattering) or
annihilation (anti-Stokes scattering) of an excited state of the system.
The difference in energy between the final state and the initial state is
balanced by the difference in energy between the incident and emitted
photons. The conservation laws for energy and momentum for the
whole process can be written as:

± h̄ω0 = h̄ωi − h̄ωs, (3.1)
± h̄q = h̄ki − h̄ks. (3.2)

The sign + (-) applies to the anti-Stokes (Stokes) process, h̄ω0 is the
energy of the phonon and is equal to the difference in energy between
the final and initial states (h̄ω0 = E f − Ei), h̄q is the momentum of the
phonon and represents the change in the momentum of the system.
A schematic representation of the Raman Stokes and anti-Stokes pro-
cesses is shown in Figure 12, energetic diagrams are shown in Fig-
ure 12 (a), an illustrative picture of a spectrum is shown in Figure 12

(b), the insets illustrate the scattering processes. At a given temperature
(T), the initial state of the Stokes process is more populated than that of
the anti-Stokes process due to the difference in the occupation proba-
bility of the different energy levels (see Figure 12 (a)). As a result, the
Stokes scattering has a larger probability than the anti-Stokes scatter-
ing, and for a given vibrational mode, the Stokes spectral line is more
intense than the anti-Stokes line (see Figure 12 (b)).

In the following section 3.2 we consider a simple classical description
of Raman scattering by phonons in solids, which provides a qualitative
understanding of the phenomenon. However, to gain a more detailed
understanding, we need a quantum mechanical approach, which is the
subject of section 3.3.

3.2 macroscopic description

Light traveling through a medium can be transmitted or absorbed, and a
very small fraction can be scattered by inhomogeneities in the medium.
Fluctuations in the density of the medium due to collective atomic
vibrations (phonons in crystals) constitute dynamic inhomogeneities
and can lead to inelastic scattering of light, called Raman scattering.
Consider an infinite medium characterized by an electric susceptibility
χ, and for simplicity assume at this stage that the medium is isotropic
and χ is a scalar. The presence of an electromagnetic field in the medium
due to an incident radiation will induce polarization in the material
with the same frequency and wave vector of the incident radiation. We
can consider the form of sinusoidal plane waves for the electromagnetic
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Figure 12. (a) Schematic energy diagrams illustrating the transitions involved inanti-Stokes and Stokes Raman scattering. (b) Illustration of a Raman spectrumshowing the anti-Stokes and Stokes lines as a function of the frequency differencebetween the incident and scattered light, conventionally called Raman shift. Thecentral peak ( cut ) represents the Rayleigh emission. The insets represent thescattering processes, in anti-Stokes scattering the absorption of a photon plus aphonon leads to the emission of a photon, while in Stokes scattering the absorptionof a photon leads to the emission of a phonon plus a photon.
field and the induced polarization, so we have:

E(r, t) = E(ki, ωi) cos(ki · r − ωit), (3.3)
P(r, t) = P(ki, ωi) cos(ki · r − ωit). (3.4)

The amplitude of the induced polarization is given by [58]:

P(ki, ωi) = χ(ki, ωi) E(ki, ωi). (3.5)

At finite T, there are fluctuations in χ generated by thermally excited
phonons. A phonon is characterized by atomic displacements Q(r, t)
which can be described by:

Q(r, t) = Q(q, ω0) cos(q · r − ω0t), (3.6)

Assuming the adiabatic approximation for which ωi ≫ ω0, the electric
susceptibility χ, which depends on frequencies of order ωi, can be
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regarded as a function of Q(r, t). Under the ordinary condition that the
amplitudes of the atomic displacements are small with respect to the
lattice parameter, we can adopt the harmonic approximation and use
the Taylor series expansion in Q of χ:

χ(ki, ωi, Q) = χ0(ki, ωi) + (∂χ/∂Q)0 Q(r, t) + · · · . (3.7)

The first term χ0 represents the susceptibility at equilibrium without
fluctuations, the second term represents a fluctuating susceptibility
induced by Q(r, t). Using (3.7), the polarization amplitude (3.5) can be
rewritten as:

P(ki, ωi) = χ0(ki, ωi) E(ki, ωi) + (∂χ/∂Q)0 Q(r, t) E(ki, ωi), (3.8)

and substituting (3.8) into (3.4) we have:

P(r, t, Q) = P0(r, t) + Pind(r, t, Q), (3.9)

where the first term

P0(r, t) = χ0(ki, ωi) E(ki, ωi) cos(ki · r − ωit) (3.10)

oscillates in phase with E(r, t), and the second term, using Werner’s
relation cos(α)cos(β) = 1/2[cos(α + β) + cos(α − β)], results to be con-
stituted of two terms oscillating with different frequencies:

Pind(r, t, Q) =
1
2
(∂χ/∂Q)0 Q(q, ω0) E(ki, ωi)

× {cos[(ki + q) · r − (ωi + ω0)]

+ cos[(ki − q) · r − (ωi − ω0)]}.

(3.11)

The term with wave vector kS = (ki − q) and frequency ωS = (ωi −ω0)
is responsible for Stokes radiation, the term with wave vector kAS =
(ki + q) and frequency ωAS = (ωi +ω0) produces anti-Stokes radiation.
While P0(r, t) produces Rayleigh radiation. The plot of the intensity
of Stokes and anti-Stokes radiations as a function of the frequency
difference of the incident and scattered radiations forms the Raman
spectrum, and the frequency difference is called the Raman shift.
As a consequence of conservation of momentum, the value of q in-
volved in a one-phonon Raman process must be less than twice the
photon wave vector. Considering visible light as the excitation source, it
results that the value of |q| is of the order of 10

6 cm−1, which is much
smaller than the size of the first Brillouin zone (BZ) (∼ 108cm−1 in a
semiconductor). Therefore, in single-phonon Raman spectroscopy, only
the phonons belonging to the center of the BZ can be studied. Never-
theless, it is possible to consider Raman scattering processes involving
more than one phonon. Theoretically, this can be achieved by extending
the Taylor series of susceptibility (3.7) to second or higher order terms
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in Q(r, t). The second-order terms lead to an additional induced polar-
ization, which results in the so-called second-order Raman emissions.
Considering two phonons with frequencies ωa and ωb and wave vec-
tors qa and qb, we have Raman scattering processes, whose emissions
can have frequencies (ωi ± ωa ± ωb) and wave vectors (ki ± qa ± qb).
Wave vector conservation in two-phonon Raman processes leads to
qa ± qb ≈ 0, so in this case we can have wave vectors with sufficiently
high magnitudes to study the whole BZ.
The intensity of the scattered radiation (Is) collected in a chosen di-
rection in unit solid angle can be obtained from the energy power
radiated by the induced polarizations Pind. Is will be proportional to
the projection of Pind onto the polarization direction of the scattered
radiation (ês), as Is ∝ |Pind · ês|2. Considering (3.11), we can write:

Is ∝ |êi · (∂χ/∂Q)0 Q(q, ω0) · ês|2. (3.12)

More generally, χ is a second-rank tensor, so (∂χ/∂Q)0 is a third-rank
tensor, and given the unit vector Q̂ = Q/|Q|, we can define a second-
rank tensor (R = (∂χ/∂Q)0 Q̂) known as Raman tensor. In this way, a
proportionality relation can be written as:

Is ∝ |êi · R · ês|2. (3.13)

The symmetry properties of the crystal are reflected in the symmetry
properties of χ and R. Thus, by controlling the scattering geometries
and polarization directions êi and ês, it is possible to study the symme-
try of the Raman tensor. The scattered radiation can vanish for certain
choice of the geometrical configuration of the scattering, leading to
the so-called Raman selection rules. These are often used to study the
symmetry of Raman active phonons.
From an experimental point of view, a quantity of considerable interest
is the scattering efficiency η, which is the ratio between the energy of
the scattered electromagnetic radiation per unit time per unit frequency
interval in unit solid angle and the energy of the incident radiation
crossing the incident surface in unit time [58],

η =

(︃
ωs

c

)︃4

VL
⃓⃓⃓⃓
êi ·

(︃
∂χ

∂Q

)︃
0
· Q(q, ω0) · ês

⃓⃓⃓⃓2
. (3.14)

In 3.14, ωs is the scattering frequency, V is the scattering volume, L is
the scattering length (V= AL with A the incident area). L ≃ 1/α, where
α is the absorption coefficient. Note the four-power dependence of η
on ωs.
Considering a quantum mechanical treatment of light in photons, it
is convenient to define η in terms of the differential scattering cross
section ( d2σ/dΩdωs):

η =

(︃
ωi

ωs A

)︃(︃
d2σ

dΩdωs

)︃
, (3.15)
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where the differential scattering cross section can be defined as the ratio
of the number of photons scattered into a cone with solid angle δΩ
pointing in a specific direction and with frequency ωs with tolerance
δωs, divided by the number of incident photons per unit area (incident
flux).

3.3 microscopic description

We have previously described Raman scattering as an inelastic process
in which the absorption of an incident photon by a medium leads to
the excitation of the system to an intermediate state, from which the
system relaxes and emits a photon with a different energy. The final
state differs from the initial state by the creation (in the case of Stokes
scattering) or annihilation (in the case of anti-Stokes scattering) of a
phonon. Due to conservation of energy, the emitted photon has lost
or gained energy by the amount required to create or annihilate the
phonon.
A more complete description of inelastic scattering of light, appropriate
to a microscopic scale and a quantum mechanical perspective, can be
achieved by focusing on the role that electrons have in the material as
mediators of the interaction [58]. Considering that the subjects involved
in the scattering process are photons, electrons and phonons, the initial
state |i⟩ of the system before scattering is characterized by a number
of photons, N(ωi) with frequency ωi and N(ωs) with frequency ωs.
Assuming that the temperature is T ̸= 0, there are also Nq phonons
in the system. The electrons in the material can all be considered in
their ground states. After a Raman scattering process, the system is in
a final state | f ⟩ in which N(ωi) is decreased by one, N(ωs) is increased
by one, Nq is increased (decreased) by one in the case of Stokes (anti-
Stokes) scattering. We can distinguish three steps in the progression
of scattering. In the first step, the incident photon entering inside the
medium couples to an electron, the interaction being described by
an electron-radiation Hamiltonian HeR, the system is excited to an
intermediate state |a⟩ by creating an electron-hole (e-h) pair (or an
exciton). In the second step, the e-h pair interacts with the lattice via
an electron-phonon interaction Hamiltonian He−ion and is scattered
to another intermediate state |b⟩ with the creation or annihilation of
a phonon in the case of Stokes or anti-Stokes scattering. In the third
step leading to the final state | f ⟩, the e-h pair recombines radiatively
emitting a scattering photon. The probability for photons to enter
Raman scattering can be calculated with third-order perturbation theory
using Feynman diagrams [181–183]. A Feynman diagram consists of
lines, called propagators, and intersections of lines, called vertices. A
sequence of propagators and vertices is assumed to progress from left
to right as a function of time. Progressive excitations, such as photons,
phonons, e-h pairs, are represented by propagators drawn with arrows.
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An arrow pointing to a vertex indicates annihilation of an excitation,
while an arrow coming out of a vertex indicates the creation of an
excitation. Different processes contribute to the one-phonon Raman
scattering. Once a particular process has been depicted by a diagram,
the other can be obtained by swapping the time order in which the
vertices occur in the diagram [58].
We will focus here on the one-phonon Stokes Raman scattering, it

Figure 13. (a)-(f) Feynman diagrams depicting the six scattering processes thatconstitute the one-phonon Stokes Raman scattering. (b)-(f) are obtained from (a)by permuting the occurrence of the vertices. Below is a legend of the symbolsused in the diagrams. Adapted from [58].
will then be easy to extend the derivation to the anti-Stokes scattering.
The Stokes scattering process described earlier is depicted by the first
Feynman diagram in Figure 13 (a). The other five diagrams are obtained
from the first diagram by permuting the time order in which the vertices
occur. The probability of scattering from the state |i⟩ to | f ⟩ is obtained
from the Fermi Golden Rule, where each diagram contributes one term
to the probability amplitude. Looking at the first diagram, the first
vertex in it represents the interaction between the incident photon (of
frequency ωi) and an electron in a ground state within the material,
leading to the excitation of an e-h pair. This interaction introduces a
term of the form:

∑
n

⟨n| HeR(ωi) |i⟩
[h̄ωi − (En − Ei)]

(3.16)

where |i⟩ and Ei denote the initial state and its energy, |n⟩ and En denote
the intermediate states and their energy, with summation running over
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all intermediate states. The second and third vertices of the diagram
introduce similar terms that multiply the first term (3.16) to give:

∑
n

(︃
⟨ f | HeR(ωs) |n′⟩ ⟨n′| He−ion(ω0) |n⟩

[h̄ωi − (En − Ei)] [h̄ωi − h̄ω0 − (En′ − Ei)]

× ⟨n| HeR(ωi) |i⟩
[h̄ωi − h̄ω0 − h̄ωs − (E f − Ei)]

)︃
.

(3.17)

As mentioned earlier, the scattering leaves the electrons unchanged,
so we can identify the final electronic state with the initial state and
put | f ⟩ = |i⟩ and E f = Ei into the above expression. Thus the last
term in the denominator becomes [h̄ωi − h̄ω0 − h̄ωs] and due to the
conservation of energy in the whole scattering process it is approxi-
mately zero, thus giving a divergent factor which can be replaced by a
delta function (δ(h̄ωi − h̄ω0 − h̄ωs)). Thus, if we consider only the first
Feynman diagram, the scattering probability resulting from the Fermi
golden rule will be given by:

Pph(ωs) =

(︃
2π

h̄

)︃⃓⃓⃓⃓
∑
n′ ,n

⟨i| HeR(ωs) |n′⟩ ⟨n′| He−ion(ω0) |n⟩ ⟨n| HeR(ωi) |i⟩
[h̄ωi − (En − Ei)] [h̄ωi − h̄ω0 − (En′ − Ei)]

⃓⃓⃓⃓2
× δ(h̄ωi − h̄ω0 − h̄ωs).

(3.18)

The total scattering probability is obtained by exploiting all Feynman
diagrams in Figure 13, where each diagram gives an additional term
in the squared modulus in (3.18). A complete expression can be found
in [58]. The scattering probability contains information on electron-
radiation and electron-phonon couplings via the matrix elements of
the interaction Hamiltonian HeR and He−ion, respectively. However, the
full expression of the scattering probability, despite its generality, is
not easy to use because of the difficulty in determining the unknown
electron-phonon matrix elements [58]. The scattering probability is
simpler under certain conditions that allow studies of electronic states,
electron-phonon interactions, and electronic band structure and exciton
states in semiconductors, as we will discuss in the following section.

3.4 resonant raman scattering

Resonant Raman scattering occurs when the energy of the incoming
photon involved in the scattering process is close to the energy of an
electronic transition [184–186]. In a semiconductor, for example, reso-
nant Raman scattering can be achieved by tuning the incident light to
resonate with a strong interband transition [58]. In this resonant condi-
tion, some of the intermediate states involved in the Raman scattering
process are not virtual, but real, accessible, states. The corresponding
terms in the probability amplitude of the scattering become predom-
inant over the others as their denominator tends to zero. Moreover,
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among the scattering processes involving a real resonant state described
by the Feynman diagrams of Figure 13, the one corresponding to the
first Feynman diagram provides the strongest contribution to resonant
Raman scattering. To understand this, we consider a Raman scattering
process in a semiconductor and assume that the initial state |i⟩ is the
ground state |0⟩ with energy Ei = 0 and no excited e-h pairs. If we
denote by |a⟩ the real intermediate state, by Ea its energy, the scattering
probability (after integration over ωs) can be written as:

Pph(ωi) =

(︃
2π

h̄

)︃⃓⃓⃓⃓
⟨0| HeR(ωs) |a⟩ ⟨a| He−ion |a⟩ ⟨a| HeR(ωi) |0⟩

[h̄ωi − Ea] [h̄ωs − Ea]
+ C

⃓⃓⃓⃓2
,

(3.19)

Here only the term related to the resonant first Feynman diagram is
explicit, the other terms of the Raman scattering process, i.e. the non-
resonant terms and the resonant terms related to the other Faynman
diagrams, are included in the constant C. Only the term of the first
diagram contains the factor (h̄ωi − Ea)(h̄ωs − Ea) in the denominator.
In resonant condition, h̄ωi is very close to Ea and (h̄ωi − Ea)(h̄ωs − Ea)
can be considered as a second-order vanishing factor, since h̄ωs is very
similar to h̄ωi differing only by the small phonon energy (on the order
of meV versus the energy of the electronic transitions on the order
of eV). The other resonant terms related to the rest of the Feynman
diagrams contain either (h̄ωi − Ea) or (h̄ωs − Ea) in their denominator
and show amplification in resonant condition, but less strongly than
the first term.
In Eq. (3.19) it is implicitly assumed that the state |a⟩ has infinite
lifetime, this is not correct, the excited e-h pairs have finite lifetime due
to radiative or non-radiative recombination. This can be accounted for
in (3.19) by replacing Ea by Ea − iΓa, where Γa = h̄/τa is the damping
constant and τa is the finite lifetime of the intermediate state |a⟩. Thus,
when the exciting source is in resonance with a real excitable state |a⟩,
the Raman scattering probability can be written as:

Pph(ωi) ≈
(︃

2π

h̄

)︃⃓⃓⃓⃓
⟨0| HeR(ωs) |a⟩ ⟨a| He−ion |a⟩ ⟨a| HeR(ωi) |0⟩

[h̄ωi − Ea + iΓa] [h̄ωs − Ea + iΓa]

⃓⃓⃓⃓2
.

(3.20)

The enhancement of the Raman cross section at resonance with an
interband transition in a semiconductor is generally two orders of mag-
nitude relative to the non-resonant background [187]. In contrast, an
increase of several orders of magnitude has been reported when the
resonant state is an exciton state [188].
The effective enhancement of Raman scattering in resonance condition
can be used advantageously in the study of small samples such as 2D
materials, nanoparticles, nanotubes, etc., where Raman signals are very
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weak [189–193]. Similarly, higher order multiphonon Raman signals,
which are much weaker than first order Raman signals, become more
easily detectable in resonant condition. Thus, resonant Raman scatter-
ing facilitates the study of phonons from the entire BZ.
Rich information on electron-radiation and electron-phonon interac-
tions, electronic band and phononic branch structures has been exten-
sively obtained with resonant Raman scattering in the study of sp2

carbon systems (graphene, carbon nanotubes) as well as Transition
metal dichalcogenides such as MoS2, WSe2, WS2, and in II-VI and III-V
semiconductors such as CdS, GaP, GaSe, ...etc. [161, 194–200]. In this
work, resonant Raman scattering was used to study p-type doped Si
and MoS2 in the monolayer phase in sections 5 and 6, respectively.

3.5 photoluminescence

Atoms can emit light by spontaneous emission when electrons in excited
states fall to lower levels through radiative transitions. In semiconduc-
tors, light emission is commonly referred to as luminescence. There are
several mechanisms that can produce luminescence in a semiconductor,
each involving different external excitations. When the excitation is
due to the injection of electrons and holes, the luminescence is called
electroluminescence, thermoluminescence is due to thermal heating,
photoluminescence (PL) is stimulated by the absorption of external
photons [58, 201, 202]. In PL experiments, the energy of the absorbed
photons is higher than the band gap of the semiconductor, and the
emitted photons have lower energy than that of the exciting radiation.
The absorption of a photon can cause the excitation of an e-h pair in
the semiconductor, i.e., the transition of an electron from the valence
band (VB) to the conduction band (CB) with the creation of a hole in
VB. The de-excitation of an e-h pair can occur radiatively with the emis-
sion of a photon and this process is commonly referred to as radiative
recombination. In a semiclassical approach, emission can occur only if
an external electromagnetic wave is present in the emitting medium,
and the probability of the radiative process is proportional to the inten-
sity of the electromagnetic field, this is known as stimulated emission.
However, radiation by a medium can also be produced without the
presence of an external field, this is called spontaneous emission and
can occur in an excited semiconductor containing e-h pairs regardless
of how the e-h pairs were promoted.
An accurate description of the microscopic interaction that occurs in
absorption, stimulated emission, and spontaneous emission can be
achieved by a quantum mechanical treatment (see [203]), but for a basic
understanding we can resort to the interpretation first proposed by
Einstein without the use of quantum mechanics [58, 204–206].
Considering a medium with two nondegenerate energy levels n and m
exposed to an external electromagnetic wave, we can define the Einstein
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coefficients Bnm, Bmn, and Amn, which denote the rates of absorption,
stimulated emission, and spontaneous emission, respectively. Bnm is
the rate for absorption of electromagnetic radiation with frequency ν,
between ν and ν + ∆ν, due to the transition of an electron from level
n to level m, per unit of electromagnetic energy density. Bmn denotes
the rate for stimulated emission due to the inverse transition. Also Bmn
is defined per unit of electromagnetic energy density and within the
frequency interval (ν,ν + ∆ν). Amn denotes the rate for spontaneous
emission due to the transition from m to n. Unlike Bnm and Bmn, Amn
is not defined per unit of energy density. Based on the principle of
detailed balance [207], it is possible to derive the following relation for
the Einstein coefficients [58]:

Bnm = Bmn, (3.21)

Amn =
8πhν3n3

r
c3 Bmn, (3.22)

where nr is the refractive index of the medium, h is Planck’s constant,
ν is the photon frequency, c is the vacuum light velocity. The term
multiplying Bmn in (3.22) is the density of electromagnetic modes with
frequency ν (between ν and ν + ∆ν) multiplied by the photon energy
hν. For a medium in thermal equilibrium, we can now define the total
emission rate Rmn as the radiation due to electron transitions from level
m to level n:

Rmn = Amn + Bmn ρe(ν), (3.23)

where ρe(ν) is the photon energy density (8πhν3n3
r /c3)Np with Np the

photon occupation number. Considering (3.22), (3.23) and the expres-
sion of ρe(ν), we can simply rewrite the total emission rate as:

Rmn = Amn (1 + Np). (3.24)

In (3.24), the term proportional to Np is due to stimulated emission.
We restrict the considerations here only to spontaneous emission under
the assumption that in the PL phenomena usually considered the
photon density ρ(ν) (= ρe(ν)/hν ∝ Np) is small, so that the second
term in (3.24) can be neglected. Under this approximation, we obtain
Rmn ≃ Amn, and extending the above consideration from discrete levels
to valence and conduction bands in a semiconductor, one can write the
total emission rate for the radiative recombination transitions from CB
to VB as:

Rcv = Acv fc(1 − fv), (3.25)

where fc and fv are the occupation probabilities of the conduction band
and the valence band, respectively.
In order to satisfy the detailed balance principle, we can relate the
total emission from CB to VB with the corresponding absorption of
photons in the inverse transition from VB to CB. Thus, if we define the
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absorption rate per unit of photon density Pvc(ν), we can derive the
relation:

Rcv = ρ(ν) Pvc. (3.26)

Then, using the empirical relationship between the absorption rate Pvc
and the absorption coefficient α [58]:

Pvc =
αc
nr

, (3.27)

and making explicit ρ(ν) as (8πν2n3
r /c3)Np with, according to Bose-

Einstein statistic, Np = 1/(exp(hν/KBT)− 1), where KB is Boltzmann’s
constant, we can simply obtain from (3.26) and (3.27) the relation:

Rcv(ν) =
8πν2n2

r

c2(e
hν

KBT − 1)
α(ν). (3.28)

This equation was obtained by considering generations and recombina-
tions of charge carriers between the valence and conduction bands in a
semiconductor considered in thermal equilibrium.
Since the emission from a semiconductor at room temperature in ther-
mal equilibrium is very low, luminescence experiments are performed
under a different condition known as quasi-thermal equilibrium, in
which the emission is sufficiently strong. This condition is reached after
an initial excitation of a non-equilibrium distribution of e-h pairs and
a subsequent very fast thermalization of the e-h pairs. The relaxation
time from the non-equilibrium distribution to the quasi-equilibrium
distribution is very short compared to the recombination time of the
e-h pairs. Although the quasi-equilibrium condition is achieved by an
external excitation, the emission of luminescence must be regarded
as spontaneous emission [58]. To summarize, a PL experiment can
be considered to proceed in three sequential steps: First, an external
energy source, such as an incident light, excites e-h pairs; the e-h pairs
thermalize among themselves and reach a distribution of quasi-thermal
equilibrium; finally, the e-h pairs recombine radiatively and emit pho-
tons.
In a semiconductor in quasi-equilibrium after thermalization, the free
electrons and free holes are accumulated at the extremes of the CB and
VB, respectively. In the case of direct band gap, the recombination of
an e-h pair can occur directly with the emission of a photon, while in
the case of indirect band gap, in order to satisfy the conservation of
momentum in the lattice, the radiative recombination can only occur
with the participation of a phonon. In indirect bandgap semiconductors
such as Si, the probability of radiative recombination is lower than that
of other competing nonradiative recombination processes, so the re-
sulting emission is very small. It should be noted that in non-radiative
recombination processes the excited e-h pairs annihilate due to the
excitation of phonons in the system.
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3.5.1 Band-to-band transitions

In general, transitions involving recombination of e-h pairs consisting
of free electrons in CB and free holes in VB are called band-to-band
transitions. In this case, the emission rate of photons can be defined by
[58]:

Rph =
nenh

⟨τr⟩
, (3.29)

ne and nh are the concentration of excited electrons and holes, respec-
tively, and ⟨τr⟩ is the averaged radiative recombination time. Note that
it is necessary to take the average ⟨τr⟩ of the radiative recombination
time τr because it depends on the energy of the e-h pairs, which changes
in the thermalized quasi-equilibrium distribution. In PL experiments,
the concentrations ne and nh are equal and far exceed the intrinsic
carrier concentrations of the semiconductor ni, pi (ne = nh >> ni = pi).
In this case, it is common to define a free carrier radiative lifetime τrad
as the time required for the excited carrier (electron or equivalently
hole) to be radiatively annihilated in an e-h pair recombination. The
radiative recombination rate for each charge carrier can thus be written
as:

1
τrad

=
ne

⟨τr⟩
=

nh

⟨τr⟩
. (3.30)

If we also consider non-radiative recombination processes and denote
by τnonrad the non-radiative recombination lifetime, we can define the
total recombination rate (1/τtot) of e-h pairs as:

1
τtot

=
1

τrad
+

1
τnonrad

. (3.31)

From the ratio of the radiative recombination rate to the total recombi-
nation rate, the luminescence efficiency can be derived:

ηR =
1/τrad

1/τrad + τnonrad
=

1
1 + τrad/τnonrad

. (3.32)

If τrad << τnonrad it follows that ηR ≈ 1 and the maximum possi-
ble emission is obtained. If τrad >> τnonrad we have ηR ≈ 0 and the
processes of light emission are very inefficient. Thus, the shorter the
radiative lifetime with respect to the non-radiative lifetime, the higher
the luminescence efficiency of a PL experiment.
Considering the special case of a semiconductor with a direct bandgap,
one can show (see [58]) that the intensity of a band-to-band spectrum
of PL follows the proportionality relation:

IPL ∝

{︄
(h̄ω − Eg)1/2 exp[−h̄ω/(KBT)] f or h̄ω > Eg,
0 oterwhise.

(3.33)

where h̄ω is the energy of the emitted photons [58]. From (3.33), the
PL intensity increases due to the term (h̄ω − Eg)1/2 but decreases
exponentially due to the term exp[−h̄ω/(KBT)].
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3.5.2 Free-to-bound transition

The basic description of PL emission in a semiconductor arises con-
sidering band-to-band transitions. In fact, however, other processes of
e-h radiative recombination can occur that involve transitions between
different energy levels. In the so-called free-to-bound transition, the
recombination of a free charge carrier with a bound opposite charge
takes place. The bound charge are trapped in acceptor or donor impu-
rities. Thus, a free electron can recombine with a hole trapped at an
acceptor, or a free hole can recombine with an electron trapped at a
donor.
The energy levels of the acceptor or donor impurities are very close
to the band extremes in the band gap and are therefore called shallow
levels, analogously the acceptor or donor impurities are said shallow
impurities. At a relatively high temperature, all the shallow impuri-
ties are ionized and no free-to-bound transitions occur. Conversely,
at a sufficiently low temperature, the thermal energy is less than the
ionization energy and the charge on the impurities is frozen, so that
free-to-bound recombinations can occur. Examples of the emission of
free-to-bound transitions are observed for Zn-doped GaAs at 4.2 K for
various acceptor concentrations [208]. The emitted photon energy is
given by:

h̄ω = Eg − Eimp, (3.34)

where Eimp is the binding energy of the impurity. As can be seen from
(3.34), the emission due to free-to-bound transitions can be exploited to
measure the binding energy of impurities [58].

3.5.3 Donor-acceptor pair transition

Another process of e-h radiative recombination can involve the transi-
tion between two sites with opposite bound charges. This occurs in the
so-called compensated semiconductors, in which both donor and accep-
tor impurities are present in similar concentrations. In a compensated
semiconductor, we can consider an equilibrium situation in which there
are ionized donors (D+) and ionized acceptors (A−), for example, due
to the transitions of electrons from donors to acceptors. Free electrons
from CB and free holes from VB can be trapped by ionized D+ and A−,
respectively, leading to D0 and A0 neutral sites. Radiative recombina-
tion can occur via a transition of the electron in D0 to the hole in A0

and this process is called donor-acceptor pair transition. The energy of
the emitted photon is given by:

h̄ω = Eg − ED − EA +
e2

ϵR
, (3.35)

where ED and EA are the donor and acceptor binding energies, respec-
tively. The last term in (3.35) represents the increase in photon energy
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corresponding to the lowering in the energy of the emitting pair of D0

and A0 due to the Coulomb attraction of the final state of the (D+, A−)
pair. In the Coulomb term, ϵ is the static dielectric constant and R is the
distance between the sites of the (D+, A−) pair.

3.5.4 Exciton emission

Another process of radiative recombination can occur via annihilation
of the special state of the e-h pair known as exciton.
The Coulomb interaction between a photoexcited electron and the
electrons remaining in the incompletely filled VB can be regarded as
an e-h attractive interaction. The motion of this interacting electron and
hole is correlated and the resulting e-h pair is called exciton [201].
If the conditions are given (e.g., low temperature) that the binding
energy of the excitons is sufficiently larger than the thermal energy,
the formation of excitons can be promoted in a PL experiment and
their radiative annihilation produces PL emission. The aforementioned
exciton state is called free-exciton to distinguish it from the bound-
exciton, which is an exciton bound to a neutral impurity (D0 or A0)
via an attractive van der Waals interaction. Bound excitons can also
undergo radiative recombination, producing PL [58, 209, 210].
The energy of a photon emitted as a result of radiative recombination
of an exciton can be written as follows:

h̄ω = Eg − EX ( f ree − exciton)
h̄ω = Eg − EX − EB (bound − exciton)

(3.36)

where EX is the Coulomb energy of the exciton and EB is the binding
energy of the exciton to the impurity. Typical binding energy values
of excitons in bulk semiconductors are of the order of ∼ 0.01 eV [211],
which is well below the thermal energy at room temperature (RT) (0.026
eV), making radiative recombination of excitons very unlikely. For this
reason, PL of free-excitons is usually observed at low temperature
in high-purity and high-quality semiconductors [58]. When present,
impurities are very efficient at trapping excitons and the emission of
bound excitons is predominant in excitonic PL spectra. In certain cases,
the excitons are also stable at RT. This is the case in two-dimensional
samples of TMDs, where a remarkably large binding energy, an order
of magnitude larger than that in bulk semiconductors, allows the ob-
servation of strong excitonic emission in RT PL experiments [47, 50,
144, 145, 212]. The reason for this huge binding energy is due to the
strongly enhanced e-h Coulomb interaction, which is a consequence of
the reduced dielectric screening in confined 2D crystals of TMDs [44,
45, 47, 213].
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3.5.5 Free-exciton PL in terms of exciton polariton emission

To better understand the phenomenon of PL emission in semicon-
ductors due to excitons, we need to introduce the concept of exciton-
polariton (sometimes referred to as polariton for brevity), which we
will discuss below.
An exciton can be considered as a two-particle system, its wave vector
K can be assumed to be equal to ke + kh, where ke and kh are the wave
vectors of the electron in CB and the hole in VB forming the e-h exciton
pair. In this picture, the kinetic energy of the exciton can be expressed
as the free particle expression Eke = h̄2K2/(2M), where M is the mass
of the exciton M = me + mh, with me and mh, the effective masses of
the electron and the hole, respectively [58]. The energy levels of an
exciton can be represented by parabolas. When excited by light, an
exciton can be thought of as the result of an optical absorption in which
a photon is converted into an exciton. To satisfy conservation of energy
and momentum, the conversion must occur at the intersection of the
photon and exciton dispersion curves (see the dashed line in Figure
14).

Figure 14. (solid curves) Exciton-polariton dispersion curves labeled as branchI and branch II and (dashed curves) dispersion curves of uncoupled photon anduncoupled exciton i.e. without considering their mutual interaction. Adapted from[58].
If we introduce an exciton-photon interaction, the exciton state must
be more correctly interpreted as a combination of photon and exciton
wave functions, and the resulting coupled state is known as exciton-
polariton. An exciton-polariton can be viewed as a mixed mechanical-
electromagnetic wave in the medium, where the mechanical component
is a polarization wave associated with the electric dipole moments of
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the excitons. In this picture, excitons radiate electromagnetic waves and,
conversely, electromagnetic waves excite excitons. In an optical absorp-
tion process that leads to excitation of excitons, energy is converted
from photons to excitons and vice versa, but energy is not necessarily
lost in the medium, nor does optical absorption occur. Rather, absorp-
tion can occur because electron polaritons can undergo an inelastic
scattering, e.g. with phonons.
In an PL experiment a photon field hits a sample, after inelastic scat-
tering some optically excited exciton-polaritons can leave the sample
by converting back to photons with a lower energy than the incoming
photons, the exiting photon field forms the PL emission. The PL pro-
cess can be explained with the help of Figure 14, exciton-polaritons
(polaritons for brevity) can be optically excited into branch I, here they
are called photon-like because of the predominant photon component
of their wave functions. Their photon part has a very weak interaction
with phonons. From branch I, the polaritons can be elastically scattered
by defect into the branch II, here the polaritons have a predominant
exciton component in their states and are called exciton-like. Unlike
the photon component, the exciton component interacts very efficiently
with phonons. The resulting relaxation process randomizes the energy
and momentum distributions of the polaritons.
The conformation of the polariton dispersion curve shown in Figure 14,
which has no energy minimum, does not suggest the occurrence of a
peak in the energy distribution function of polaritons. Instead, however,
as suggested by Toyozawa [214] and experimentally demonstrated by
Askary and Yu [215], the polariton distribution has a peak, and it occurs
in correspondence with the bottleneck of the branch II (see Figure 14).
The PL spectrum results proportional to the product of the polariton
distribution and the transmission coefficient of the polaritons at the exit
[58]. Thus, with this approach it is possible to explain the shape and the
energy position of the PL spectra in the case of exciton emission. In this
work, the exciton emission was analysed to study the PL performance
of nanosized samples of MoS2.

3.6 fano interference effect in raman scattering of

doped si

This section is devoted to a basic description of Raman-specific Fano
interference effects in Raman spectroscopy of highly doped semiconduc-
tors and in particular Si [23, 170]. Fano resonances were first described
by Fano in his study of the absorption spectra of noble gases observed
by Beutler [216, 217]. The nature of the unusual asymmetric sharp peaks
in the electron energy loss spectrum of He was established by Fano via
a theoretical treatment of the resonant interactions that occur in the
excited gas between a discrete atomic eigenstate and a background of
continuum eigenstates. In accordance with the superposition principle
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of quantum mechanics, the asymmetry was attributed to quantum
interference between the overlapping wavefunctions of the states. [170,
218, 219].
Asymmetry in Raman spectra of solid-state materials have been under-
stood as Fano resonances in various studies on doped Si [23, 170, 171,
175, 220], Ge [221, 222], GaAs [221, 223], diamond [224, 225], and more
recently in research on carbon nanotubes [226], graphene [227–230],
WSe2 [231], and in the layered topological insulator [232].
Cardona and coworkers were the first to adapt Fano theory to interpret
striking spectroscopic effects in the Raman spectra of highly doped Si
[23, 24, 175, 233]. In their work, it is observed how the one-phonon
Raman spectral line changes as a function of both dopant concentra-
tion and excitation frequency. In highly doped Si, absorption of the
exciting photons during a Raman scattering experiment can trigger,
among other things, two processes, one leading to one-phonon Raman
scattering and another involving interbands electronic transitions. In
p-type (n-type) Si, these transitions consist of a one-electron excitation
from filled to empty valence (conduction) bands [23, 170, 175, 220, 234].
The interbands electronic excitation can lead to inelastic scattering of
electromagnetic radiation, a phenomenon known as electronic Raman
scattering [235].

3.6.1 p-type Si case

In particular, in highly doped p-type Si, a high number of free holes is
generated by the doping (the hole concentration varies approximately
linearly with the dopant concentration [236]), and the Fermi level can
be considered to be well below the valence band maximum, allowing
inter-valence-band transitions [23]. As can be seen from the structure
of the valence bands of Si (see Figure 15 (a) and (b)), electronic transi-
tions from the light-hole valence band to the heavy-hole valence band
with a continuum of electronic excitations can occur during the optical
scattering process [170]. Because of the anisotropy of the valence bands
(see Figure 15 (b)), the continuum of electronic excitation has energies
that extend over a wide range, from a minimum to a maximum cor-
responding to the smallest and largest distance at k = kF between
the light-hole and heavy-hole bands (with kF the wavevector at Fermi
energy µ). Since the minimum energy ωm is smaller than the spin-orbit
splitting of the valence bands in Si (∼ 44 meV), and the maximum can
be considered relatively high because of the flatness of the heavy-hole
band in certain k-directions, the continuum of energies overlaps with
the discrete energy of about 65 meV of the phonon of symmetry Γ′

25
located at the Brillouin zone center involved in the one-phonon Raman
scattering process [23, 68].
Due to the superposition principle of quantum mechanics, the coupling
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Figure 15. (a) Energy diagram of inter-valence-band transitions and opticalphonon scattering in p-type Si for electronic and one-phonon Raman scattering.The vertical arrows mark the pure electronic transition between the light-holeand heavy-hole bands and the transition in one-phonon Raman scattering. (b)A detail of the valence bands in Si for two k-directions in the BZ. Differentinter-valence-band transitions from the Fermi level µ are shown by vertical arrows.The shaded region indicates the possible transitions for a given k-direction. Thesmallest separation between the bands corresponds to the energy minimum of theelectronic continuum. Adapted from [23]. (c) Plot of the Fano line shape (3.45) forvarious values of q. Adapted from [237].
via electron-phonon interaction between excited states with overlapping
energies resulting from electronic Raman scattering and one-phonon
Raman scattering leads to quantum interference, the effects of which
are observable in the Raman spectrum as an asymmetric line shape of
resonant emission (see Figure 15 (c)) [23, 170].

3.6.2 n-type Si case

Even in the case of highly doped n-type Si (e.g. with donor species like
P, As, Sb), the high concentration of free electrons creates the conditions
for the observation of interference phenomena as described by the Fano
theory [23, 217, 218, 234].
In heavily doped n-type Si, the lowest conduction bands, i.e., the ∆1
and ∆′

2 bands along the <100> directions, can be sites of interband
transitions (∆1 → ∆′

2) by electronic Raman scattering, for example, after
laser excitation in the visible [234]. In such a case, the electron excita-
tions can interfere with the first-order one-phonon Raman excitation
and produce a Fano-type asymmetric shape of the Raman Si line at
520 cm−1. The energy of the electronic Raman interband transitions
distributes in a continuum of values between a minimum h̄ωmin and a
maximum h̄ωmax in dependence on the Fermi energy level, as shown
in Figure 16.
If the doping is sufficiently high, the energy continuum contains the
discrete energy of the one-phonon Raman transition and quantum
interference between discrete and continuum excitations takes place
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Figure 16. Schematic representation of the conduction bands in Si along the <100>direction near the edge of the Brillouin zone X1. The bands are labelled ∆1 and
∆′

2. h̄ω is the energy difference between the two bands. For a given Fermi energy
EF , h̄ωmin, h̄ωmax are the minimum and maximum transition energies associatedwith the electronic Raman scattering connecting ∆1 and ∆′

2. E′
F indicates theFermi level when it is above the high symmetry point X1 at ∼ 0.1 eV. Adaptedfrom [220].

[234].
The conditions for Fano interference can be determined by simple
reasoning. The bands ∆1 and ∆′

2 can be considered approximately
parabolic at their minima, with the same concavity along the directions
<100> and thus the same longitudinal effective mass ml [220, 238–240].
Considering the Figure 16, the ∆1 and ∆′

2 bands can be thought of as
longitudinally shifted from each other by 2K, where K denotes the min-
imum of ∆1 measured from the edge of the BZ X1 (K = 2π/a × 0.14,
with a the lattice constant [241]).
Given the above assumptions, simple geometrical considerations al-
low to express the energy differences between the bands ∆1 and ∆′

2 as
follows [220]:

h̄ω =
h̄2

2ml
[(K + k)2 − (K − k)2], (3.37)

where k is indicated in Figure 16.
Considering a Fermi level EF calculated from the minimum of the band
∆1, and defining KF from EF = h̄2k2

F/2ml , simple algebraic calculations
lead to the determination of the minimum and maximum values of
the transition energy corresponding to the electronic Raman scattering
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[241]:

h̄ωmin = ∓ h̄2K2

ml
(1 − kF

K
)

{︄
− if kF > K,
+ if kF < K,

(3.38)

h̄ωmax =
h̄2K2

ml
(1 +

kF

K
). (3.39)

Jouanne et al. [234] report that the energy continuum of Raman elec-
tronic excitations overlaps the discrete energy of the optical phonon
of Si (65 eV) at a free electron concentration of at least 7 × 1019 cm−3.
Thus, a necessary condition for Fano interference to occur between
active Raman excitations in n-type Si is that the dopant concentration
be on the order of 1020 cm−3 and higher.

3.6.3 General considerations

Generally, a schematic representation of the Fano interaction between a
continuum of excited states and a discrete excited state with overlap-
ping energies can be seen in Figure 17.

Figure 17. Schematic representation of a Fano resonance. If the system can beexcited from an initial state |i⟩ into a discrete state |ϕ⟩ or into a continuum ofstates |ψ⟩ with two isoenergetic processes, and if the states are coupled by aninteraction VE, quantum interference takes place between the two paths, leadingto Fano effects in absorption and emission spectroscopies. Adapted from [242].
According to Fano theory, if we consider a system in which a contin-
uum of states |ψE⟩ and a discrete state |ϕ⟩ with overlapping energy are
available, the elements of the Hamiltonian matrix can be described as
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follows [23, 218]:

⟨ϕ| Ĥ |ϕ⟩ = Eϕ = h̄ω0, (3.40)

⟨ψE| Ĥ |ϕ⟩ = VE, (3.41)

⟨ψE′ | Ĥ |ψE⟩ = E δ(E − E′). (3.42)

Where Ĥ is the Hamiltonian, Eϕ = h̄ω0 is the energy of the discrete
state, VE represents the coupling strength between the discrete and the
continuum states and E is the energy associated with the continuum
state |ψE⟩ [14].
To give an example, the simplest quantum mechanical model that
exhibits a Fano effect is the Fano-Anderson model of Hamiltonian
[237]:

Ĥ = Eϕϕ̂
+

ϕ̂ + ∑
E

Eb̂
+
E b̂E + ∑

E
VE(ϕ̂b̂

+
E + ϕ̂

+b̂E), (3.43)

where ϕ+ (ϕ), b+E (bE) represent the operators of creation (annihilation)
of the discrete state |ϕ⟩ and the continuous set of states |ψE⟩, respec-
tively [243].
The coupled system can be represented by an eigenvector |ΨE⟩ given
by a linear combination of the discrete eigenvector and the continuum
of eigenvectors:

|ΨE⟩ = aE |ϕ⟩+
∫︂

cE |ψE⟩ dE, (3.44)

with aE, cE functions of the energy. Given suitable transition operators
T̂, associated with an external perturbation, and an arbitrary initial state
|i⟩, the transition probabilities from |i⟩ to the unperturbed continuum
|ψE⟩ and to the composite state |ΨE⟩ can be defined as | ⟨ψE| T̂ |i⟩ |2 and
| ⟨ΨE| T̂ |i⟩ |2, respectively.
Based on Fano theory, the ratio of the transition probability | ⟨ΨE| T̂ |i⟩ |2
to the probability | ⟨ψE| T̂ |i⟩ |2 is given by a single family of curves:

| ⟨ΨE| T̂ |i⟩ |2

| ⟨ψE| T̂ |i⟩ |2
=

(q + ε)2

1 + ε2 , (3.45)

which also indicate the shape of the measured spectral lines. In (3.45) ε
is

ε =
ω − ω0

ΓF
. (3.46)

In the Raman spectrum of highly doped Si, ω0 is the frequency of
the central position of the one-phonon Raman peak, which is slightly
shifted from the peak position in the absence of a continuum of states.
We can set ω0 = ωintr + δω, where ωintr is the frequency position of the
one-phonon Raman peak of the intrinsic (undoped) material and δω is
the shift of the distorted signal due to the Fano interaction in the doped



i
i

“Stefano-tesi” — 2022/4/19 — 19:03 — page 65 — #68 i
i

i
i

i
i

basics of important optical phenomena in semiconductors 65

material [26]. As a direct consequence of (3.45) and (3.46), ω0 is simply
related to the maximum and minimum points of the Fano curve:

ω0 = ωmax − ΓF/q, (3.47)
ω0 = ωmin + q ΓF, (3.48)

where ωmax (ωmin) is the frequency position of the maximum (mini-
mum) of the Fano curve. ΓF is the width of the distorted peak (more
precisely the half width at half maximum of the Raman peak), again
we can set ΓF = Γ0

F + ΓL, where ΓL is the width in the absence of
the Fano interaction as in undoped material, and Γ0

F is the additional
contribution due to the electron-phonon interaction in highly doped
material [14, 23, 28].
In [23] ΓF and δω are defined as:

ΓF(ω) =
π

h̄
|VE|2, (3.49)

δω(ω) =
1
π

P
∫︂

dω′ ΓF(ω
′)

ω − ω′ , (3.50)

where P denotes the principal value of the integral. Clearly, ΓF and δω
depend on the coupling of the discrete excitation with the continuum
(in (3.49) represented by the term VE).
The parameter q in (3.45) can be written as [218]:

q =
⟨Φ| T̂ |i⟩

π ⟨ϕ| Ĥ |ψE⟩ ⟨ψE| T̂ |i⟩
=

⟨Φ| T̂ |i⟩
πV∗

E ⟨ψE| T̂ |i⟩
, (3.51)

where |Φ⟩ is the discrete state modified by its interaction with the
continuum and can be written as follows [14, 218]:

|Φ⟩ = |ϕ⟩+ P
∫︂

VE′ |ψE′⟩ /(E − E′)dE′. (3.52)

Substituting (3.52) into (3.51), we get:

q =
⟨ϕ| T̂ |i⟩+ P

∫︁
V∗

E′ ⟨ψ′
E| T̂ |i⟩ /(E − E′) dE′

πV∗
E ⟨ψE| T̂ |i⟩

. (3.53)

From this relation we can clearly see that q depends not only on the
discrete-continuum coupling, but also on the relative excitation proba-
bilities associated with the discrete and the continuum levels [237].
The parameter q determines the asymmetry of the Fano curves (q +
ε)2/(1 + ε2) outlining the Raman line. The Fano curves become com-
pletely symmetric and Lorentzian in shape in the limit |q| → ∞, while
the asymmetry increases with decreasing value of |q|. When q is posi-
tive (as happens in p-type Si [23, 24]), the shape of the curve assumes
an intensity gain on the high-energy side of the maximum (see Fig-
ure 15 (c)), when q is negative (as happens in n-type Si [220, 234]), the
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gain is on the low-energy side. However, the sensitivity of the experi-
mentally observable Fano effects at comparable doping concentrations
is much higher for p-type Si than for n-type Si [220, 234, 244].
The Fano parameters q, Γ0

F and δω can be expressed in terms of the
microscopic properties of the material [24, 220]:

q =
(︂VpTp

Te
+ δω

)︂/︁
Γ0

F, (3.54)

Γ0
F = π V2

p Dd(ωintr), (3.55)

δω = V2
p P

∫︂
Dd(ω

′) (
1

ωintr − ω′ −
1

−ωintr − ω′ ) dω′. (3.56)

where Vp is an average of matrix elements for the electron-phonon
interaction and Tp and Te are the Raman matrix element connecting the
ground and excited states of the phonon and electron in the continuum
(Te is also an average). The average spans the different excitable states
of the continuum, taking into account the multiplicity of states for
each energy when moving in k-space on a constant energy surface [23].
Dd(ω) is the combined density of states for the direct transition in the
electronic continuum, P denotes the principal value of the integral.
δω and Γ0

F represent the variation of the real and imaginary parts of
the phonon self-energy due to the electron-phonon interaction [23] and
are independent of the excitation frequency [175], but depend on the
doping-induced free-carrier concentration [24].
As can be deduced from (3.54), the asymmetry parameter q depends
on the other two parameters δω and Γ0

F and thus on the concentration
of free-carriers, moreover q depends on the excitation frequency via the
ratio Tp/Te [24]. In [24] studying boron doped Si (p-type Si), Tp and Te
are expressed as a function of the laser excitation frequency ωL as:

Tp ∼ P(ωL)ωL, (3.57)

Te ∼
(︂ 1

h̄ωL + Eg
− 1

h̄ωL − Eg

)︂
, (3.58)

where P(ωL) is the Raman tensor [220] and Eg ≃ 3.4eV is the direct
band gap in Si [245].
Again for p-type Si, in [23, 175] Cerdeira et al. determined the depen-
dence of q on the excitation energy as:

q ∝ (ω′
0 − ωL)

−1, (3.59)

with h̄ω′
0 = 3.37 eV the energy of the zone center direct transition (E′

0)
in Si [245]. This dependence was derived from the resonant behavior
of the ratio Tp/Te ∝ (ω′

0 − ωL)
−1 as ωL approaches the value of ω′

0,
is thus strictly valid only for ωL near the energy gap, but it has been
shown to be valid also below ω′

0 in the visible range [23, 175].
In this work, the relevance of Raman-specific Fano resonances has been
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exploited to develop a fast, non-invasive and non-destructive method
for doping monitoring of p-type Si. The concepts presented here will
be further explored in the experimental study reported in chapter 5.
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experimental methodology

The aim of this chapter is to provide an overview of the methodological
approach used in this thesis to determine the useful parameters for
the silicon and MoS2 analysis techniques that will be developed in
subsequent chapters. The three sections of the chapter describe the
experimental setup, samples and methods used to acquire and study
the Raman and PL spectra of Si and MoS2.
In section 4.1 we start with a general explanation of the spectrometer
setup with an illustration of the main parts of a Raman spectrometer. We
then introduce the instruments used for the Raman and PL experiments
in this work. We conclude the section with an overview of the other
instruments and ancillary techniques used.
The second section 4.2 deals with the material and methods used for the
doping characterization research of Si, which will be developed later in
the section 5. We describe in turn the Si-based material samples used in
the research, the geometrical configuration of the Raman spectroscopy
experiments, and the optimal setting of the acquisition parameters for
the best collection of Raman spectra. The section concludes with an
illustration of the post-processing of the recorded spectra documenting
the fitting method used to evaluate the Fano effect in the Raman spectra
of doped Si, which is useful for the scope of this research.
The third section 4.3 deals with the preparation and characterization of
MoS2. The methodology explained in this section forms the basis for
the experiments that will be developed later in section 6 to study the
optoelectronic properties of 2D MoS2. We will give a brief insight into
the preparation and characterization of the samples to determine the
number of layers. We will then explain the method used to analyse the
Raman and PL spectra of single-layer MoS2 samples, which is useful
to obtain information about the optical and electrical properties of this
material. We then report on the experimental setting of the acquisition
parameters for optimal Raman and PL data acquisition, and describe
the annealing procedures performed on MoS2 samples to produce
changes in the doping content in this material, which are useful for
doping-dependent optoelectronic studies. This section concludes with
the presentation of a statistical model of the population density of
excitonic states in MoS2, useful for understanding the excitonic PL
emission and estimating the density of free electrons in the monolayer
flakes of MoS2.
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4.1 experimental setup

4.1.1 Basic setup of a Raman and PL spectroscopy system

Spectroscopies based on laser excitation are common characterization
techniques for the study of crystals from bulk to two-dimensional phase.
PL and Raman spectroscopy are examples of these techniques, which
have benefited in recent decades from the technological development of
lasers, detectors and, more recently, confocal microscopy, which allows
improved spatial resolution down to the micrometer scale in all three
dimensions. PL spectroscopy is performed with essentially the same
experimental equipment used for Raman spectroscopy. Therefore, we
will focus on the description of a Raman setup in the following.
Raman spectroscopy uses a second-order inelastic scattering process in-
volving interactions between photons, electrons, and phonons, and has
very low efficiency compared to first-order Rayleigh scattering, whose
emission accounts for most of the scattered light in a Raman spec-
troscopy experiment. The Rayleigh signal is 4-6 orders of magnitude
stronger than the Raman signal in most light scattering experiments on
semiconductors [58], and typically only one photon out of 1012 of the
incident photons is Raman-scattered [174]. For this reason, any com-
ponent in the experimental setup capable of exciting the Raman effect
and collecting the scattered radiation in Raman spectroscopy must be
very effective. The main components of a Raman instrument are: a
source of a collimated beam of monochromatic light, usually produced
by a laser, an optical system such as a lens or microscope to focus the
exciting beam on the sample and capture the scattered radiation, a
filter, to eliminate the overwhelming Rayleigh emission and capture
only the inelastic component of the scattered beam, a spectrometer
to spatially separate the different spectral elements of the remaining
scattered beam, and finally a detector stage to record and display the
inelastic scattered radiation.
Figure 18 shows a schematic illustration of a general Raman setup. The
same setup can be used to collect PL emission by changing the diffrac-
tion grating and conventional spectral frequency units accordingly. The
incident light that effectively promotes Raman scattering processes is
provided by a laser. Originally, C.V. Raman in his pioneering experi-
ment in 1928 used monochromatic light obtained by filtering sunlight
to obtain the radiation source [172, 246, 247] and before the advent of
the laser researchers used discharge lamps, but spontaneous Raman
radiation from opaque semiconductors became feasible only after the
availability of continuous-wave (cw) lasers [58]. Typical examples of
cw lasers are He-Ne gas laser with a wavelength of 632.8 nm, Ar+ and
Kr+ gas ion lasers, whose most commonly used emission wavelengths
are 647 nm, 564 nm, 514 nm, 488 nm and 458 nm. Another historically
important laser is the Nd:YAG solid-state laser, whose wavelength of
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Figure 18. Schematic optical diagram of a micro-Raman spectrometer.
1064 nm can be frequency-doubled to produce laser light at 532 nm or
higher harmonics at 355 nm, 266 nm, and so on. Today, it is also possi-
ble to resort to lasers whose wavelength can be continuously adjusted.
An example are dye lasers (1µm ≥ λ ≥ 450nm) [58].
The power of the laser can be attenuated by interchangeable neutral
density filters (ND). The ND filters allow precise adjustment of the
laser power and reduce the intensity of all wavelengths equally. A ND
filter can be identified by its optical density D = −log10 I/I0, where D
is the optical density, I0 is the incident intensity, and I is the intensity
after filtering. In this way, the fraction of power transmitted by the filter
can be calculated by the fractional transmittance T = I/I0 = 10−D. For
example, a filter with D = 0.6 (T = 0.25) releases 25% of the original
laser power.
After filtering, the polarization of the beam is cleaned up using a po-
larizer (P) and then hits the notch filter, which at this stage acts as
a reflecting mirror and directs the beam onto a microscope objective.
Then the beam is focused on the specimen, which is on a motorized
XYZ stage. Typically, the laser beam is focused on the sample with
a high magnification objective, producing a laser spot about 1µm in
diameter, which gives this technique of Raman spectroscopy its “micro”
attribute. The lateral resolution, i.e., the smallest distance between two
points that can be uniquely examined, can be defined as the diameter
of the focused laser spot. If we consider the laser beam as a Gaussian
beam just filling the focusing lens of the objective, we can define the
minimum diameter of the beam at the focal point as d0 ≃ λ/πθ, where
λ is the laser wavelength and θ is the divergence angle of the beam
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identified with the numerical aperture (NA) of the objective [248]. For
high NA objectives (i.e., 0.9 or more), as typically used in micro-Raman
spectroscopy, a better approximation to d0 is given by d0 ≃ 1.22λ/NA
[248, 249]. Another important parameter characterizing a focused beam
is the depth of focus L = 2 zR, where zR is the so-called Rayleigh range
zR = πd2

0/λ. L can be considered as the vertical resolution, which is
generally of the order of micrometers when the material under investi-
gation is transparent. For high NA objectives, L can be approximated
by L ≃ 4λ/NA2 [248, 249].
Generally, a color camera and a white light lamp are connected to the
microscope so that the microscope view can be followed on a monitor.
In this way, the microscope can be operated like a conventional optical
microscope when the laser beam is blocked, and the specimen can be
viewed after focusing.
In backscattering configuration, both the Raman and Rayleigh signals
from the sample are collected by the same focusing microscope objec-
tive and redirected to the notch filter, which operates in transmission
mode. In this case, the notch filter acts as a band-pass filter to remove
the Rayleigh emission and prevent the stronger elastic Rayleigh signal
from overlaying the weaker inelastic Raman signal. A notch filter has
a sharp absorption peak at the laser wavelength and typically has an
average transmission intensity of ≥ 90% and a cutoff around 150 cm−1

and transmits all other wavelengths as Stokes and anti-Stokes Raman
signal and PL emission.
Then the backscattered light is focused on an adjustable pinhole (known
as confocal pinhole), which blocks the light contribution that does not
originate from the focal plane of the microscope [250]. It is important
to note that only rays originating from the focal plane of the micro-
scope objective, within the depth of focus in the case of a transparent
specimen or within the depth of penetration in the case of an opaque
sample, contribute to the detected signal.
After passing through the confocal pinhole, the light is focused on the
entrance slit of the spectrometer and directed, collimated by optical
elements, onto a diffraction grating that disperses the individual wave-
length components at different angles, resulting in spatial separation of
the wavelengths. A diffraction grating consists of a highly reflective ma-
terial whose surface is etched by a series of very closely spaced grooves.
Different types of gratings with different groove densities can be used
(300 grooves/mm, 1800 grooves/mm and 2400 grooves/mm for our
setups). The higher the groove density, the greater the dispersion. The
angle of the grating can be changed (remotely by the computer) to
select different frequency ranges of the spectrum to be measured.
The spectrometer projects the wavelength-dispersed light of the Raman
signal onto the long axis of a charged coupled device (CCD) detector
to record the spectrum by converting the photons into usable electronic
signatures. A silicon-based CCD detector is suitable for UV, visible,
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and near-infrared radiation. A CCD detector consists of a rectangular
array of a large number (i.e., 1024 × 256) of individual light-sensitive,
small-area elements called pixels, which allow multichannel detection,
i.e., it can measure many different wavelengths at the same time. It
works by the photoelectric process, that is, it responds to the photons
illumination by releasing electrons. When a photon hits a pixel, it ex-
cites an electron from the valence band to the conduction band, from
where it is stored in a capacitor. The charge stored on each pixel ca-
pacitor during a spectrum acquisition is proportional to the number of
photons that have impinged on the pixel. The brighter the light and
the longer the integration time, the more charge is stored. Each pixel
along a longitudinal axis of the CCD detector corresponds to a small
range of wavelengths, and the arrangement of pixels along the entire
CCD axis allows the entire spectrum to be captured and registered.
The first pixel detects wavelengths from the edge of the spectrum with
lower wavenumber and the last pixel detects wavelengths from the
edge of the spectrum with higher wavenumber. So the spectral reso-
lution depends on the density of the pixels and the dispersion power
of the grating (typically a few units cm−1). The CCD detector must be
cooled to minimize dark current in the pixels, which causes noise in
the spectrum. Cooling is often provided by thermoelectric coolers that
exploit the Peltier effect (down to −90 °C) or by cryogenic cooling with
liquid nitrogen. Finally, a computer integrated in the instrument allows
the observation and recording of the spectra, as well as the control of
some mechanical parameters of the instrument and the programming
of the detection in terms of spectral range, accumulation number and
acquisition time.

4.1.2 Raman and PL instruments

The general operation of a device for performing Raman and PL exper-
iments has just been described, now we report some technical details
and specifications of the devices used in this thesis. We rely on two com-
mercially produced devices, a LabRAM system from Horiba Jobin Yvon
and an InVia system from Renishaw. Both systems are similar in basic
structure and operating mechanism, but differ in design and equip-
ment. We stress that prior to each set of measurement, the spectrometers
were frequency calibrated and “health checks” were performed, using
unstressed undoped CZ Silicon (face orientation (100)) by setting the
first-order Raman peak wavenumber position at 520.3 ± 0.5; 520.5 ±
0.5; and 520.50 ± 0.75 cm−1 for the excitation lasers of 632.8, 532 and
355 nm respectively.

Horiba Jobin Yvon - LabRAM. This system is equipped with a He-Ne
laser with parallel polarized monochromatic light of wavelength 632.8



i
i

“Stefano-tesi” — 2022/4/19 — 19:03 — page 73 — #76 i
i

i
i

i
i

experimental methodology 73

nm (1.96 eV, red) and power 1 mW. Neutral density filters to attenuate
the laser power are available with optical densities (and transmittances)
of 0.3 (50%); 0.6 (25%); 1.0 (10%); 2.0 (1%). An Olimpus Bx40 optical
microscope is integrated into the system with various objectives with
magnification (and NA) of 10x (0.25); 20x (0.5); 50x (0.7); 100x (0.9). A
notch filter Super Notch Plus with a suppression coefficient for the laser
radiation > 106 is used. Spectral data are typically taken with the 100x
objective, which gives a laser spot diameter of ∼ 1 µm. The measure-
ment is performed with the sample at room temperature and in ambient
air. Two interchangeable diffraction gratings are available mounted on
the same shaft: a holographic grating with 1800 grooves/mm and a
ruled grating with 300 grooves/mm. The system has a Peltier-cooled
CCD detector with a size of 1024x256 pixels (pixel size 27 µm) cooled
to -62 °C. The overall achievable spectral resolution is ∼ 1cm−1 for
Raman experiments (using 1800 grooves/mm grating) and 1 nm for PL
experiments (using 300 grooves/mm grating).

Renishaw - InVia. This system is equipped with two laser sources of
parallel polarized monochromatic light, a frequency-doubled Nd:YAG
laser with a wavelength of 532 nm (2.33 eV, green) and a frequency-
tripled Nd:YAG laser with a wavelength of 355 nm (3.49 eV, near-UV).
Each laser has a different beam path between the laser and the objective
position. After that, the beam paths are the same, but the objective, lens,
and grating are adjusted for the particular wavelength used. The 532 nm
laser operates with a confocal microscope with a 100x objective of 0.9
NA, which gives a laser spot diameter of ∼ 0.7 µm and operates with
a 1800 grooves/mm diffraction grating. The 355 nm laser uses a 40x
magnification objective of 0.47 NA, resulting in a laser spot diameter
of ∼ 1 µm and operates with a 2400 grooves/mm diffraction grating.
The system uses a CCD detector cooled to -65 °C with a Peltier-effect
cooler. The overall spectral resolution achievable with the 532 nm laser
is ∼ (1 ÷ 2) cm−1, while in the case of the 355 nm laser it is ∼ 2cm−1.
The laser power is 40 mW and 8 mW for the 532 nm and 355 nm lasers,
respectively. Neutral density filters are available to attenuate the laser
power.

4.1.3 Additional instruments

Optical microscope - Olympus BH2-UMA. This metallographic mi-
croscope is equipped with 5x, 20x, 50x, and 100x objectives and operates
under broadband illumination by a 3200 K unfiltered halogen lamp.
A JVC digital camera model TK-C1380 is integrated with the micro-
scope and used for digital image acquisition. Here this device is used
principally for the optical identification of 2D sample flakes of MoS2
deposited onto atomically flat SiO2/Si(100) substrate
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Atomic force microscope (AFM) - Digital D5000 - Veeco. This AFM
system operates in Tepping-mode [251] by using P doped n-type Si
cantilever from Veeco (model RTESP with 100 KHz or 300 KHz nominal
resonance frequency). Here is used principally for measurements of the
high profile of the 2D flakes of MoS2.

Heater systems for annealing processes. Nabertherm-P330 furnace
and Hiedolph magnetic stirrer/heater are used for annealing processes
in ambient air up to 400 °C. An ultra high vacuum (UHV) chamber
borrowed from an X-ray photoelectron spectroscopy (XPS) setup is used
for UHV annealing at 10−9 Torr up to 300 °C. These devices are used
for annealing experiments on MoS2 samples.

4.1.4 Ancillary techniques

To support the examination of Si wafer samples with respect to crystal
structure state and doping configuration, we have relied on additional
characterization techniques performed in external laboratories. Details
on the working principle of these techniques can be found in [252].

Secondary ion mass spectrometry (SIMS). SIMS analyses were carried
out in the Material Characterization Lab of the Centre for Materials and
Microsystems - Fondazione Bruno Kesler - Trento (Italy). The analyses
were performed using a Cameca SC -Ultra SIMS with a 1 keV O2

+

primary ion beam at an angle of incidence of 68°. Sputter thickness
measurements were performed with a mechanical profiler. The B and F
secondary ion signals were converted to concentrations using reference
materials calibrated with NIST samples. The SiO+ signal was acquired
to identify a surface oxide layer.

Spreading resistance profiling (SRP). SRP analyses were performed
at Solecon Labs - Reno, Nevada (USA) using Si wafer samples with
a bevel angle of 0.0045 rad (relative accuracy 3%) and measurement
intervals of 2 µm step size providing ∼ 9 nm depth resolution.

Transmission electron microscopy (TEM). TEM analyses were per-
formed at Lfoundry - Physical and Failure Analysis Lab in Avezzano
(Italy). Measurements were performed with a TECNAI G2 TF30 STEM
system. Samples for cross-sectional TEM acquisitions were cut from
Si wafers and thinned to electron transparency by focused ion beam
milling (FIB). Low and atomic resolution images were acquired under
TEM bright field conditions using a high energy electron beam (300
keV). Diffraction patterns were recorded in diffraction mode.

4.2 silicon analysis : materials and methods

To characterize the dopant concentration in silicon as developed in
chapter 5, we exploit the effect of Fano interference that appears in
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the Raman spectrum of single-crystal Si samples (see section 3.6). We
use the changes in the first-order Raman Si peak ( 520 cm−1) to obtain
information about the doping concentration in the material. We use
different Si samples and methods illustrated in the following sections.

4.2.1 Si samples

Czochralski Si samples (CZ-Si). First, we use Si wafers prepared by
the Czochralski method [253] with a homogeneous and constant dopant
content throughout the volume of the material. These are monocrys-
talline Si(100) wafers with a diameter of 200 mm doped with boron at
various concentrations measured with a relative uncertainty of 10% (in
units cm−3 6.0× 1014; 3.1× 1015; 3.0× 1018; 7.5× 1018; 1.8× 1019; 5.0×
1019.). The wafer with the lowest concentration can be considered like a
reference sample for pure silicon, as suggested in [25]. These samples,
whose crystalline and doping properties are very reliable, are used to
find an accurate relation between the doping concentration and the
features of the Raman Si peak, whose line shape depends on the doping
via the Fano effect (see section 3.6). They are used in the section (5.2.1)
to obtain a calibration of the spectral parameters for a quantitative anal-
ysis of the doping concentration in p-type Si with visible and near-UV
Raman spectroscopy.

BF2
+ implanted Si samples. Other samples used (see section 5.2.2)

are p-type Si wafers obtained by ion implantation. Starting materials
were p-type CZ-grown Si(100) wafers with a diameter of 200 mm and
a B concentration of 1 × 1015 cm−3. BF2

+ ions with low kinetic energy
(5 keV) were implanted onto the starting material at different doses,
namely 5 × 1013 5 × 1014 and 5 × 1015 At/cm2. To activate the doping
and restore the crystalline structure after implantation damage, the
wafers were annealed using a laser thermal annealing process (LTA),
which is known to lead to a box-shaped concentration profile [254,
255]. LTA was performed with an excimer laser using XeCl (wavelength
308 nm), in which the energy density of 2.15 J/cm2 is irradiated onto
the wafer surface in a single shot with a pulse duration of 160 ns (high-
est temperature of the annealed region of 1400 °C).
Implantation and annealing conditions were designed to achieve ho-
mogeneous doping from the surface to a depth of ∼ 100 nm. TEM and
SIMS were considered to characterize the crystal recovery and doping
profile of these samples (see Figure 28 in section 5.2.2).
Given the isoenergetic nature of the ion beam for each implantation
dose, which results in an equivalent doping depth, the doping con-
centrations were estimated using the known doses via an optimized
calibration by the SIMS doping profile of the sample implanted with
the highest dose. Relying on the well-established LTA technique for
crystal recovery and dopant activation [254, 255], and on the TEM im-
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ages showing a highly ordered crystal pattern and a diffraction pattern
typical of a single crystal (see Figure 28 in section 5.2.2), the doping
concentration was estimated by assuming that the concentration of B
atoms measured by SIMS corresponds to the concentration of charge
carriers. The estimated doping concentrations are 3.5 × 1018, 3.5 × 1019,
and 3.5 × 1020 cm−3 with a relative uncertainty of 15 %.
These samples provide an example of a modern nanoelectronic Si ma-
terial with a very shallow doping configuration. Moreover, they are
also useful for the question of the dimensioning experiment, where the
different penetration depths of the laser excitation wavelengths into the
material play an important role.

Si samples for doping profiling (beveled sample). Other Si samples
were used to further develop the Raman-based doping characterization
technique with the aim of determining the doping profile of the material
with high spatial resolution (see section 5.2.3). We used realistic samples
of the material of state-of-the-art electronic devices by analysing Si
wafers with a doping configuration typical of the active regions of
an n-channel field-effect transistor (FET) of a CMOS image sensor
[256]. These samples are produced by B and BF+

2 ion implantation and
rapid thermal recovery (B and BF+

2 doses up to 3× 1015 At/cm2, kinetic
energies up to 15 keV (510 keV) for shallow (deep) doping configuration,
rapid thermal processes with temperatures up to 1080 °C). As starting
material we used Si(100) wafers, 200 mm diameter, composed of a
superficial (4 µm thick) layer of p-type epitaxially grown Si at low B
concentration of 7× 1014 cm−3. SIMS and SRP analysis were performed
for the independent characterization of the doping concentration profile
(see Figure 32 (a), (b) and (c) in section 5.2.3).
To probe the doping profiling technique (described in section 5.2.3), we
used two beveled twin samples of the most heavily doped wafer from
the sample set just mentioned. This wafer exhibits very high surface
doping, starting with a concentration of 1.2 × 1020 cm−3 at the first
nanometers depth and then steeply decreasing to a relatively low value
within 200 nm depth (see Figure 32 (c)). The beveled surface is obtained
by a beveling method used in the SRP technique, and the bevel angle
(with respect to the basal plane direction of the wafer) is 0.0045 rad
(±3%) [29].

4.2.2 Si crystal orientation and scattering configuration

Raman spectroscopy experiments were performed in backscattering
configuration. The Si samples were positioned so that the [001]-crystal
axis was parallel to the direction of the incident laser beam (z-axis of
the laboratory). The polarization direction êi of the incident light is set
to match the [110] crystallographic direction of the Si lattice, while the
scattered light is not under any control (ês is free). Under this scattering
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configuration, only the first-order one-phonon Raman scattering with
the LO phonon is observed in crystalline Si [257, 258].

4.2.3 Considerations on the spectral effects of laser power

Since the technique developed in chapter 5 for monitoring the doping
of Si is based on the measurement of the first-order Raman Si peak, it
is important to make some methodological considerations about the
effects on peak properties due to laser heating and free-hole pumping
during excitation of spectra, which are directly related to laser power.
The effects of laser heating on the shape and position of Raman spectral
peaks are evident in nanometer-scale materials such as semiconductor
nanowires and nanocrystals [259–262].
In Si nanostructures, typical peak changes upon laser heating are a
frequency softening of the first-order Raman Si peak and an asymmetric
broadening of the peak (generally toward the low-energy side of the
peak) [259, 261, 262]. In [262], Raman spectra of Si nanowires show
typical heating effects at laser powers above 0.5 mW (using a laser
wavelength of 514 nm with a focal spot of ∼ 1 µm). In the range of
(0.5÷ 1.5) mW, the Raman Si peak exhibits a red-shift of about 0.5 cm−1

and the FWHM shows a broadening of about 0.6 cm−1 [262].
Indeed, nanoscale materials lead to asymmetric broadening of Raman
peaks, and some studies attribute these changes to the effect of physical
confinement of phonons in nanostructures [263–265] or to the effect of
Fano interference [266–268] rather than to laser heating.
Adu et al. [260, 269] support the hypothesis of spectral modification as
an effect of laser heating with the main evidence that the asymmetric
broadening of Raman peaks decreases for semiconductor nanowires in
thermal contact with a substrate compared to suspended nanowires. In
the case of material in contact with the substrate, the substrate acts as a
heat sink that intercepts the thermal energy emitted by the laser [260].
This also shows that the effects of laser heating are highly dependent
on the ability of the laser probed material to dissipate the absorbed
thermal energy.
The effects of laser heating can also be seen in Raman spectra of bulk Si
samples, as shown in [270, 271]. In [270], the author reports a redshift
of the first-order Raman Si peak as a function of incident laser power.
The peak frequency softening has approximately a linear trend and
totals 0.25 cm−1 in the power range (∼ 1 ÷ 8) mW (using a laser with a
wavelength of 458 nm and a focal spot of ∼ 1µm. In [271], the authors
show a redshift of about 1 cm−1 and a peak broadening of about
3.5 cm−1 for a variation of the laser power of about three orders of
magnitude in the range (0 ÷ 200) mW (using lasers with a wavelength
of 532 nm and a focal spot of ∼ 1µm).
In addition to laser heating effects, another possible manifestation in
the Raman spectrum of Si directly related to the laser power could
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be a Fano interference effect originating from the free holes excited
by the laser itself [25]. Magidson et al. [25] first reported laser power-
dependent Fano effects in undoped Si by showing that a Fano-type
asymmetry of the Raman Si peak occurs when using lasers of 27 mW
and 81 mW power, but not at 5 mW (using lasers with a wavelength of
514 nm and a focal spot of ∼ 1µm).
In our analyses, the power of the lasers incident on the Si samples
was kept sufficiently low (≤5 mW) to avoid significant influence of
light-induced free holes [25]. Conversely, sufficiently long integration
time intervals of 3 to 10 seconds were used to maximise the signal-to-
noise ratio. Laser heating effects cannot be excluded in our spectral
data. This is especially true when using the laser with the wavelength
of 355 nm, since the high absorption of Si at this wavelength implies
thermal energy transfer into a volume of nanometric thickness (the
penetration depth of 355 nm light in Si is ∼ 10 nm [272]). Nevertheless,
due to the continuity of the probed volume with the innermost material,
we can exclude a similarity with the case of a nanosized material.
Once the laser power is fixed, we can consider the effects of laser
heating as systematic and constant spectral features that depend on the
experimental setup. These effects do not affect the technique developed
in chapter 5 for the characterization of doping in Si, which is based on
the analysis of spectral changes in the Raman spectra of doped samples
compared with (undoped) reference samples using experimental setups
with controlled properties specified for each series of analyses.

4.2.4 Fitting method for Raman analysis of Fano effect

Fano function. As discussed in section 3.6, the shape of the Raman
Si peak in undoped material can be well described by a Lorentzian
distribution [273], while the same spectral signal in doped Si is better
fitted by a Fano function [23, 24, 175, 233]. We propose a revised model
of the Fano function, slightly different from the original expression:
A (q + ε)2/(1 + ε2) where ε = (ω − ω0)/ΓF and A is a scaling factor
[24]. We use the expression:

Fq,ΓF(ω) = y0 + mω +
H

q2 + 1

[︂
q +

(︂
ω−ω0

ΓF

)︂]︂2

1 +
(︂

ω−ω0
ΓF

)︂2 , (4.1)

where y0, m, H, q, ω0, ΓF are the adjustable parameters in the last
square fit of the spectrum in the range [470 ÷ 570] cm−1, which covers
well the first-order Raman Si peak. In Eq. 4.1 we included a linear back-
ground (y0 + mω) with intercept y0 and slope m. The Fano parameters
ω0 and ΓF represent the frequency position and the half width at half
maximum (HWHM) of the Fano line-shape, respectively (hence we
often refer to 2ΓF as the full width at half maximum (FWHM)). The pa-
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Figure 19. Schematic line-shape of a Fano function (Eq. 4.1) with ΓF = 10 and
q = 2.
rameter q is the asymmetry parameter and the parameter H represents
the amplitude of the Fano function from the minimum to the maximum
of the function profile, which are (ω0 − qΓF) and (ω0 + ΓF/q), respec-
tively. In Figure 19 is shown an example of a Fano line shape with
ΓF = 10 and q = 2, (the background slope m is set to 0 for simplicity).
The novelty of this model function is the factor (H/(q2 + 1)), where H
and q are decoupled, allowing a direct measurement of the amplitude
H, whereas in the previous representation of the Fano function the
amplitude of the peak also depended on the value of q.
As explained in section 3.6, the central frequency position ω0 can be
viewed as the sum of two contributions ωintr and δω (ω0 = ωintr + δω),
ωintr represents the central frequency position of the Raman Si peak
of the intrinsic (undoped) Si crystal, and δω is the frequency shift of
the peak in the doped material with respect to the intrinsic value [26].
Like ω0, the FWHM of the Fano peak can also be interpreted as the
sum of two contributions, (2ΓF = 2ΓL + 2Γ0

F), where 2ΓL represents the
width of the intrinsic Si peak, which would have a Lorentzian shape,
and 2Γ0

F is the additional broadening of the peak that depends on the
doping concentration. For an effective evaluation of the Raman Si peak
features, we must also take into account the peak broadening caused by
the measurement system itself. To account for this instrumental effect,
we have chosen as a fitting function a convolution of the Fano function
with a unit-area Gaussian function, as shown in the relation:

C(ω) =
∫︂ +∞

−∞
Fq,ΓF(ω

′) Gσ(ω
′ − ω)dω′ = Fq,ΓF ∗ Gσ, (4.2)

where Gσ(ω) = 1/
√

2πσ2 exp(−ω2/2σ2) is a Gaussian centered in
zero with standard deviation σ, ω is the frequency in cm−1 and ω′ is
the integration variable. The width of the Gaussian (∝ σ) is determined
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by the combination of several factors introduced by the experimental
system, namely the quality of the laser beam through its coherence
and bandwidth, the dispersion power of the diffraction grating, the
size of the confocal pinhole and the spectrometer entrance slit, and
finally the quality of the objective and other optical elements [274,
275]. The standard deviation σ of the Gaussian was determined for
each experimental setup by a preliminary analysis in which its value
was considered as an adjustable parameter of the fit. Subsequently,
this value was fixed for all fitting experiments. In this way, the Fano
parameters resulting from the fitting analysis are deconvolved data and
can be considered independent of the particular recording system. This
facilitates comparison with theory.

Fitting process and goodness of the fit. The fitting of the Raman
spectra by the convolved Fano-Gaussian function was obtained by an
adapted program developed for this purpose using the data analysis
software Igor Pro [276]. The fitting process uses minimization of the
statistical variable Chi-square (X2) as determined in the least-squares
method implemented in the Igor Pro program. Here, X2 is defined as:

X2 =
n

∑
i=1

(yi − φ(xi, θ⃗))2

σ2
i

where φ is the fitting function such that φ(xi, θ⃗) is the fitted value for
the data point xi, yi is the original data for that point, θ⃗ = (θ1, θ2, ...., θr)
describes the parameters of the fitting model, and σi is the standard
error for the data yi. The process of minimization is iterative, as the
fitting tries different values for the unknown parameters, starting from
initial guesses that are reasonably chosen, i.e., starting from values that
are already given in the literature.
In our case, where the fitting function is not a straight line, the program
uses a form of nonlinear least squares method based on the Levenberg-
Marquardt algorithm [276, 277]. The fitting process returns the best
values for the parameters along with the associated uncertainties result-
ing from the variance of the parameters from the trend of X2 near the
minimum (see the labels in Figure 20).
We used C(ω) (eq. 4.2) as the fitting function and considered the spectral
data in a limited interval around the Raman Si peak. The experimental
data yi represent the intensity counts of the Raman spectrum and as the
standard error σi for each yi we used the square root of the data itself,
since yi can be considered as a Poisson variable corresponding to a
number of counts in one bin of an intensity histogram. To evaluate the
goodness of fit, we used the χ2 test with number of freedom degrees the
number of data points minus the number of free fit parameters. As an
example, we show in Figure 20 the fit of the Raman Si peak of a p-type
Si sample, in the labels we give the obtained fit parameters and the
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calculated value of the Chi-square (X2
f it = 22.9). The number of degrees

of freedom is n − r = 33 − 6 = 27. At a significance level of 5%, the
tabulated critical value of χ2 in the case of 27 degrees of freedom is 40.1.

Figure 20. Schematic of a Raman Si peakfit with calculated Chi-square.

Thus, the calculated Chi-square
is smaller than the tabulated
value and we can accept the ini-
tial hypothesis that the data are
described by the assumed fitting
model.
The described method allows
to obtain the fitting parameters
2ΓF and ω0 with uncertainties
of 0.02 cm−1 (0.04 cm−1 for 2Γ0

F
and δω), the parameters H and
q are determined with uncertain-
ties of 0.3% and 2%, respectively.
Assuming that the estimates of
the adjustable parameters of the
fit are considered as Gaussian random variables, their determinations
with the uncertainties obtained by the square root of the variances give
confidence intervals with a confidence level of 68%.

4.3 mos2 analysis : materials and methods

In the following, we report samples and methods useful for research on
MoS2 reported in chapter 6. To obtain MoS2 samples where the number
of constituent layers is precisely known, we referred to our previous
studies [75, 278].

4.3.1 Samples of MoS2 monolayer

Few-layer MoS2 flakes were mechanically exfoliated from bulk material
SPI Supplies® Molybdenite in single crystal with a lateral dimension
and thickness of ∼ (0.8 × 0.8 × 0.2) cm. We used the micromechani-
cal exfoliation technique based on scotch-tape cleavage. To obtain the
largest number of single- and few-layer MoS2 flakes with the largest
surface area, the number of iterations of scotch-tape cleavage was opti-
mally adjusted from a minimum of three to a maximum of six [75]. The
exfoliated flakes were deposited on atomically flat SiO2/Si(100) wafer
samples with a lateral size of ∼ 1 cm. The thickness of the surface oxide
layer was chosen to be 270 nm, which gives the optimal optical contrast
for the detection of atomically thin TMDG flakes [279].
Before the MoS2 flakes were transferred to the substrate with scotch-
tape, the SiO2/Si wafer samples were cleaned by three successive soni-
cation cycles (10 min each) in acetone, isopropyl alcohol, and distilled
water and dried under nitrogen flow. After the scotch-tape transfer, glue
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residue was removed from the wafer samples in three successive baths
at 40 °C for 10 min each in acetone, isopropyl alcohol, and distilled
water. The samples were stored in plastic containers in air at normal
temperature and pressure (NTP).
We then used optical microscopy and AFM studies to identify MoS2
flakes with micrometric lateral dimensions and nanometric thickness.
We used a method that synergistically employs optical microscopy,
AFM, Raman spectroscopy, and PL spectroscopy to characterize the
MoS2 flakes and accurately determine the number of layers of the flakes.
A preliminary screening of the flakes was performed using optical mi-
croscopy by analyzing the optical contrast between the flakes and the
substrates [280, 281].
Further investigation of flake thickness was carried out using AFM to
distinguish between flakes with few layers and thicker flakes, which
were shown to have similar optical contrast [75]. The presence of a non-
uniformly arranged water film under the MoS2 flake at the interface
with the substrate with a thickness of 1-2 nm does not allow an accurate
measurement of the flake height by AFM for a reliable assessment of
the number of layers composing each flake.
Therefore, we used a method based on resonant Raman spectroscopy
(achievable with excitation at a wavelength of 632.8 nm [161, 163, 282])
and PL spectroscopy to effectively estimate the number of layers of
MoS2 flakes from 1 to 5. Quantitative analysis based on intensity com-
parison of resonant Raman spectra of MoS2 flakes allows discrimination
between flakes with different numbers of layers. The analysis of the
PL signal detectable in the [750 ÷ 950] nm spectral region, originating
from the indirect transition in the band gap of MoS2 samples with few
layers, but not in the monolayer MoS2, which has a direct band gap,
allowed the confirmation of the number of layers [75]. The absence of
such a spectral PL feature also provided a fingerprint signature of the
single-layer MoS2 phase. The combined analysis of the Raman and PL
spectra (via the intensity ratio of the two spectral types [75]) allowed
further accurate layer numbering by eliminating the spectral effects due
to the SiO2/Si substrate that affect both the individual Raman and PL
measurements [75].
Finally, monolayer MoS2 flakes were unambiguously confirmed by non-
resonant Raman experiments at an excitation wavelength of 532 nm
(see Figure 9 (c) in section 2.2.3). All monolayer samples exhibited the
typical distance of ∼ 18 cm−1 (within experimental precision) between
the first-order Raman peak E1

2g and A1g [46, 122, 162]

4.3.2 Resonant Raman spectrum of MoS2 monolayer

In section 6.2.5 we report observations of changes in the resonant Ra-
man spectra of monolayer MoS2 flakes that occur as a consequence of an
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annealing process. In Figure 44, we show the resonant Raman spectral
emission of monolayer MoS2 before and after annealing of the sample.
Resonant conditions were achieved with excitation at a wavelength of
632.8 nm and using a spectrometer grating with 1800 grooves/mm. Un-
der resonant conditions the second-order Raman scattering processes
can be even more intense than the first-order Raman modes [58]. We
observe the change in intensity of some peaks hidden in the complex
spectral structure due to the envelope of the different Raman emissions
produced by first and second order scattering processes. We have re-
stricted our analysis to the [360 ÷ 480] cm−1 spectral region where the
most intense Raman features are observed [161, 163, 282]. We fitted each
spectrum with a sum of Voigt line shapes [283] positioned in correspon-
dence with spectral peaks due to specific Raman scattering interactions
with phonons in the material. The energies of these phonons can be
inferred from the spectral frequency position of the Raman peaks and
can be compared with the energies of the high-symmetry points in the
phonon dispersion curves in the first BZ of MoS2 (see Figure 9 (b) in
section 2.2.3). The identification of the overlapping peaks, as indicated
in the labels in Figure 44 in section 6.2.5, was determined according to
various studies in the literature [122, 161, 284, 285] and supported by
energy comparisons using the phonon dispersion curves.
The background PL signal, present in the resonant Raman spectrum
of single-layer MoS2, was subtracted with a spline fit to obtain a better
comparison of Raman spectral features.
All Raman spectra of the MoS2 samples were normalized to the in-
tegrated intensity of the first-order Raman-Si peak (520 cm−1) of the
SiO2/Si substrate acquired with the same acquisition setting and laser
spot focusing of the MoS2 Raman acquisition, unless otherwise stated.
This was particularly useful for obtaining information from the inten-
sity of the MoS2 spectra taken before and after thermal annealing of
the sample under study and used in the intensity ratio relation in the
section 6.2.5. The normalization to the Si peak intensity is necessary to
neutralize the fluctuation of the spectral intensity due to the inevitable
variations of the recording conditions such as the focusing of the laser
spot and the fluctuation in laser power.

4.3.3 PL spectrum of MoS2 monolayer

Concerning the PL measurements, the PL spectra of 2D MoS2 samples
and of monolayer MoS2 before and after annealing were recorded under
identical experimental conditions at room temperature with excitation
at a wavelength of 632.8 nm and using a 300 grooves/mm grating. The
broad PL peak at ∼ 670 nm (1.84 eV), which is due to the superposition
of two PL emissions produced by the radiative recombination of neutral
and charged (trion) excitons in the monolayer MoS2 [45, 47, 147, 286],
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was fitted with two Lorentzian peaks slightly shifted in energy (see
Figure 40 in section 6.2.2). The central energy positions of the exciton
and trion peaks (labelled A0 and A- ) were constrained during the
fitting to fixed values derived from the theoretically calculated binding
energies of the excitonic states and the value of the direct band gap in
single-layer MoS2, as reported in [3]. The binding energies of the neutral
exciton and trion were taken to be 277 meV and 306 meV, respectively,
and the direct band gap was taken to be 2.14 eV [109].
The thin spectral feature at ∼ 654 nm (1.89 eV) on the left shoulder
of the PL peak of single-layer MoS2 was attributed to the first-order
Raman Si peak (520 cm−1) of the SiO2/Si substrate. In some cases, the
second-order Raman band of Si in the range [920 ÷ 1000] cm−1 is also
just visible in the PL spectrum of MoS2 at the corresponding energy
position.

4.3.4 Setting for Raman measurements of MoS2 samples

To avoid damage to the MoS2 flakes by the laser radiation, the laser
power was set to 1 mW (or less for the power-dependent PL mea-
surements using neutral density filters in section 6.2.4) for all Raman
and PL experiments [287]. The acquisition time was set to 240 sec for
Raman experiments and 10 sec for PL experiments, which is the best
compromise with the spectral signal-to-noise ratio in both cases.

4.3.5 Annealing procedures

Annealing procedures were performed in air and in UHV. Each anneal-
ing process was performed on fresh exfoliated MoS2 samples deposited
on a SiO2/Si wafer sample substrate. In air, samples were annealed
using a Hiedolph magnetic stirrer/heater with the wafer sample posi-
tioned on the hot plate and the temperature controlled with a thermo-
couple thermometer. The annealing temperatures were set at 200, 250,
275, 300, and 400 °C, with each annealing lasting 40 min. In UHV an-
nealing, the wafer sample was placed in the analysis chamber of an XPS
instrument, then the pressure in the chamber was gradually decreased
to 10−9 Torr in 20 min, then the temperature was increased from RT
to 300 °C in 10 min. Other air annealing processes were performed
using a Nabertherm P330 furnace, temperatures were selected between
200 and 300 °C at 12.5 °C intervals, and each annealing performed on
freshly exfoliated MoS2 samples lasted 1 hour. The annealing times
were reasonably chosen based on previous studies [49, 288–291]

4.3.6 Free electron density by three level model and mass-action law

To calculate the density of free electrons (nel) in the MoS2 single layer
by PL analysis, as reported in section 6.2.4, we used a three-level
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model and a law of mass action based on the dynamical equilibrium
between neutral excitons A0 , charged excitons (trions) A- , and free
electrons. The three-level model statistically describes the mechanism
of PL emission in its A0 and A- components. In Figure 21 we show an

Figure 21. Energy level diagram of the three-level model for excitonic states in2D MoS2. The three levels are the Ground State, the neutral exciton state A0and the trion state A- .
energy level scheme of the three level model that includes a groud state
a neutral exciton state and a charged exciton (trion) state. If we denote
NA0 and NA− as the density populations of excitons and trions, we can
express the changes of NA0 and NA− by the differential equations:⎧⎪⎪⎨⎪⎪⎩

dNA0

dt
= G −

(︁
ΓEx + KTr

)︁
NA0 ,

dNA−

dt
= KTr NA0 − ΓTr NA− ,

(4.3)

where G is the optical generation rate of excitons A0 , KTr is the for-
mation rate of trions A- , ΓEx is the total (radiative and non-radiative)
decay rate of excitons A0 , and ΓTr is the total decay rate of trions A- .
During the PL experiment, in quasi-thermal equilibrium condition, we
can consider dNA0

dt = 0 and dNA−
dt = 0, obtaining from Eqs. (4.3):⎧⎪⎪⎪⎨⎪⎪⎪⎩

NA0 =
G

ΓEx + KTr
,

NA− =
KTr NA0

ΓTr
=

KTrG
ΓTr

(︁
ΓEx + KTr

)︁ .
(4.4)

The A0 and A- components of the PL peak of monolayer MoS2 (see
Figure 40 in section 6.2.2) have intensities directly proportional to the
population density NA0 and NA− , respectively. Thus, if we denote IA0

and IA− as the integrated intensities of the A0 and A- components of
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the PL peak, we can state:⎧⎨⎩IA0 = CNA0γEx ,

IA− = CNA-γTr .
(4.5)

where γEx and γTr are the rates of radiative recombination of excitons
and trions, respectively. C is a constant that depends on the efficiency
of the experimental setup [292].
Using the above relations (4.5) we can calculate the intensity ratio
IA

-/Itotal (where Itotal = IA
0 + IA

-) as follows:

IA
-

Itotal
=

γTr
γEx

NA-
NA0

1 + γTr
γEx

NA-
NA0

, (4.6)

from which we simply obtain NA
-/NA

0 as:

NA
-

NA
0
=

IA
-

Itotal

γTr
γEx

(︂
1 − IA

-
Itotal

)︂ . (4.7)

The ratio NA
-/NA

0 can be related to the density of free electrons (nel)
by the law of mass action in the form of the Saha equation [293, 294]:

NA0 nel

NA−
=

4mA0 me

πh̄2mA−
· KBT · e−

Eb
KBT , (4.8)

where Eb is the trion binding energy (relative to the exciton binding
energy, ∼ 29 meV in our calculation [3]), T is the temperature, KB is the
Boltzmann constant, me = 0.35 m0, mA

0 = 0.8 m0, mA
- = 1.15 m0 are the

effective masses of the electron in the conduction band, the exciton and
the trion, in units of the rest mass of the electron m0 [106, 292].
From Eq. (4.8) we get:

NA
-

NA
0
=

nel

4mA0 me

πh̄2mA−
· KBT · e−

Eb
KBT

, (4.9)

and using (4.9) in (4.7) we obtain after simple algebra:

nel =

IA
-

Itotal

γTr
γEx

(︂
1 − IA

-
Itotal

)︂(︃ 4mA0 me

πh̄2mA−
· KBT · e−

Eb
KBT

)︃
. (4.10)

We now adopt the assumptions of Mouri et al. [292] that the values of
γEx and γTr are essentially independent of the charge carrier density in
the material, and set γTr/γEx ≃ 0.15 following the same authors [292].
Finally, using the above parameters, we obtain:

nel =
1014 IA

-
Itotal

4
(︂

1 − IA
-

Itotal

)︂ [cm−2]. (4.11)
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We use this expression in section 6.2.4 to estimate the average electron
density in the MoS2 monolayer before and after annealing.
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doping characterization of p -type si wafers

via multi -wavelength micro -raman spec -
troscopy

In semiconductor device manufacturing, process control and material
characterization are essential due to the very high complexity of the
entire process flow [210]. In particular, for the fabrication of advanced
silicon-based integrated circuits, it is of utmost importance that the
doping of the material introduced into the semiconductor substrate
either by diffusion [295], ion implantation [296] or epitaxial growth
[297] is carried out in concentrations and spatial arrangement that opti-
mally match the design intentions. For this reason, it is important to
rely on analytical methods to measure the doping state of the material,
possibly after the various processes involved in the introduction and
activation of the dopant and other high-temperature process steps that
may inevitably affect the spatial configuration of the dopant [298–300].
In this chapter we study the reliability of a doping characterization
technique. We exploit the Fano interference effect in highly doped p-
type Si [22, 217, 218] through a multi-wavelength excitation Raman
study [23, 24, 170].
Details on Fano interference theory can be found in section 3.6.
We use the change in the Raman spectrum of Si due to the Fano effect
to characterize the doping state of p-type Si wafers commonly used for
semiconductor device fabrication [14, 25–28, 244].
Our characterization includes dopant concentration in situations with
constant dopant in the volume of the material, as well as in situations
with shallow and ultrashallow dopant configurations with a strong
concentration gradient that allows dopant profiling [15, 301, 302].
Ideally, the approach used in this chapter for the doping characteriza-
tion of p-type Si could also be applied to n-type Si, although in this case
the effectiveness of the characterization can be expected only for really
high doping concentrations (on the order of 1020 cm−3 and higher), as
can be deduced from various works in the literature in which the Fano
effect has been detected in Raman spectra of heavily doped n-type Si
[220, 234, 241] (see the discussion in section 3.6).
In section 5.1 we present the need for doping characterization in nano-
electronics, the state of the art of current solutions and our proposed
approach based on Raman spectroscopy.
The details of the materials and methods used for the following ex-
perimental analyses are described in the Experimental Methodology
chapter (see section 4.2).
Raman analyses on differently doped p-type Si samples are reported in
section 5.2, where we illustrate our proposed doping characterization
technique in section 5.2.1 with an application in section 5.2.2 and dop-
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ing profiling in section 5.2.3.
Section 5.3 concludes the study reporting the principal results and
achievements.
The results presented in this chapter was published in the journals,
Applied Surface Science 561 (2021) 149691 [1] and Applied Surface Science
567 (2021) 150824 [2].

5.1 introduction

State-of-the-art nanoelectronics inherently implies the fabrication of
Silicon-based architectures with engineered doping level at the nanome-
ter scale [33, 303]. Therefore, the integration of differentiated doped
regions with high and medium doping concentration is required, in
some cases with shallow and ultrashallow doping configuration, ex-
hibiting a steep gradient of doping concentration decreasing from the
highest value (of the order of 1020 cm−3) near the surface to 5-6 orders
of magnitude with increasing depth in the range of tens of nm [304].
Accurate measurement and characterization tools to determine the
doping concentration, dopant activation, and dopant depth profile are
therefore essential for proper design and require analytical methods
with adequate spatial resolution in both lateral and depth directions
[244, 305–312].
In this perspective, various methods are currently used to study the
doping content of Si-based materials, which have different drawbacks.
In some cases these techniques are destructive, such as propagation
resistance profiling (SRP) [12, 313] and secondary ion mass spectrome-
try (SIMS) [13]. In other cases, these techniques have very low spatial
resolution, such as electrochemical capacitance voltage (ECV) [10, 14,
19] and four-point-probe resistivity measurements [11].
Specifically for doping concentration profiling, SIMS and SRP are the
current standard techniques. Using ion sputtering and mass spec-
troscopy in high vacuum equipment, SIMS provides an in-depth ele-
mental dopant profile, whether or not the atoms of the dopant species
are electrically active. SIMS potential sensitivity is 1 part-per-million
(ppm) and achieves high lateral resolution (0.1-0.2 µm) and very high
depth resolution (1 nm) [20, 21, 210, 313–315]. The SRP technique
provides a profile of charge carrier concentration by measuring the
spreading resistance between two ohmic metal-semiconductor contacts
[12]. The SRP method is based on the study of the vertical distribution
of carrier concentration using an angle lapped sample (bevel), where
the depth dimension is stretched to a straight line along the downward
direction of the wedge surface. SRP can probe a large concentration
range (1012-1021 cm−3), but its spatial resolution is determined by the
size of the electrical contact (about 1-4 µm), the spacing of the probes
(not less than 20 µm), and the penetration of the probes into the beveled
surface [16, 17, 210]. At standard probe loads of 10-15 g, penetration
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of the probes into the material of about 10 nm has been measured,
resulting in a local pressure of more than 10 GPa, which can distort the
measurement [18]. Therefore, this technique has some shortcomings
for accurate studies once the doping profile needs to be measured with
nanometric accuracy.
Raman spectroscopy can be a possible alternative to the above tech-
niques for doping characterization, which we aim to show with our
studies. Indeed, Raman spectroscopy has been widely used to char-
acterise heavily doped mono-crystalline Si [23–28] and its application
has moved to the analysis of poly-crystalline Si [244, 301, 316–318],
amorphous [319–321] Si and Si-based materials [257, 258, 322, 323].
Micro-Raman spectroscopy allows lateral resolution of about one mi-
crometer, which is useful for analyzing small sample volumes, and
the possibility to select the excitation wavelength, which changes the
optical penetration depths, allows Raman experiments to probe both
the bulk and surface of the analyzed material [275]. Considering the
currently produced Si-based nanoelectronic devices, visible excitations
are not suitable to probe their doping configuration at the nanoscale.
For this reason, ultraviolet (UV) radiation is highly recommended com-
pared to visible radiation, since Si absorbs strongly in the UV region,
resulting in a shallower optical penetration depth of a few nanometers
[272, 324], with the advantage that the optical setup normally used for
visible micro-Raman experiments is also suitable for UV experiments
[275]. In this respect, it should be emphasised that near-UV light is
also advantageous for exploiting resonance-related effects due to its
excitation energy close to the direct band gap of Si (∼ 3.4 eV [245]),
leading to an improved signal-to-noise ratio [325]. Furthermore, the
high lateral (1 µm) and vertical (10 nm) resolutions achievable with
near-UV excitation (355 nm wavelength) suggest that the implementa-
tion of a Raman technique to small-angle beveled samples (as in the
SRP technique), could lead to potential use cases for doping profiling.
Due to its specific technological appeal, near-UV Raman spectroscopy
has been proposed for the study of complicated Si doped architectures
and patterned wafers [174, 257, 325–327]. However, despite its potential
benefits in nanoelectronics and the rich physics behind, so far, only
few Raman studies have been performed on doped Si with near-UV
radiation, and a comprehensive and validating Raman study using both
visible and near-UV excitations and covering a wide range of doping
concentrations has not yet been published in the literature for the very
simple mono-crystalline Si system.
In addition, there are only few scattered studies dealing with Raman
characterization by a small-angle beveling technique. [14, 328, 329].
These are mainly concerned with stress profiling of beveled undoped
Si on relaxed SiGe substrate using visible and UV excitation [328, 329]
or doping characterization at micrometric level using visible excitation
of heavily doped beveled p-type regions on the backside of Si solar
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cells [14]. The above visible excitation approaches are not suitable to
effectively study beveled Si with shallow doping concentration at the
nanoscale, which requires UV excitation.
In this perspective, we aimed to revisit the pioneering studies of Car-
dona’s research group [23, 24, 175, 220, 233, 330] that date back to
70’s and are considered milestones in this field of research, to update
the methodological approach of doping concentration monitoring by
Raman investigation to the state-of-the-art of nanoelectronic devices.
Indeed, Cardona and coworkers by monitoring the energy position,
width, and intensity of the first-order Si Raman peak, have demon-
strated the reliability of Raman analysis for controlling the doping con-
centration of p- and n-type doped mono-crystalline Si. They focused on
a range of high doping concentrations (5 × 1018 - 4 × 1020 cm−3) using
only visible radiation [23, 24].
Their studies allowed the understanding of the Raman phenomenology
of the first-order Si Raman peak with the doping concentration in the
framework of the Fano interference model [22–24, 218]. Typically, the
first-order Si Raman peak analysis within Fano model uses three main
adjustable fitting parameters: the peak position, the full width at half
maximum (FWHM) and the asymmetry parameter (q) [23, 170, 171].
In particular, according to the Fano theory [23], the first two primary
parameters (peak position and FWHM) are expected to be independent
of the excitation wavelength and dependent on the doping concentra-
tion. However, only Burke et al. [26] clearly reported this occurrence
over a limited data range (7 × 1018-2.5 × 1020 cm−3) together with other
sparse evidence [27, 28]. The third parameter (q) quantifies the peculiar
asymmetry of the Si peak upon doping and is expected to depend
on both the excitation and doping concentrations. As in Cardona’s
model [24], q is not independent of peak position and FWHM, so that
direct assignment of this parameter to physical "observables" is not
straightforward. Indeed, researchers have so far focused only on the
dependence of the parameter q on the doping concentration, obtaining
scattered results that point out to a linear trend [14, 27, 28]. On the other
hand, little attention has been paid to the dependence of the parameter
q on the excitation wavelength, except for the first pioneering studies
with visible radiation, which suggest a linear behavior [23, 175].
As for doping concentration studies, today’s computational power en-
ables accurate fitting with Fano and Gaussian convolved functions and
complete control of the fitting processes with a detailed Chi-Square (χ2)
analysis. This rigorous fitting can increase the confidence error in the
determination of the fitting parameters and consequently allows the
extension of the approach to the study of low concentration regimes.
To fill this research gap, in this work we have extended Raman analysis
of single-crystal Si using Fano effect interpretation to near-UV excitation
and to a wide range of doping concentrations even at low concentra-
tions (1014-1015 cm−3) to asses the portability of the Fano model analysis
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proposed by Cardona’s group to modern nanoelectronics and to deter-
mine the sensitivity of the technique to very low doping concentrations.
In particular, we have performed a wavelength-dependent micro-Raman
study under ambient conditions and at room temperature (RT) on p-
type B-doped Czochralski (CZ) Si(100) wafers covering a wide range of
doping concentrations from 6 × 1014 to 5 × 1019 cm−3 and using visible
and near-UV laser excitations (632.8, 532, and 355 nm). The first-order
Raman Si peak was fitted to a convolved Gaussian-Fano function us-
ing an improved fitting process that allows to accurately determine
the variations in peak width and position. The entire Raman analysis
is fully consistent for both visible and near-UV excitations and fully
portable to near-UV radiation.
Furthermore, the portability of the analysis to state-of-the-art nano-
electronic devices is directly demonstrated using Si mono-crystalline
Si wafers fabricated by BF2

+ ion implantation and restored by laser
thermal annealing (LTA).
As for the doping profiling analysis, we have tested the capability of
UV micro-Raman spectroscopy as an alternative tool for doping pro-
filing by using adjacent measurement points on beveled small-angle
samples of ion-implanted and thermally recovered single-crystal p-type
B-doped Si(100) wafers. Our study focuses on the broadening analysis
of the first-order Si Raman peak for direct extrapolation of a doping
concentration profile using a specific calibration curve derived from
mono-crystalline CZ-Si wafers with well-established and homogeneous
doping concentration. The results are also compared with other dopant
profiling techniques, e.g. SRP and SIMS, taking into account that SRP
measures the concentration of charge carriers and SIMS measures the
totality of dopant atoms, which corresponds to an electrically active
dopant concentration only if the crystal is perfectly recovered after the
doping process.
Both the Raman and SRP methods require a beveling process, but are
less expensive than SIMS. Compared to SRP, the Raman-based tech-
nique promises potentially better spatial resolution, which depends on
the laser source and experimental setup used, and also does not require
contact of the probe with the surface under investigation.

5.2 results and discussion

5.2.1 Raman analysis of Czochralski silicon wafers

In this section, we report the results of Raman analysis within the Fano
model of p-type B-doped CZ-Si samples and directly compare our
results with relevant literature data. Figure 22 (panels (a), (b), and (c))
reports, superimposed, the Raman spectra taken at varying doping
concentration using different excitation wavelengths (632.8, 532, and
355 nm). The spectra were normalized to the maximum peak intensity
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of each recording. All raw Raman spectral data of the CZ-Si samples
are shown in Figure 23 to provide directly discernible qualitative in-
formation about the change in spectral properties with the change in
dopant concentration. From the upper panels of Figure 22 a general
broadening of the first-order Raman Si peak for each excitation with
increasing doping concentration is clearly visible. For visible excitation
(632.8 and 532 nm) it is also noticeable an increasing asymmetry of the
peak as a function of the B-doping concentration. However, in the case
of UV (355 nm), broadening is observed but the spectra do not appear
asymmetric.

Figure 22. Superimposed normalized Raman spectra of CZ-Si samples at differentB doping concentration acquired with 632.8 (a), 532 (b), and 355 (c) nm excitationwavelengths. The Raman spectra fitted to convolved Fano-Gaussian function (solidlines) of the highest doped CZ-Si sample are reported in (d,e,f) at differentexcitation wavelengths: 632.8 nm (d), 532 nm (e), and 355 nm (f). On the top ofeach panel are reported the fitting residuals to the experimental points. Takenfrom [1].
In the bottom panels (d), (e), and (f) of Figure 22 we show the Raman
spectra fitted to the convolved Fano-Gaussian function of the highest
doped CZ-Si sample (5 × 1019 cm−3 doping concentration) for each
excitation wavelength. The residuals of the fitting process (shown in
the upper part of panels (d), (e) and (f)) indicate that the convolved
Fano-Gaussian function fits the experimental data very well for each
laser excitation. The fitting method used (described in section 4.2.4)
allows us to determine the width and spectral position of the Raman Si
peak with an accuracy of 0.02 cm−1 (0.04 cm−1 for the doping-related
peak broadening and peak shift).
Table 5.1 gives an overview of the Fano fitting parameters from the
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Figure 23. Raw data of Raman spectra of CZ-Si samples at different B dopingconcentration. The spectra were acquired with different excitation wavelengths: (a)632.8 nm, (b) 532 nm, and (c) 355 nm. The doping concentrations are estimatedfrom sheet resistance measurements. Taken from [1] (supporting information).
analysis of the spectra of Figure 22. The data from Table 5.1 are shown
accordingly in Figure 24. The Fano parameter q for negligible spectral
asymmetry (q > 130) is not given. Similarly, q is not given for all spectra
recorded with near-UV excitations.
Concerning Figure 24, we first discuss the dependence of the peak
broadening 2Γ0

F on the doping concentration for each excitation wave-
length in panel (a), which is the most suitable parameter for a direct
evaluation of the doping concentration since it has the smallest relative
fitting error. The data overlap perfectly at fixed doping concentration,
and with our analysis accuracy, we state that the broadening of the Si
peak is effectively independent of the excitation energy, for both visible
and UV radiation, in line with what has been suggested previously in
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Table 5.1. Summary table of Fano fitting parameters obtained by first-order RamanSi peak analysis at different excitation energies of CZ-Si samples doped at differentboron concentrations. q values are given only for values < 130. Parameters 2ΓFand ω0 are given with uncertainties of 0.02 cm−1, (2Γ0
F and δω with uncertainties

0.04 cm−1), H, q and HNorm have uncertainties of 0.3%, 2% and 0.6%, respectively.Taken from [1].
doping excitation Silicon peak fitting parameters

conc. λ q 2ΓF 2Γ0
F ω0 δω H HNorm

(cm−3) (nm) (cm−1) (cm−1) (cm−1) (cm−1) (counts)

6.0×10
14

633 - 3.16 0 520.29 0 84563 1

532 - 2.83 0 520.56 0 371407 1

355 - 4.47 0 519.70 0 146078 0.87

3.1×10
15

633 - 3.21 0.05 520.20 -0.09 82871 0.98

532 - 2.83 0.00 520.58 0.02 369793 0.99

355 - 4.51 0.04 519.71 0.01 166888 1

3.0×10
18

633 51 3.68 0.52 520.22 -0.07 70910 0.83

532 109 3.46 0.63 520.47 -0.09 292098 0.78

355 - 4.98 0.51 519.70 0.00 129226 0.77

7.5×10
18

633 26.6 4.45 1.29 520.03 -0.26 59018 0.69

532 50 4.14 1.31 520.41 -0.15 239027 0.64

355 - 5.76 1.29 519.56 -0.14 123667 0.74

1.8×10
19

633 11.1 6.34 3.18 519.68 -0.61 39753 0.47

532 19.3 6.01 3.18 520.04 -0.52 159430 0.43

355 - 7.37 2.90 519.24 -0.46 88035 0.52

5.0×10
19

633 5.2 9.75 6.59 518.70 -1.59 6569 0.07

532 8.8 9.34 6.51 519.17 -1.39 58063 0.15

355 - 10.80 6.33 518.42 -1.28 9398 0.06

the literature [23, 24, 26]. The inset in Figure 24 (a) focuses on the first
three doping concentration values of the averaged trend and shows an
increasing monotonic trend even in a relatively low doping concentra-
tion range (1014 ÷ 1018) cm−3. This occurrence is detectable only due
to the high-precision Raman analysis and indicates that the Fano effect,
which has been clearly demonstrated at high doping concentrations, is
also present at low doping concentrations.
Considering the variation of the Si peak position with the doping con-
centration (see panel (b) in Figure 24), we detect a red-shift ( softening )
of the Raman mode quantified by δω. Similar to the case of 2Γ0

F, the δω
do not depend on the excitation energy at fixed doping concentration.
Also in this case, the average decreasing monotonic trend of δω is
detected at low concentration (inset in panel (b) of Figure 24).
Another interesting parameter is the normalized amplitude (HNorm) of
the Si peak (panel (c) in Figure 24). This parameter shows a decreasing
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Figure 24. Dependence of Fano fitting parameters on B-doping concentrationfor the Raman spectra in Figure 22 . Red squares, green circles, and violettriangles (see legend in panel (d)) correspond to fitting parameters derived frommeasurements with 632.8, 532, and 355 nm laser excitation, respectively. Panels(a), (b), and (c) refer to the peak broadening (2Γ0
F), the shift in peak position relativeto the intrinsic value (δω), and the normalized amplitude (HNorm), respectively.The insets zoom in on the averaged trends at the lowest concentration values.Panel (d) refers to the asymmetry parameter q, which is restricted to relevantvalues (< 130) determined only with excitation wavelengths 632.8 and 532 nm.Taken from [1].

monotonic trend with the doping concentration, and again the trend
does not depend on the excitation wavelength. This occurrence, which
to our knowledge is not discussed in detail in the literature, is in any
case consistent with the Fano theory, which predicts that the amplitude
intensity decreases with the doping concentration for two main reasons:
The Fano effect itself [22, 218] and the increase of the doping-induced
free carrier density [258, 331], which causes a decrease of the Raman
scattering amplitude [58, 275].
The last parameter of great interest is the asymmetry parameter (q)
relevant only in the case of visible excitation (632.8 and 532 nm) and
for high doping concentrations (≥ 1018 cm−3), where q values less
than 130 are accounting for a reasonably detectable asymmetry of the
spectra. This parameter quantifies (q−1 increases with asymmetry) the
asymmetric line-shape of the first-order Raman Si peak, that manifest
accordingly an increased scattered light intensity on the high-energy
side of the peak. As known in Fano theory, q depends on the excitation
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wavelength via the Raman scattering probability of the discrete and
continuum electronic processes [23, 237] with the asymmetry increasing
with excitation wavelength, starting from a nearly symmetric shape at
near-UV excitation [23, 24, 26, 220]. Indeed, the Fano function becomes
a fully symmetric Lorentzian in the limit q → ∞. Panel (d) of Figure 24

shows the data of q as a function of the doping concentration, showing
decreasing monotonic trends.
Our data from Figure 24 are plotted in Figure 25 against data available
in the literature [23, 24] to allow direct comparison. Specifically, panels
(a), (b), and (c) in Figure 25 refer to Cerdeira’s data [23] (although the
2Γ0

F values are not given in [23], we derived them from the experimental
data in this paper). Panels (d), (e), and (f) in Figure 25 refer to Chan-
drasekhar’s data [24], in this case we used the values from Table I of
[24], where the values of the Raman Si peak parameters of pure silicon
are also given, which we used to determine the values of 2Γ0

F and δω.

Figure 25. Fano fitting parameters as a function of doping concentration for theCZ-Si samples in this work are plotted along with data derived from Cerdeira etal. [23] (a,b, and c), and Chandrasekhar et al. [24] (d,e, and f). Taken from [1].
With respect to q, we restrict the comparison only to the relevant values,
for which the asymmetry of the spectra is clearly visible.
From the comparisons in Figure 25 it appears that, in the region of
shared dopant concentration, our results overlap very well with those
published in the literature (see [24]). While previous experiments have
focused on high dopant concentrations, we have deliberately chosen to
investigate a dopant concentration range that also extends to a much
lower B doping range. This direct comparison with literature data ex-
tends and strengthens the validity of the proposed Raman analysis
even to a low concentration range, which so far has not been directly
investigated.
Given the perfect superposition of 2Γ0

F and δω, as clearly seen in Figure
24, it is convenient to rely on an average over the laser excitations
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of these parameters. Therefore, to provide adequate evidence for the
laser excitation-independent trends of the Fano fitting parameters, we
report the values of 2Γ0

F and δω averaged over the laser excitations as a
function of the doping concentration in panels (a) and (b) of Figure 26.
Both are very well fitted by a linear model as a function of doping con-

Figure 26. Mean values of 2Γ0
F (a) and δω (b) averaged over excitation wavelengthsplotted as a function of doping concentration of CZ-Si samples. Both parametersare successfully fitted with a linear function. Taken from [1].

centration, which is in line with linear trends reported in the literature
[27, 28]. Considering that we use both visible and near-UV excitations
and a wide range of doping concentrations, these fitted lines can be
used as a calibration curve for p-type mono-crystalline Si. Specifically,
the linear slopes are 1.35 × 10−19 cm2 and −2.80 × 10−20 cm2 for 2Γ0

F
and δω. respectively.
We focus on the detailed analysis of the parameter q and its specific
dependence on the excitation wavelength in Figure 27. q exhibits a
double dependence on the doping concentration and the excitation
frequency [23], namely, as can be clearly seen in panel (d) of Figure 24,
q increases with the excitation frequency at fixed doping concentration
and conversely it decreases with the doping concentration at fixed
excitation. This is also consistent with the data reported in Figure 27 (a).

According to Cerdeira et al. [23], a linear dependence of the reciprocal
of q on the excitation frequency stands in the limit of resonant condi-
tion with direct band gap transitions (q−1 ∝ ω′

0 − ωL), where ω′
0 is the

frequency of the first critical point of the electronic bands of silicon
(E′

0 = 3.37 eV at the center of the Brillouin zone [245]) and ωL is the
frequency of the excitation light. However, this relation turns out to be
valid in a wide range of frequencies even below the critical point in the
visible spectrum [23].
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Figure 27. (a) Values of q−1 from Raman analysis of the most highly doped CZ-Sisamples plotted as a function of laser excitation energy. (b) The slope values (m)of the trends in panel (a) are plotted as a function of doping concentration andlinearly fitted; the solid line is a linear interpolation of the fitting model. Takenfrom [1].
In view of this model, we proposed a simple linear parametrization
(y=m·x+a, where x is the excitation frequency) of the q−1 values at fixed
doping concentration, with the aim of single out explicit its dependence
on the excitation frequency. In panel (a) of Figure 27 we report the
values of q−1 as a function of laser excitation energy for the relevant
values of the doping concentration, where we set q−1 = 0 for UV laser
excitation, since in this case no reasonably detectable asymmetry of the
spectra is accounting. The slope values (m) are reported in panel (b) of
Figure 27 showing a clear decrease with doping concentration (a value
of m = 0 is added for 10

14 cm−3 doping concentration simulating a pure
CZ-Si sample). The slope values (m) are given in panel (b) of Figure 27

and show a clear decrease with doping concentration (a value of m =
0 is added for a doping concentration of 10

14 cm−3 simulating a pure
CZ-Si sample). The linear fit of the m values shows that the decrease of
the slopes with doping concentration is ruled by the following linear
law: y = β · x, with β = −2.41 · 10−7 eV−1 cm3.
The proportionality constant between the slopes m and the doping
concentration is independent of both the doping concentration and the
excitation energy. The theoretical Fano model as presented in Chan-
drasekhar et al. [24] states that q = (VpTp/Te + δω)/Γ0

F, where Vp is the
average hole phonon matrix element and Tp/Te is the ratio of Raman
matrix elements of phonon and pure electronic scattering processes.
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Considering that in this model for q only Γ0
F and δω depend on the

doping concentration and all the dependence on the excitation energy
is in Tp/Te, while Vp is assumed to be independent of both the ex-
citation energy and the doping concentration [23, 24], we think that
the constant β we obtained must be directly related to Vp. A detailed
comparison between our result and related physical observables is
beyond the scope of this study, but we expect that it will provide a
basis for further investigation.
Remarkably, our multi-wavelength Raman analysis by verifying the
wavelength independence of 2Γ0

F and δω, the excellent agreement of
our results with literature data, and the linear relationship between
these parameters and the doping concentration, allows to state that the
Raman analysis by the Fano effect is valid for monitoring the doping
concentration from ∼ 1015 to ∼ 1019 cm−3 of p-type B-doped single-
crystal Si, and that this analysis and experimental approach are fully
portable to the near-UV excitation (355 nm, 3.49 eV), where the resonant
Raman condition occurs.

5.2.2 Raman analysis of implanted silicon wafers

In this section, Raman analysis performed on p-type B-doped CZ-grown
Si is extended to samples obtained by BF2

+ ion implantation and laser
thermal annealing for crystalline restoration (see section 4.2 for details).
The aim of this study is to verify the full portability of Raman analysis
with a convolved Fano-Gaussian model for monitoring the doping
concentration of p-type doped monocrystalline Si with shallow doped
layers of tens of nanometers thickness. In ion implantation doping, it
must be taken into account that the process damages Si crystallinity
and methods, such as LTA, are used to recrystallize Si [254, 255]. To
verify the perfect crystalline reconstruction of the LTA samples, we
performed ancillary TEM experiments.
We performed cross-sectional TEM analyses on all implanted samples
considered in this work to verify the crystal structure, and SIMS anal-
ysis on the sample implanted with the highest dose for optimized
calibration purposes to characterize the doping concentration after
annealing (specifications are given in supporting information of [1]
in table 1). Panel (a) of Figure 28 reports the high-resolution TEM
(HRTEM) cross-sectional image of the sample with the highest im-
plantation dose (5 × 1015 cm−2) corresponding to an estimated doping
concentration of 3.5 × 1019 cm−3 (determined with SIMS profile). In
the TEM micrograph, some small dark areas are visible, indicating
slight segregation of the B atoms [301], but in general the TEM analysis,
combined with inspection of the diffraction pattern (inset of panel (a)
of Figure 28), confirms that LTA has effectively recovered the Si crys-
tallinity from the ion implantation process.
Panel (b) of Figure 28 shows the corresponding B and F depth con-
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Figure 28. (a) HRTEM cross-sectional image of the BF2
+-implanted & LTA siliconsample with the highest doping concentration (3.5x1019 cm−3). The white arrowmarks the [001]-axis direction and the inset shows the diffraction pattern. In (b),boron (B) and fluorine (F) SIMS depth profiles of the same sample of panel (a)are shown. Taken from [1].

centration profiles measured with SIMS. The peak in the concentration
profile at the surface ∼ (0-5) nm, present in both the B and F profiles, is
due to the segregation of ions on the top SiO2 layer and in the Si/SiO2
interface [299, 301, 332] (the SIMS concentration profile of SiO+ ions is
given in the supporting information of [1] in Figure 10). The B distribu-
tion, which determines Si doping, is almost constant up to a depth of
80 nm.
Raman spectra of the first-order Si peak were acquired with both visible
(632.8 and 532 nm) and near-UV (355 nm) excitations. The variations
of Fano width (2ΓF) and peak position (ω0) with doping concentration
obtained by Raman spectra analysis are shown in Figure 29. Only in
the case of near-UV excitation the Fano fitting parameters show a de-
pendence on the doping concentration, while in the visible case they
remain almost constant. This occurrence thus verifies that the visible
Raman technique is not sensitive to doping concentration in shallow
doping (∼ 100 nm) even in the heavy doping regime due to its optical
penetration depth (∼ 1.27 µm for wavelength 532 nm and ∼ 3.05 µm
for wavelength 632 nm in pure Si [272, 324]). On the contrary, the near-
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Figure 29. Dependence of the fitting parameters of the Raman spectra of BF2
+-implanted & LTA silicon samples on the doping concentration, obtained with visible(632.8 and 532 nm) and near-UV (355 nm) excitations. (a) Raman Si peak Fanototal width (2ΓF), (b) Raman Si peak position (ω0). Taken from [1] (supportinginformation).

UV radiation, which has a low optical penetration depth (∼ 10 nm for
wavelength 355 nm [272, 324]), is suitable for surface-sensitive probing
of doped Si. For this reason, hereafter, we report only the relevant
results of Raman analysis of BF2

+-implanted & LTA Si acquired with
near-UV excitation.
In particular, Figure 30 shows the raw Raman spectra in panel (a), the
normalised spectra in panel (b), the fitted spectrum of the most heavily
doped sample in panel (c), and the Fano fitting parameters (2Γ0

F, δω,
and HNorm) plotted as a function of doping concentration in panels (d),
(e), and (f). In panels (d), (e), and (f), the data are superimposed with
those obtained from CZ-Si wafers. The inset in panel (d) highlights
the increasing monotonic trend of 2Γ0

F even at relatively low doping
concentration (1015-1018 cm−3). The numerical values of the Fano fitting
parameters are also given in Table 5.2.
The Raman spectra of BF2

+-implanted &LTA Si show a very similar
behavior to the CZ-Si spectra taken with the same near-UV excitation,
showing a broadening and frequency-softening of the peak with dop-
ing concentration. Also in this case, the q parameter has values above
the threshold of 130. Throughout the range of doping concentration
considered, the 2Γ0

F trends of the two data sets overlap perfectly, and
the δω and HNorm trends are in good agreement.
Moreover, in Figure 31, we compare our Fano fitting parameter trends
of both BF2

+-implanted & LTA Si and CZ-Si with p-type B-doped single-
crystalline Si data from Cardona’s group studies [23, 24]. We observe a
nice overlap and agreement of the 2Γ0

F and δω values. Thus, this com-
prehensive analysis and comparison demonstrate the full consistency
of near-UV Raman analysis of BF2

+-implanted & LTA-Si and show
that monitoring the doping concentration of p-type single-crystalline Si
with nanometer-scale doping depth by near-UV Raman analysis works
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Figure 30. Near-UV Raman analysis of BF2
+-implanted & LTA silicon samples atdifferent doping concentration with excitation wavelength 355 nm. The raw spectra(a), the normalized spectra (b) and the spectrum of the most highly doped sample(3.5 × 1020 cm−3) fitted to convolved Fano-Gaussian function (c) are shown. Theparameters 2Γ0

F (c), δω (d), and HNorm (e) are plotted as functions of dopingconcentration and superimposed to the data obtained from CZ-Si wafers. The insetin (d) zooms in on the 2Γ0
F trend at lowest concentrations. Taken from [1].

perfectly and is sensitive even at relatively low doping concentrations.

5.2.3 Raman analysis of beveled Si wafers

Preliminary surface analysis. To effectively probe the doping dis-
tribution of ion-implanted Si wafers, which have heavy concentrated
doping starting from the surface and drastically decreasing at shallow
depths, the light source used for Raman analysis on the small-angle
beveled surfaces must be carefully chosen. Indeed, the Raman signal
must be an integrated signal at a few nanometers with respect to the
typical surface implantation depths (∼ 100 nm). Otherwise, the Raman
signal would be integrated at depths greater than the surface implanta-
tion zone and, consequently, the Raman analysis on the bevel would
not provide significant data.
Specifically, it is necessary to verify that the laser excitation used has the
correct probing penetration depth of a few nanometers, which in the
near-UV case is expected to be ≃ 10 nm, corresponding to the optical
penetration of light with a wavelength of 355 nm in pure Si [272, 324].
Moreover, a preliminary verification of the doping sensitivity of the pro-
posed UV micro-Raman spectroscopy is needed to be then effectively
applicable on beveled surfaces. Indeed, each Raman acquisition must
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Table 5.2. Summary table of Fano fitting parameters obtained by Raman Si peakanalysis with near-UV excitation (λ=355 nm) of BF2
+-implanted & LTA siliconsamples with different doping concentration. The uncertainty of 2ΓF is 0.02 cm−1,

2Γ0
F and δω are given with uncertainties of 0.04 cm−1, HNorm has uncertainty

0.6%. Taken from [1].
doping Silicon peak fitting parameters

conc. 2ΓF 2Γ0
F δω HNorm

(cm−3) (cm−1) (cm−1) (cm−1)

1×10
15

4.22 0 0 1

3.5×10
18

4.62 0.40 0.15 0.87

3.5×10
19

8.92 4.70 -1.94 0.39

3.5×10
20

20.45 16.23 -7.63 0.09

be sufficiently sensitive to relatively small doping variations occurring
at depths comparable to the acquisition scanning step size (≃ 5 nm)
allowed by the micro-Raman setup on the small-angle bevel.
For these reasons, we first investigate the surface of three ion-implanted
B-doped single-crystal Si(100) wafers with different implantation pro-
files and different doping concentration ranges characterized by inde-
pendent SIMS and SRP (see panels (a), (b), and (c) in Figure 32) using
near-UV Raman spectroscopy with Fano effect analysis. The Raman
spectra obtained are shown in panels (d), (e), and (f) of Figure 32.
The first sample (Figure 32 (a)) has a uniform low doping concentration
profile (3 × 1017 cm−3) within the deep implantation zone. The other
two (Figures 32 (b) and (c)) show different surface heavy doping concen-
trations (8 × 1019 and 1.2 × 1020 cm−3, respectively) with rapid doping
variations that drop rapidly to ∼ 1018 cm−3 within 100 nm. The surface
doping concentrations are calculated by mediating the concentration
values estimated by SIMS or SRP at the first 10 nm depth (highlighted
with yellow areas in the upper panels of Figure 32), that is the same
value of the expected near-UV probing depth. In the case of samples
relative to Figure 32 (a) and (b) we could rely on SIMS profile while in
the case of the most heavily doped sample (Figure 32 (c)), we relied on
the SRP profile to calculate the effectively active doping concentration,
since the two sharp peaks near the surface in the SIMS profile are clear
indications of inactive dopant segregation of B atoms at a concentration
above the solid solubility (2-3 × 1020 cm−3 for annealing temperature
of 1000-1100 °C [333]) [15, 300, 305, 334, 335]. Indeed, the TEM cross-
sectional image (see inset in Figure 34 (c)) shows non-uniform dark
regions in the surface region to a depth of about 36 nm, which are due
to the segregation of B atoms [301].
As can be seen from the Raman spectra in panels (d), (e), and (f) of
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Figure 31. Fano fitting parameters as functions of the doping concentration ofBF2
+-implanted & LTA-Si samples are shown together with the data of this workCZ-Si wafers and those of Cerdeira et al. [23] (a,b) and Chandrasekhar et al. [24](c,d). Taken from [1]

Figure 32, the Si peaks are symmetric at each doping concentration and
show a general broadening with increasing doping concentration. The
2Γ0

F values obtained by the Raman Fano analysis are plotted in Figure
33 as a function of the average surface doping concentration within
the first 10 nm depth. In the same Figure 33, the red curve is the linear
model that fits the Raman Si peak Fano broadening parameter as a
function of the doping concentration obtained in the previous section
(5.2.1) using multi-wavelength Raman analysis of B-doped CZ-Si sam-
ples (see Figure 26 (a)). Notably, within the experimental error, the 2Γ0

F
data evaluated from Figure 32 align well with this curve and confirms
the self-consistency of the near-UV Raman analysis on single-crystal Si.
The 2Γ0

F parameter proves to be particularly sensitive to rapid doping
changes.

Raman-based doping profiling. Having verified the reliability of the
UV micro-Raman technique on the surface, in this section we move on
to direct Raman measurements performed on the beveled surface with
the aim of profiling the inner doping concentration. UV micro-Raman
measurements were performed on two twin beveled surfaces obtained
from the most heavily doped p-type Si wafer of Figure 32 (c) (see
section 4.2 for details). This sample was properly chosen because it is
the most suitable sample to test the limits of the Raman-based doping
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Figure 32. Boron SIMS profiles (upper panels) and corresponding Raman spectraobtained with near-UV (355 nm) excitation (bottom panels) of B-doped Si waferswith different surface doping concentrations: 3×1017 cm−3 (a,d), 8×1019 cm−3(b,e), and 1.2×1020 cm−3 (c,f ). The total Fano width (2ΓF) and frequency position(ω0) of the Raman Si peaks are reported in the corresponding panels. For thewafer relative to panel (c), the corresponding SRP profile is also reported. Theyellow highlighted areas mark the optical penetration region of the UV laserexcitation (≃ 10 nm) used to acquire the Raman spectra. Taken from [2]
profiling technique, since it exhibits strong, rapidly decreasing surface
implantation and the wider doping concentration range.
Raman data were acquired with the optical microscope set perpen-
dicular to the beveled surface along the maximum slope direction of
the wafer wedge (see inset of Figure 34 (a) for an illustrative view
of the measurement setup). The acquisition start point is set by the
confocal optical microscope and subsequent data points are acquired
by automated motorized x-y stage scanning with a step size of 1 µm
between adjacent aligned measurement points. According to the rela-
tion d = x sen(θ), where d is the depth, x is the length along the wedge
starting from the bevel edge, and θ is the bevel angle (0.0045 rad), a
1 µm longitudinal increment leads to a probing of the depth with a
vertical increment of ≃ 5 nm.
The Raman spectra recorded on the twin bevels were analyzed accord-
ing to the Fano model and then merged to obtain a single data set
for more convenient result presentation. Figure 34 (a) shows the 2Γ0

F
parameter determined along the bevel plotted as a function of the ex-
plored depth from the surface. We observe that up to a depth of 100 nm
the Si peak narrows drastically following an almost linear trend. From
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Figure 33. Fano broadening fitting parameter 2Γ0
F (violet triangles) of the first-order Raman Stokes Si peak of B-doped Si wafers from Figure 32 plotted asa function of surface doping concentration (estimated by boron SIMS and SRPprofiles). The red curve is the linear model that fits the Fano broadening parameterof B-doped CZ-Si (100) wafers as determined in the previous section (5.2.1). Takenfrom [2].

then on, the 2Γ0
F values start to scatter around the zero plateau value

loosing a specific trend.
After analyzing the Raman data and obtaining the 2Γ0

F values associ-
ated with the depths, to obtain a direct doping concentration profile,
we used the concentration dependence of the width as estimated in
the previous section (see 5.2.1) using B-doped CZ-Si(100) wafers as
a calibration curve. Accordingly, the 2Γ0

F values of Figure 34 (a) are
arranged on the calibration curve as shown in Figure 34 (b) to obtain a
direct data set consisting of doping concentration and depth values. In
this way, we generate a Raman-based doping concentration profile with
the exclusive use of Raman data, without the need to independently
characterize the doping concentration with other techniques.
The Raman-based doping profile is reported in Figure 34 (c) in direct
comparison with the SIMS and SRP profiles. The profiles overlap nicely
below the surface region where the Si has no B segregation and is well
reconstructed from the ion implantation process (see cross-sectional
TEM image in the inset of Figure 34 (c)). The Raman-based doping
profile follows the same quantitative trend of both SIMS and SRP pro-
files. However, unlike SIMS and SRP, the Raman-based profile enters
apparent saturation at a concentration of 1020 cm−3 underestimating
concentrations above. Excellent agreement between the different doping
profile methods exists up to the critical depth of 100 nm, where both the
Raman-based doping profile and the B SIMS profile deviate from the
SRP and lose their doping sensitivity in the 1017 cm−3 range. This occur-
rence indicates that the doping sensitivity limit of both Raman-based
and SIMS techniques is 1018 cm−3 (10 ppm) for ion-implanted p-type
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Figure 34. Doping profiling Raman analysis on the beveled surfaces of the p-type B-doped Si wafer of Figure 32 (c). (a) Fano broadening fitting parametersplotted as a function of depth from the Si surface. The inset shows an illustrativeschematic of the UV Raman measurement setup on the bevel. (b) Fano broadeningparameters (violet triangles) arranged on the calibration curve derived from B-doped Czochralski Si(100) wafers in section (5.2.1). (c) Raman-based dopingconcentration profile (dark gray) obtained by Czochralski calibration superimposedto boron SIMS (light gray) and SRP (green) profiles for direct comparison. Theinset in (c) shows a TEM cross-sectional image of the dark region with boronsegregation near the Si surface (left) and the lighter and well-reconstructed regionon the inner part of the Si (right). (d) Frequency shift position (black dots) andpeak intensity (light blue squares) data plotted as a function of depth from the Sisurface. Taken from [2].
B-doped single-crystal Si, which is comparable to SIMS sensitivity of
our work on the BF2

+-implanted Si samples and other studies reported
in the literature for B-doped Si [15, 301, 305, 336]. This sensitivity thresh-
old, in our opinion, could also be due to the material itself, considering
that it occurs at depths greater than 100 nm, where the doping may not
be particularly uniform and the Si may not be well reconstructed.
Figure 34 (d) also reports the Raman Si peak frequency shift (δω) and
intensity data providing others qualitative trends of the Raman param-
eters on the bevel. The same methodological approach of Raman-based
doping profiling can be used by taking the Si peak position shift (δω)
instead of the width broadening as the doping-sensitive Raman fitting
parameter and exploiting the specific frequency shift calibration curve
(see Figure 26 (b)). But in this case, the sensitivity to the doping and
thus the accuracy of the method is lower due to the lower variability of
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the frequency shift parameter compared to the peak broadening with
the doping concentration.

5.3 conclusions to chapter 5

In summary, we have performed a wavelength-dependent (using vis-
ible and near-UV excitations) room-temperature micro-Raman study
to characterize the dopant content of B-doped CZ single-crystal Si(100)
wafers covering a wide range of doping concentrations from 6 × 1014

to 5 × 1019 cm−3. We applied the results of this study on BF2
+ im-

planted and LTA Si wafers with surface doping depth (∼ 100 nm),
covering a wide doping concentration from 1.0x1015 to 3.5x1020 cm−3.
Subsequently, we have shown that near-UV micro-Raman spectroscopy
implemented on a small-angle beveled sample is able to profile the dop-
ing concentration of p-type ion-implanted monocrystalline Si without
further independent doping characterization.
The first-order Raman Si peak was fitted to a convolved Fano-Gaussian
function, which allowed us to achieve a frequency accuracy of ≈
0.02 cm−1, well below the mesh density of the experimental spectra
(≈ 1 cm−1). Thanks to the accuracy of the fitting, we have shown that
the Fano fitting parameters such as 2Γ0

F, δω and HNorm are effectively
wavelength independent, and in particular 2Γ0

F and δω follow a strictly
linear dependence with the doping concentration. These results confirm
and extend what has been reported in the literature about the trend of
Fano fitting parameters with doping, obtained only with visible radia-
tion and a limited range of doping concentration, to near-UV excitation
and the low doping range [23, 27, 28, 236]. A wavelength-independent
reduction of peak intensity with doping concentration was also ob-
served, up to 90% of signal in heavily doped Si.
Raman analysis works finely with both visible and near-UV excitation
and also at low doping, allowing potential ppm doping sensitivity of
the Raman technique through our improved fitting procedure.
Considering the asymmetry parameter (q), we verified a decreasing
linear dependence of q−1 with the excitation energy at fixed doping
concentration. In particular, the slope values of the q−1 linear trends
follow a strictly negative linear trend with the doping concentration
and the derived β constant, which is both excitation and doping inde-
pendent, is directly proportional to the hole-phonon average matrix
element (Vp) involved in Fano interference [24].
Moreover, the experimental results were directly compared with rele-
vant literature data [23, 24] to demonstrate that the proposed Raman
analysis is perfectly consistent and complementary with literature.
Application of the technique to BF2

+-implanted and LTA Si wafers with
surface doping depth (∼ 100 nm) showed that only near-UV radiation
is suitable for doping monitoring for surface doped Si. The Fano fitting
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parameters for near-UV excitation were found to line up very well
with our CZ-Si and literature data [23, 24]. The results were correctly
reproduced, demonstrating the full portability of our improved Raman
analysis to state-of-the-art Si-based architectures for monitoring the
doping concentration even at low doping regime. The noninvasive
nature of Raman spectroscopy makes it a candidate for process moni-
toring and for potential application as an inline process characterization
tool.
Finally, we implemented the Raman-based doping characterization
technique on small-angle bevelled samples for doping concentration
profiling, achieving high vertical and lateral resolutions of 10 nm and
1 µm, respectively, as well as a p-type doping sensitivity of 1018 cm−3

(10 ppm), and high dynamic doping sensitivity in the 1018 cm−3-1020

cm−3 concentration range. Moreover, it has been shown to work finely
down to a depth of 100 nm, effectively probing the typical shallow
doping distribution used in Si-based nanoelectronics [33, 303, 305, 306,
308, 310, 312].
The proposed Raman-based technique proves to be an efficient and
effective alternative to SIMS and SRP. In particular, compared to SIMS,
the advantage is that the Raman-based method is sensitive only to the
effectively active dopants. It requires the beveling process like SRP, but
is better than SRP in terms of lateral resolution and for avoiding probe
contact with the analyzed surface.
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Moore’s law states that the number of transistors that can be packed
into a given unit of an integrated circuit doubles approximately every
18 months, which is achieved by reducing the size of the active elements
in the transistor [30, 31, 337, 338]. However, this cannot be sustained
indefinitely due to the limitations imposed by material size and man-
ufacturing process [338]. Studies on two-dimensional (2D) materials
aim to continue this law and extend this limitation of miniaturization
to the atomic level [33]. Moreover, 2D crystals with atomic thickness
represent a perfect playground for the exploration of physics in low
dimensions, with the prospect of realizing new types of devices based
on completely new paradigms of information processing, as proposed
in the so-called Beyond CMOS strategy [33]. As an exfoliable material
that can be reduced to a 2D dimension, the MoS2 crystal has aroused
great interest for the study of electronic devices such as FETs, pho-
todetectors, photodiodes, and so on [89, 95, 339–342]. The electronic
properties of MoS2 are strongly dependent on the thickness of the ma-
terial. Its peculiar electronic semiconductor structure, which depends
on the number of layers and undergoes an indirect-direct transition
from bulk to monolayer phase, makes MoS2 particularly interesting for
optoelectronic applications [41–43]. The special excitonic properties of
MoS2 are exploited for the invention of novel excitonic devices based
on the exciton as a new computational variable of state, as envisaged
in the Beyond CMOS strategy [33, 38–40].
In the ultrathin state, the enhancement of quantum confinement and the
reduction of dielectric screening lead to enhanced interactions between
charged particles in the material and strong interaction with electric
fields [44, 45]. For these reasons surface modifications that introduce
doping become particularly effective, leading to new optoelectronic
effects and opening the prospect of powerful optoelectronic devices
[46–50].
Since the study of the electrical and optical properties of MoS2 is crucial
for potential applications, it is important to search for a simple, effective
and reliable method to study them and control their changes caused by
surface defects. For this reason, in this chapter we use Raman and PL
spectroscopy to study the optoelectronic properties of single-layer MoS2
and their changes after layer engineering by thermal annealing, where
the doping state of the material is changed by a controlled creation
of surface defects. The fundamental properties of excitons are also
investigated by studying the phonon-exciton interaction.
In section 6.1, we introduce the need to characterise the doping level in
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MoS2 as a function of the sulphur vacancy defects that may arise from
a post-exfoliation thinning treatment, such as thermal annealing, and
propose our approach based on Raman and PL spectroscopy.
The details of the materials and methods used for the following ex-
perimental analyses are described in the Experimental Methodology
chapter (see section 4.3).
Raman and PL analyses of few-layer and single-layer MoS2 before and
after annealing processes are reported in section 6.2.
Morphological evidence for the effects of annealing on the material and
the resulting changes studied by AFM analysis are described in section
6.2.1.
Non-resonant Raman and PL studies of defect-induced changes in opti-
cal response are performed in section 6.2.2.
A rationale for the morphological and optical response changes is given
in section 6.2.3.
The detailed evolution of distinct excitonic components in the PL emis-
sion is investigated in section 6.2.4 through power-dependent PL.
Resonant-Raman and correlated PL measurements of monolayer MoS2
as a function of post-annealing effects are analysed in section 6.2.5.
Section 6.3 concludes the study and reports the main results and
achievements.
The results presented in this chapter were published in the journals 2D
Material 7 (2020) 025001 [3] and Nanoscale 12 (2020) 18899-18907 [4].

6.1 introduction

Single-layer MoS2 is a semiconductor with direct band gap at the K
point of the first Brillouin zone (of about 2.14 eV according to [109]) [94,
104, 128]. Due to a pronounced spin-orbit interaction, the valence bands
are split into two spin bands with an energetic separation of ≈ 0.2 eV
[47, 94] and the conduction band is split by a few tens of meV [343]. Due
to the reduced dimensionality, the screening of the Coulomb interaction
is strongly suppressed [45, 344], and the two direct optical transitions
from the highest spin-split valence bands to the lowest conduction
bands lead to the formation of strongly bound excitons (referred to
as A and B in the literature [47, 94, 104]) with relatively high binding
energies, which determine the optical response of the system up to
room temperature (RT).
It is well established that the optical properties of single-layer MoS2
can be modified by doping. This can be done in several ways, by
substrate-induced doping [146, 147, 286], chemical doping [45, 292],
laser irradiation [345–347], ion implantation [348–350], or by thermal
annealing [49, 148, 290, 291, 351–354]. Indeed, the doping level of MoS2
was found to depend on the formation of defects (sulphur vacancies)
or partial oxidation after post-exfoliation thinning treatments used to
control and engineer the number of layers of thin MoS2 samples using
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different experimental approaches [49, 148, 290, 355, 356].
The controlled exfoliation of few-layer MoS2 was explored via laser
annealing [346, 347, 357], Ar+ [358] or O2 [359] plasma treatments,
microwave plasma etching [360], palladium deposition and annealing
[361], lithographic techniques such as focused ion beam [350] or local
anodic oxidation [50, 362]. Even more interestingly, given the practical
feasibility of the approach, the thinning of few-layer MoS2 has been
investigated by means of thermal annealing in oxidising [288, 289, 354,
363, 364], inert [353, 365], or reducing [291, 364] atmospheres.
Wu et al. [288] exposed exfoliated MoS2 deposited on 90 nm SiO2/Si(100)
to annealing for 10 hours at 330 °C in air. They firstly demonstrated
layer engineering by obtaining a monolayer flake from a bilayer. In
addition, above 300 °C they showed the appearance of submicrometric
triangular pits that formed on the flakes after 15 h. With this post
processing treatment, they fabricated a FET with the thinned flake and
showed the conversion of MoS2 from n- to p-type semiconductor. Ya-
mamoto et al. [363] have singled out the role of oxygen by performing
a systematic study as a function of temperature from RT up to 350 °C
in a controlled O2-Ar atmosphere. They showed evidences that etching
occurs on native defects of the MoS2 basal plane in mechanically exfo-
liated flakes. They demonstrated that the layer etching initiates above
200 °C, while real oxidation starts above 300 °C. In their work, they
ruled out a significant role of the substrate for the thinning process.
So far, the potential role of interfacial adsorbed water and contami-
nant molecules on the hydrophilic oxide surfaces (typically SiO2) used
for the optical identification of few-layer samples of TMDs, has been
largely neglected. Only in the case of thick WSe2, it was demonstrated,
by means of secondary ion mass spectroscopy (SIMS), that after ther-
mal annealing at 400 °C oxidation also occurs at the bottom surface
[356]. This may be related to the water trapped between the exfoliated
WSe2 and the substrate. Under ambient conditions, at RT and with a
relative humidity of 60 % the evolution of an ultra-thin film of water
on the SiO2/Si(100) wafer is always expected, and can be regarded as
a universal occurrence.Its very presence is indirectly but undoubtedly
evidenced by the demonstrated viability of atomic force microscopy
(AFM) local anodic oxidation (LAO) experiments on the native oxide
layer of SiO2, since LAO is only possible due to the presence of a water
meniscus between the AFM tip and the substrate [362].
Although the presence of water during annealing suggests its involve-
ment in the generation of defects (sulphur vacancies) in MoS2, the role
of water in annealing-induced changes in the optical properties of the
material has not yet been investigated.
Several papers report that PL intensity in MoS2 increases after anneal-
ing processes [49, 131, 290, 351, 353]. It is also known that sulphur
vacancies introduce donor levels into the MoS2 band gap, leading to
n-type doping [366, 367], while increases in PL yield are known to be
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due to p-type doping [147, 148, 286, 292].
Therefore, understanding the mechanism of p-type doping with an-
nealing, which produces the sulphur vacancies that should, in contrast,
induce n-type doping, is not immediate and is probably due to absorp-
tion at the sulphur vacancies of more electronegative elements such as
molecules of O2, H2O, and so on [49, 148].
The effects of the presence of defects on the PL spectra induced by
annealing have been reported in several studies [148, 290, 351], but exci-
tation laser power-dependent PL measurements that allow to study the
evolution of the excitonic transitions in annealed single-layer MoS2 in
the temperature range of (200 ÷ 300) °C are, to our knowledge, missing
in the literature. Moreover, a non-resonant Raman study specifically on
the effects of annealing on MoS2 has been recently performed [291], but
resonant Raman studies providing a wealth of information on the first-
and second-order phonon modes have not yet been reported for MoS2
or for other 2D TMD systems as a function of post exfoliation thermal
annealing in the temperature range of 200 ÷ 300 °C. Spatially resolved
micro-Raman and PL techniques are pivotal and complementary for
the investigation of doping related modifications in the optical response
of the material. PL provides direct access to the optical response of the
system and its excitonic spectrum [45, 47, 286, 368–370]. Resonant Ra-
man spectroscopy not only enables the investigation of electron-phonon
and exciton-phonon interactions, which are of obvious relevance to
the fundamental and device physics of low-dimensional materials [46,
108, 122, 161, 163, 189, 371–375] but also the spatial symmetry of the A
excitons [376, 377] which dominate the PL response of MoS2.
In this work, by using optical microscopy (OM), tapping mode atomic
force microscopy (AFM), power-dependent PL spectroscopy, Raman
and resonant Raman spectroscopy, we address the study of the thermal
treatment of mechanically exfoliated MoS2 in the crucial annealing tem-
perature range between 200 °C and 300 °C. We clearly demonstrate the
presence and crucial role of an interfacial water film at the MoS2/SiO2
interface in the chemical doping of MoS2 and the layer engineering of
the 2D material up to the monolayer limit. A quantitative analysis of
the PL spectra allows us to locally probe the variation of the sulphur
vacancy concentration in monolayer MoS2. We have studied in detail
the evolution of the A excitons (i.e., the neutral exciton A0 and the neg-
atively charged exciton, also called trion A- ) as a function of annealing
temperature showing that the PL spectral weight of the excitons can
be modulated in this temperature range. We notice that the PL signal
increases after annealing above 225 °C. The PL enhancement is tunable
with the annealing temperature and shows a specific hyperbolic trend
as a function of the PL intensity ratio of the A type excitons. We observe
that the Raman signal also increases after annealing and is tunable with
the annealing temperature, with the values of the signal increase match-
ing those of the PL signal increase within the experimental error. We
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show that the Raman spectral yield correlates one-to-one with the PL
spectral yield, giving thus direct experimental evidence of the exciton-
phonon coupling effect. We demonstrate that the A type excitons only
couple with in-plane first-order and second-order Raman modes and
strongly couple with the E1

2g in-plane Raman mode, while they do not
couple with the A1g out-of-plane Raman mode. Therefore, in agreement
with previous PL experimental evidence [377], with this cross correlated
study we assign this occurrence to an in-plane spatial orientation of the
A type excitons.

6.2 results and discussion

6.2.1 Morphological evidences of thermal annealing on 2D MoS2

In the following, we report experimental evidence of the effects of ther-
mal annealing performed in both reducing (UHV) and oxidising (air)
environments aimed at layer number engineering of few-layer MoS2.
The potential of this post-exfoliation procedure to tune the number of
layers of TMDs has already been reported in several publications [288,
351, 365].
In Figure 35 we summarise the results of our quantitative AFM in-
vestigation of the morphological changes occurring in mechanically
exfoliated MoS2 upon annealing, both in air and in UHV, in the specific
case of few-layer and monolayer flakes. Remarkably, we systematically
observe that the morphology of MoS2 flakes remains unchanged in
shape and size for almost all samples when heated to 300 °C. However,
in Figure 35 the stacking distance from the substrate is observed to
systematically decrease upon annealing. From (a) to (b), after annealing
in air, the flakes stick on average 0.6 nm closer to the substrate. On
the other hand, once annealing occurs in UHV,the stacking distance
dramatically decreases from 3.2 nm to 1.1 nm. Such an observation
is systematic, and as discussed below, height variation estimates on
the same samples are to be considered a consequence of a physical
lowering of the flake-substrate distance.
To discuss this point against the literature, we stress that once adhe-
sion of a 2D material exfoliated on a flat inert substrate is considered,
then there is no fundamental justification for the 2D-substrate stacking
distance to be equal or comparable to a homogeneous 2D/2D inter-
layer distance. The same presence of impurities typically increases the
distance of the flake from the substrate, as was already stressed by
Novoselov and co-workers [378], while others, such as Benameur et
al. [279], speculated on the presence of an adsorbed uniform water
film, approximately 1-2 nm thick, at the interface with the substrate.
Typically, the stacking distance from the substrate of mechanically exfo-
liated 2D materials is in the range of 1 to 2 nm. In the work of Quereda
et al. [379], for example, the authors report a stacking distance of 1.5
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Figure 35. AFM images of mechanically exfoliated MoS2 flakes on 270 nmSiO2/Si(100) substrate: (a) and (c) show flakes before annealing, while (b) and (d)show the same flakes under different annealing conditions. (b) at 275 °C for 40min in air and (d) at 300 °C for 40 min in UHV. The mean height profiles measuredfrom the top of the MoS2 flakes to the substrate are shown in the figures. Takenfrom [3].
nm from the SiO2 substrate. Larger anomalous stacking heights (∼ 2
nm) are not infrequently reported for MoS2, such as for chemically
exfoliated MoS2 by Coleman’s groups [380] and in a paper by Li et al.
[381].
To further elaborate on this point, we also rule out the occurrence of
instrumental artefacts. Since the AFM is a force detection tool, height
anomalies might be introduced by a different elastic behaviour of the
substrate with respect to the 2D flakes (see the work of Nemes-Incze
et al. [382]). In particular, in tapping mode AFM, such anomalies can
be explained with differences in tip-sample tip-substrate adhesion ef-
fects. However, tip-substrate adhesion effects can cause height offsets
usually in Ångström level, which cannot be the reason that gives us 2-3
nm height values. Moreover, such effects cannot explain our observed
variation of the stacking height from the substrate after the annealing.
This occurrence has to be ascribed to the presence of a water film
nano-confined at the interface between the SiO2 and the first layer of
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MoS2. May we then note here that, although with no emphasis on layer
number engineering, the presence of water at the interface between
hydrophobic and hydrophilic substrates and mechanically exfoliated
2D materials has already been documented and summarised in many
recent papers and is reviewed by Li et al. in [383] (and the references
therein). Our analysis, on the one hand, provides several evidences for
the existence of such a water film and, on the other hand, addresses its
potential for the study of nano-confinement of water and its interaction
with 2D systems.
To unequivocally demonstrate the presence of water at the interface of
mechanically exfoliated MoS2 with SiO2, we performed dedicated addi-
tional experiments inspired by a work of Lee et al. [384]. In that work,
the authors directly demonstrated, via time-dependent micro-Raman
maps performed at time intervals of days, the effective intercalation
via capillary forces of a nano-confined film of water in between a
graphene/SiO2 interface once the system is immersed in water for sev-
eral days [384]. To this purpose, we retrieved from our sample archive
a mechanically exfoliated sample of few-layer MoS2 that exhibited a
monolayer region (1L), as determined by layers-number identification
[75]. Such sample (already reported in the Supporting Information
(SI) of our previous study [75]) exhibited a stacking distance from the
substrate of 3.3 nm after mechanical exfoliation. Considerably, its mor-
phology was re-examined with AFM (see panel (a) of Figure 36) and
we observed, after an ageing of 48 months in dry air, a new stacking
distance from the substrate of 2.5 nm. The same sample was then im-
mersed in deionized water for one hour, then, after a thorough rinse in
dry nitrogen, its morphology was again examined by AFM, revealing a
stacking distance of 4 nm (see Figure 36 (b)). The line profiles demon-
strate that, after 1 hour water soaking, the substrate to 1L distance of
MoS2 has increased by about 1.5 nm (remarkably, the interlayer dis-
tance between adjacent MoS2 planes is not changed after the immersion
in water indicating no water intercalation in between them). This is
a notable finding, as we demonstrate the same occurrence reported
by Lee et al. [384], but for the first time on MoS2 and on a time scale
one order of magnitude smaller. We then directly demonstrated with
AFM, that the distance to the substrate of exfoliated MoS2 depends
on the presence of a nano-confined film of water, that can be removed
after annealing or ageing and can be then readily restored via capillary
forces by immersing the samples in water.
The water film trapped between the substrate and the MoS2 is expect-
edly highly reactive with the MoS2 bottom layer, especially once the
substrate temperature is increased above 250 °C, where the onset of the
thermal desorption of sulphur from the MoS2 basal plane occurs [385].
A striking example supporting such an argument can be found in Fig-
ure 37. Here we show two optical images of few-layer flakes of MoS2
on SiO2 before (a) and after (b) annealing in air at 400 °C for 40 min.
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Figure 36. AFM images of a mechanically exfoliated flake of MoS2 on SiO2/Si(100)substrate: in (a) the flake after ageing for 48 months in dry air, while in (b) thesame flake after a bath in deionized water for 1 hour. The mean height profilesmeasured along segment c before and after the bath are indicated in the figures.The inset in the top left corner of (a) shows an optical image of the flake. Takenfrom [3].
Such an annealing temperature in air is already reported as an upper
limit before that rapid and complete thermal degradation of MoS2
occurs [351]. In Figure 37, the image after thermal annealing demon-
strates dramatic changes. As reported earlier [351], etching occurs at
the flake edges. This can be clearly noticed as a shape shrinkage of
the flakes in the bottom right corner of Figure 37 (b). For the triangu-
lar, few-layer flake in the middle of the image, the optical contrast is
changed from that typical of eight layers to that of three layers [75].
This flake exhibits the appearance of few µm circular pits where the
SiO2 substrate underneath is exposed. Moreover, a monolayer flake,
clearly detectable by optical contrast in panel (a) of the figure, at the left
of the central triangular flake, is not present anymore on the annealed

Figure 37. Optical microscope images (100x) of mechanically exfoliated few-layerMoS2 flakes deposited on 270 nm SiO2/Si(100) (a) before and (b) after annealing at400 °C for 40 min in air. In panel (a), ’1L’ indicates a monolayer. The heat-induceddegradation is clearly visible. Taken from [3].
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sample. All these effects demonstrate with impressive visual evidence
that partial sublimation of the MoS2 layers has occurred. Moreover,
they point toward the evidence of a bottom-up thermal thinning of
the flakes. Indeed, a careful visual inspection of further details of the
image reveals important aspects of such phenomenon. For example,
the detailed texture of the contrast on all the top layers of the flakes
remained unchanged after thermal annealing. This strongly points to
the unlikely sublimation of the topmost layers of MoS2.
Our model picture of thermal thinning from the substrate is impres-
sively confirmed in cases when we clearly observe the disappearance of
MoS2 layers at the interface with the substrate. Illustrated in Figure 38,
we show optical and AFM images of the same region of a sample
containing monolayer (1L) and bilayer (2L) flakes before (panel (a)
and (c)) and after (panel (b) and (d)) annealing in air at 275 °C for
40 min. The flake in Figure 38 was correspondingly investigated with
Raman spectroscopy and also PL before and after the annealing (see
the corresponding spectra in Figure 39 and Figure 40 (a)). The analysis

Figure 38. (a) Optical images of a mechanically exfoliated MoS2 flake before and(b) after annealing in air (at T=275 °C for 40 min). In (c) and (d), the correspondingAFM images are shown. The mean AFM height profiles are inserted to indicatethe thickness of the flakes. Taken from [3].
of Figure 38 evidently indicates the thinning of a bilayer into a mono-
layer, confirmed by non resonant Raman showing an E1

2g -A1g spectral
distance of ∼ 18.5 cm−1 [46]. This is produced by the sublimation of
the bottom layer. Again, also in this case, the phenomenon is accompa-
nied by a 1.4 nm decrease in the distance between the flakes and the
substrate (see AFM profiles of the 1L regions in Figure 38 (c) and (d)).
This bottom-up layer thinning occurrence has not been clearly evi-



i
i

“Stefano-tesi” — 2022/4/19 — 19:03 — page 120 — #123 i
i

i
i

i
i

raman and pl analyses of single -layer mos2 via thermally

controlled sulphur vacancy doping 120

denced so far and is an experimental evidence in contrast to previous
work, in which a removal of the upper layer by annealing was sug-
gested [288, 351, 365]. The rationale that we propose to explain such
an occurrence are discussed in the following sections along with the
PL and Raman results. However, considering the increasing interest
in layer thinning techniques to obtain single-layer TMDs starting from
few-layer flakes, we believe that this very result (Figure 38) can be useful
to develop a new mechanism of bottom-exfoliation of layered materials
by annealing. To iterate this “thinning-from-the-bottom” procedure a
layer of water could be added back. This can be done in principle using
the same exfoliated samples on the same substrate and then adding a
layer of water back as demonstrated in Figure 36. However, full immer-
sion in the water bath inevitably leads to wetting of the upper surface
of the 2D flake, which foreshadows a significant surface degradation
during annealing. This methodology needs further investigation, which
is beyond the scope of the present study. We also suggest alternative,
cleaner strategies. For example, after annealing and sublimation of the
bottom MoS2 layer, one could pick up the remaining flake and stamp it
onto another substrate using the clean transfer method first proposed
in [386]. This would restore the water layer at the interface without
wetting the MoS2 surface, making the transferred sample ready to be
annealed again.

6.2.2 Non-resonant Raman and PL analyses before and after annealing

Beside evident morphological changes, annealing processes induce
changes in the optical and electrical response of nano-sized flakes of
MoS2 and other TMDs [49, 288, 290, 352, 355, 365].
To gain further insight into these aspects, we have performed Raman
and PL spectroscopy studies on MoS2 monolayers before and after
annealing. First, to benchmark our findings against the state of the art
in the literature, we measured the Raman spectra of 1L-MoS2 in the
non-resonant condition (achievable with the laser excitation wavelength
532 nm) [46, 122, 371].
In Figure 39, we compare the spectra of monolayer MoS2 before and
after annealing in air as well as in UHV at 275 °C and 300 °C, re-
spectively. From Figure 39, the ratio of the integrated intensity of the
peaks E1

2g and A1g for each spectrum is reported in Table 6.1. Within
the experimental error, there is no significant variation of this ratio. A
more detailed analysis shows that the FWHM of the A1g peak changes
slightly after annealing, as it decreases from 9 cm−1 to 6-7 cm−1, while
the FWHM of the E1

2g peak remains unchanged. The A1g peak also
shows a blue shift of about 1-2 cm−1 after both the annealing processes.
These observations are consistent with some experiments already re-
ported in the literature, where a blue shift of the A1g peak by 1 cm−1
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Figure 39. Non-resonant Raman spectra acquired at room temperature withexcitation wavelength 532 nm (E=2.33 eV) plotted in the 340÷470 cm−1 regionof monolayer (1L) MoS2 on 270 nm SiO2/Si(100) before (as-exfoliated) and afterannealing in air and UHV at 275 °C and 300 °C for 40 min each. The dashed linesshow the positions of the E1
2g and A1g peaks. The intensity of the Raman signalin the range 370÷420 cm−1 was normalized to unity. The spectra are shiftedvertically for clarity. Taken from [3].

was observed after heating [49, 147, 288, 365, 387]. According to [49,
147, 387], the shift of the A1g mode can be used to estimate the density
of free electrons in the material. Specifically, the A1g peak exhibits
a blue shift in correspondence of a decrement of the density of free
electrons. We argue below that the change in such a parameter can be
more quantitatively estimated by PL, which ultimately explains our
morphological findings.
As has been clearly demonstrated, the PL integrated intensity of MoS2
is, by far more than non resonant Raman, strongly sensitive to the free
electron density in the system [49, 212]. To comprehensively give a ra-
tionale to the above observations, we propose a systematic quantitative
study of the effects of thermal annealing on the PL spectral intensity
and line-shape of monolayer MoS2.
In Figure 40 we report PL spectra acquired with excitation wavelength
632.8 nm (E=1.96 eV) and laser power 1 mW of monolayer MoS2 be-
fore and after 40 min annealing process in air (a) and in UHV (b) at
275 °C and 300 °C, respectively. The spectra were acquired at RT un-
der identical experimental conditions. In both cases we observe: i) a
marked increase of the PL integrated intensity by a factor of 2.6 ± 0.1
and 2.7 ± 0.1, respectively (calculated in the range of 640 ÷ 800 nm),
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Table 6.1. The first row shows the ratio of the integrated intensities (IE1
2g

/IA1g ) ofpeaks E1
2g and A1g obtained from the non-resonant Raman spectra of single-layerMoS2 flakes before annealing (as-exfoliated) and after annealing in air and inUHV at 275 °C and 300 °C, respectively. Peak frequency positions E1

2g, A1g andFWHM ΓE1
2g

, ΓA1g are also given in units cm−1. Taken from [3].
As-exfoliated Annealed Annealed

275 °C 300 °C
in air in UHV

IE1
2g

/IA1g 0.38±0.02 0.37±0.02 0.40±0.02

E1
2g 384 385 384

A1g 402 404 403

ΓE1
2g

4 5 5

ΓA1g 9 6 7

and ii) a blue shift (of 17 and 30 meV after annealing in air and in
UHV, respectively) of the PL spectra compared to the non-annealed
samples. As a matter of fact, no strong differences in PL intensity are
observed between the spectra of the samples annealed in air and in
UHV, provided the annealing temperature is similar.
We note that the PL spectral line-shape is invariably asymmetric. The
spectrum can be nicely fitted only once the interplay of two Lorentzian
components is taken into account. This is indeed consistent with the
interplay of neutral and charged (trion) excitons whose radiative emis-
sions are present in the PL spectrum of MoS2, as generally agreed in
the literature [45, 47, 147, 286, 292, 370].
The neutral (charged) exciton component is observed at higher (lower)
energy. The analysis of PL spectra of single-layer MoS2 even at RT,
based on such a model, is widely accepted and well received in the
scientific community (see, e.g., the crucial work by Mouri et al. [292]).
To strengthen the reliability of our fit, in our model analysis we set the
exciton and trion binding energies to BA0 = 277 meV and BA− = 29
meV, where the trion binding energy is conventionally defined as the
energy difference between the neutral and charged exciton energies.
Calculations within the 2D effective mass approximation are given in
the SI of our work [3] and are consistent with previous results in [45,
138–140, 145]. Given the electronic band gap of 2.14 eV [109], the fitting
analysis that we propose is performed by constraining to the above
binding energies the energy position of the neutral and charged exci-
tons. Once such a constrained fitting analysis is performed, an intensity
interplay of the two types of excitons can be clearly inferred in our
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Figure 40. PL spectra acquired at room temperature with excitation wavelength632.8 nm (E=1.96 eV) of monolayer MoS2 before (as-exfoliated) and after annealingin air (a) at 275 °C for 40 min and in UHV (b) at 300 °C for 40 min. The insetsshow the same spectra after normalisation to unity: the spectra were fitted withtwo Lorentzian line shapes, A0 for the exciton and A- for the trion (at constrainedbinding energies of 277 and 29 meV, respectively). The fitting lines (experimentaldata) are shown in black (red). Taken from [3].
spectra before and after annealing.
The results of the quantitative fitting analysis of the PL spectra are
reported in Table 6.2.
To further carefully monitor the annealing temperature dependence of
the increase of the PL intensity, we conducted a systematic investigation
in the (RT ÷ 300 °C) range, focusing on samples annealed in air. In
Figure 41 we report, after normalisation to the PL value of as-exfoliated
MoS2, the variation of the PL spectral intensity as a function of the
annealing temperature in air. Our trend is consistent, even in air, with
the PL study by Nan et al. in [49], in which a monolayer of MoS2 was
subjected to thermal annealing in vacuum and showed a progressive in-
crease in PL intensity as a function of annealing temperature after post
annealing exposure to oxygen. In particular, in their work the authors
demonstrate via spatially resolved measurements, that the increase in
PL spectral intensity is clearly due to the creation of S vacancies by
thermal annealing and their subsequent oxygen passivation. The very
plausibility of the oxygen passivation has been theoretically addressed
in [388], where Lu and co-authors, via DFT calculations, investigated
different possible sulphur vacancy passivation schemes. In particular,
they report of O2 chemisorption at S vacancies, stating that it is energet-
ically stable after overcoming an energy barrier at room temperature
[388].
To directly benchmark this hypothesis, namely the increase of the PL
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Table 6.2. Quantitative analysis of PL spectra reported in Figure 40 via a con-strained fit in terms of neutral and charged excitons A0 and A−. Sample (a)(sample (b)) refers to the sample annealed in air (UHV) (40 min at 275 °C for (a)and 40 min at 300 °C for (b)). The peak positions of A0 and A− are given in eV.Taken from [3].
As-exfoliated Annealed Annealed

275 °C 300 °C
in air in UHV

sample (a)|sample (b) sample (a) sample (b)

IA0 /IA− 0.51|0.51 1.41 1.73

A0
1.856|1.850 1.854 1.861

A−
1.826|1.820 1.825 1.823

intensity with the formation of S vacancies, and its subsequent passiva-
tion in air, in the same Figure 41 on the right vertical axis we report a
direct estimate of the percentage of sulphur vacancies determined as
function of the annealing temperature for bulk MoS2 with X-ray pho-
toemission spectroscopy (XPS) experiments [385]. It is clearly visible
from this graph the strict correlation between the onset of the formation
of sulphur vacancies and the enhancement of the PL intensity as a
function of the annealing temperature. It is important to stress that,
from our previous studies, XPS clearly indicates that the formation
of sulphur vacancies and its concentration as a function of annealing
temperature is independent on the annealing environment (either UHV
[385] or air [366]). Remarkably, both the PL response, and the S vacancy
concentration, are left unchanged (with respect to RT) up to annealing
at 200 °C.
Whether, a direct correlation of the increase of the PL intensity with the
increase of the sulphur vacancies (and its subsequent counter passiva-
tion in air by oxygen) is clearly demonstrated, on phenomenological
grounds, on the other hand, only a more fundamental analysis of the
PL spectra can allow us to substantiate our findings on the basis of
a simple model interpretation. We start with the observation that the
changes in the PL response, have to be assigned to changes in the dop-
ing level of MoS2. This system is an n-type semiconductor. The creation
of an S vacancy inherently determine (as UHV studies demonstrate
[385]) an increase of the n doping level in the system. Vice versa, a sub-
sequent exposure of the S vacancies to oxygen determines (because of
the oxygen electronegativity) a corresponding electron depletion (hole
injection in the system). Within the investigated temperature range, we
can safely state that system remains n doped, as directly evidenced in
resistivity measurements in [366]. On the other hand, the onset of a
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Figure 41. Left axis, normalised (to PL intensity before annealing) spectral PLintegrated intensity as a function of annealing temperature (RT, 200 °C, 250 °C,270 °C, 275 °C for 40 min) in air. Right axis (blue) percentage of sulphur vacanciesdetermined for the surface of bulk MoS2 by XPS as a function of annealingtemperatures (RT, 100 °C, 200 °C, 300 °C) from ref. [385]. Taken from [3].
p-type behaviour, should manifest itself with the presence of a positive
trion component in PL (which we do not observe) [144]. Now, if we
call hB, and xs respectively the background hole concentration in the
system and the surface percentage of S vacancies, then upon oxygen
passivation in air, we can state that hB ∝ xs. Calling nB the background
concentration of electrons in the system, then, as via the mass action
law for semiconductors nBhB = ni

2, (ni being the carrier concentration
for the intrinsic semiconductor) we can state nB(xs) ∝ 1/xs. Therefore,
once the S vacancy concentration is changed from x1 to x2 we have
nB(x1)/nB(x2) = x2/x1. Indeed this ratio is a measurable parameter
from the fitting analysis of the PL spectra. One can more than plausibly
state that, upon laser excitation, with decreasing the background con-
duction electrons the ratio of neutral/charged excitons increases. This
has to be assigned to the fact that the population of electrons already
available (background) in the system apart from the electron and hole
pairs created by the laser excitation is decreased. In other words, the
more (less) excess electrons are already present in the system the more
(less) likely is the formation of trions, or, putting this argument in a
trend:

nA0 /nA− ≈ 1/nB. (6.1)

Therefore, given two samples with two different doping levels nB(x1)
and nB(x2), we can finally state, from the fitting analysis of two spectra,
for a fixed pump of the laser, that:
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nA0(x2)/nA−(x2)

nA0(x1)/nA−(x1)
≈ x2/x1. (6.2)

The relevant parameter, that we extract from our fit with constrained
theoretically calculated binding energies for the two types of excitons,
is then their intensity ratio as a function of the annealing temperature.
Within the experimental error of the fit, that we estimate of the order of
15 %, the ratio measured at RT (for as exfoliated MoS2 monolayers) is
0.5, while this ratio increases respectively to 1.4 and 1.7 for the annealed
samples in air and UHV (see Table 6.2). This leads to an estimate of
an increase of a factor 3 ± 0.4 of the concentration of the (passivated)
sulphur vacancies upon annealing at 270-300 °C. We note also that
this factor increase of the sulphur vacancy concentration is, within the
error, the same increase experimentally observed in the PL intensity
(see Figure 41 left axis). Despite the quite large uncertainty of such an
estimate, on the other hand this is a local estimate having the same
spatial resolution of the laser spot.
Summarising this part, we have demonstrated the strict phenomeno-
logical correlation of the increase of the PL intensity of monolayer
MoS2 with the increase of the sulphur vacancy concentration (up to
300 °C annealing either in UHV or in air). We have then correlated the
variation of this latter parameter to the variation upon annealing of the
neutral/charged exciton ratio.

6.2.3 Bottom-up layer engineering and PL evidences: a rationale

To understand our overall findings we have to thoroughly discuss the
role and presence of sulphur vacancies in MoS2. It is agreed that, for
thermodynamic reasons [389], MoS2 is inherently under stoichiometric
and the formation of S vacancies makes the system thermodynamically
stable. In a very recent work, the group of Tapaszo [390] has clearly
showed that, in mechanically exfoliated MoS2 single crystals (which
is our case), that are generally believed to be high quality crystals,
scanning tunneling microscopy (STM) directly evidences the presence
of S vacancies with a surface concentration of 1-5×10

13 cm−2. Given
the surface sulphur concentration in pure MoS2 of 1.16 ×10

15 at/cm2

[391], this sulphur vacancy concentration accounts for a presence of
1-5 percent of sulphur vacancies. This is in line with our indirect XPS
observation for freshly cleaved bulk MoS2 and we can plausibly argue
that this value underestimates the vacancy concentration in the mono-
layer [385]. Remarkably, in a basal plane of mechanically exfoliated
MoS2 with a 1% (5%) concentration of sulphur vacancies, assuming
that the vacancies are homogeneously distributed, the vacancy nearest
neighbour distance is 3.3 (1.4) nm, whereas this value drops to 1.8
(0.8) nm if the vacancy concentration value is increase by a factor close
to three as estimated from the PL analysis reported above. In other
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words, once such values are put together with our PL estimate of the
variation of the vacancy concentration, we can conclude that, under
the more optimistic assumption of vacancy homogeneous distribution,
upon annealing at around 300 °C, one can expect the MoS2 basal plane
to be literally “littered” by sulphur vacancies, that eventually might
coalesce, due to their being very close one to another (down to the fifth
coordination shell). This is in line with the sudden onset of degradation
in air above 300 °C, ubiquitously reported in the literature [351].
Using the arguments illustrated above, let us now propose a rationale
for the preferential sublimation of the MoS2 bottom layer once a water
film is present at the interface with the SiO2 substrate. We have clearly
demonstrated its presence, and the tunability of its thickness upon
annealing. Evidently, once annealing in air, whether the top layers of a
flake are exposed to a reactive gas mixture of oxygen and water vapour,
on the other hand, only the bottom layer at the interface with the sub-
strate is in contact with a high temperature water film. Remarkably,
water pressure can even exceed ambient pressure, as reported in a
recent molecular dynamics paper [392], where water droplets confined
into graphene nano-blisters on a dielectric substrate are trapped in the
blister by a local pressure of up to 7 MPa [392]. S vacancy sites are
known to be active sites for H2O exothermic dissociation into O and
2H atoms bound to Mo and S atoms, respectively [393]. Thus, upon
thermal annealing and the creation of a sulphur vacancy (above 250
°C) its immediate oxidation due to water dissociation at the bottom
MoS2 layer is more than likely. A more efficient formation of Mo oxide
is very likely there, although the occurrence of the same phenomenon
at the top layer of the flake cannot be excluded. In other words, it is
more than plausible that the highest reactive interface is the one at the
bottom. The bottom interface plays then the role of a nano-reactor.
An interesting experimental finding is the observed decreased of the
PL spectral yield at 200 °C. The rationale for such observation is the
following. As demonstrated via XPS measurements of annealed MoS2
in air [366] an annealing temperature of 200 °C is not enough to induce
Sulphur desorption from the MoS2 basal plane. The Sulphur vacancy
concentration value remains unchanged with respect to the intrinsic
concentration value of Sulphur vacancies. The PL response should there-
fore not change with respect to the RT response. Indeed, it is known
from carbon nanotube studies that the SiO2 substrate can reduce PL
emission due to scattering processes with surface optical phonons [394,
395]. Therefore, due to the thinning of the interfacial water and im-
purity layer at the interface between the SiO2 substrate and the MoS2
monolayer, which reasonably occurs above 100 °C, a corresponding
decrease in the PL spectral intensity is expected. A similar effect can
be attributed to a decreased dielectric constant in the environment due
to evaporation of the water base film, which, as reported in [45], de-
creases the quantum efficiency of the excitonic radiative recombinations.
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6.2.4 Power dependent PL analysis and electron density estimation

In this section the evolution of excitonic transitions in MoS2 in mono-
layer phase produced by annealing in the (200 ÷ 300) °C temperature
range is discussed with power dependent PL measurements in the
0.01 ÷ 1.00 mW excitation laser power range. We studied in detail the
evolution of A0 and A- excitons with the annealing temperature show-
ing that the PL spectral weight of excitons can be modulated in this
annealing temperature range.
We have analysed th e PL peak integrated intensity (hereafter spectral
yield) as a function of excitation laser power (the raw PL spectra are
shown in Figure 5 of the SI of our work [4]). Figure 42 shows the mean
normalized PL spectral yields of as-exfoliated and annealed samples as
functions of excitation laser power. We observe sub-linear behaviour
of PL intensities that tends to high excitation saturation. Generally it
is expected that PL intensity follows a power law I ∝ Pb, where P is
the excitation laser power and b is the exponent [396]. We performed
the fit of the normalized (to the PL intensity obtained at 1.00 mW
excitation laser power) PL spectral yield for each sample, before and
after annealing, with a power law I/I0 = Pb. Since we do not find
trend indications of exponents (b) with annealing temperature (see
Table 3 of the SI of [4]), we averaged the exponents over the annealing
temperatures. We got mean fitted exponents b = 0.77 ± 0.01 (b = 0.76
± 0.03) for as-exfoliated (annealed) samples.

Figure 42. Log-log plot of normalized (to the mean PL intensity acquired at 1.00mW excitation laser power) mean PL intensity yields as functions of excitationlaser power measured before (black) and after (red) the annealing. Identity function(blue dashed line) is shown for comparison. Taken from [4].
In figure 43 we summarize the power dependent PL intensity analysis

of total PL signal and fitted peaks (A0 and A−). The detailed analysis
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Figure 43. (a) Mean PL spectral weight of A0 (black squares) and A− (red dots)fitted peaks of annealed samples are plotted as functions of annealing temperature.The inset shows the log-linear plot of the mean electron density estimate ofannealed samples as a function of annealing temperature. (b) The mean PLintensity ratio between A0 and A− fitted peaks of annealed samples are plottedas a function of annealing temperature. The inset shows the plot of the mean PLIntensity Ratio as a function of the mean PL intensity ratio between A0 and A−fitted peaks. The red line shows the hyperbolic tangent fitted curve for data points.Taken from [4].
of the excitons peak intensities (reported in the SI of [4]) does not show
substantial variations with the excitation laser power. For this reason,
we report in Figure 43 the results obtained by averaging on the laser
powers. In panel (a) of Figure 43 the mean PL spectral weight of A0

(defined as the intensity of the A0 peak on the total PL signal intensity
and labelled IA0 /Itotal) and the mean PL spectral weight of A− (defined
as the intensity of the A− peak on the total PL signal intensity and
labelled IA−/Itotal) are plotted as functions of annealing temperature.
PL spectral weight of the A0 peak increases with annealing tempera-
ture, while PL spectral weight of the A− peak decreases with annealing
temperature. Moreover, the PL intensity is dominated by the A− peak
for the 200 °C annealed sample, while the PL intensity is dominated
by the A0 peak for the 300 °C annealed sample. The PL intensity of the
A0 and A− peaks are comparable for the 225 °C annealed sample. It
is noteworthy that the PL spectral weight of type A excitons (A0 and
A- ) is tunable in this temperature range. This increase in the A0 peak
intensity is consistent with our previous findings (see Figure 40) and
indicates the emergence of the neutral exciton contribution to the PL
signal after p-type doping of MoS2. In panel (b) of Figure 43 the mean
PL intensity ratio between A0 and A− (defined as the intensity of the
A0 peak on the intensity of the A− peak) is plotted as a function of
annealing temperature.
For various post annealing temperatures, the total spectral yield of
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PL response, after normalization to the corresponding spectral yield
measured for the same as-exfoliated sample, is defined as PL Intensity
Ratio (PLIR). As previously demonstrated the PLIR increase with an-
nealing temperature. The PLIR value obtained at 1.00 mW excitation
laser power of MoS2 monolayer annealed at 300 °C for one hour is
quantified as 4.03 ± 0.13. In the inset of panel (b) of Figure 43 the mean
PLIR is plotted as a function of the mean PL intensity ratio of A0 and
A− peaks. The best fitted curve indicates a close relationship between
the PLIR and the PL intensity ratio of the A0 and A− peaks, and shows
a specific hyperbolic tangent trend. This behaviour indicates that the PL
signal increase is triggered when the PL spectral weight of A0 becomes
comparable to PL spectral weight of A− that corresponds to a 225 °C
annealing temperature. Then PLIR grows rapidly in the range that
corresponds to annealing temperatures between 237.5 °C and 287.5 °C,
where Sulphur desorption becomes considerable. However, when the
PL spectral weight of A0 is double compared the PL spectral weight of
A−, PLIR goes into saturation. This analysis suggests that annealing
processes in air beyond 300 °C would not lead to any further significant
PL signal increase because it is not possible to further increase the
population of A0 state due to sulphur desorption mechanism that goes
into saturation.
In the inset of panel (a) of Figure 43 the mean electron density estimate
of annealed samples is plotted as function of annealing temperature.
The electron density was calculated by the mean PL spectral weight of
the A− peak using the 2D mass action law and a statistical three-level
model as proposed by Mouri et al. [292] (see section 4.3.6). In this model
the effective mass of electrons (me = 0.35m0) and holes (mh = 0.45m0)
have been chosen [106], where m0 is the mass of a free electron. The
effective masses of neutral exciton mA0 and trion mA− can be calculated
as 0.8 m0 and 1.15 m0 respectively [292]. Using these parameters, the
electron density expression has form:

nel =
1014 IA−

Itotal

4(1 − IA−
Itotal

)
[cm−2]. (6.3)

We estimate a mean electron density for as-exfoliated MoS2 mono-
layer of 4.73 ± 0.26 (cm−2 × 1013) and electron density for annealed
MoS2 monolayers ranging from 3.90± 0.28 (cm−2 × 1013) for 200 °C an-
nealed sample to 1.36 ± 0.12 (cm−2 × 1013) for 300 °C annealed sample.
These values are comparable to that reported by Mouri et al. [292] of
∼ 6 (cm−2 × 10

13) for freshly mechanically exfoliated MoS2 monolayers
deposited on SiO2/Si substrate, confirming that the thermal anneal-
ing process in air for one hour between 200 °C and 300 °C allows to
slightly reduce and modulate the n-type MoS2 doping due to sulphur
desorption and consequent oxygen adsorption, without inducing heavy
doping variation.
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6.2.5 Resonant Raman analysis

In Figure 44 we show, on the same intensity scale, the RT resonant
Raman spectra acquired at 1.00 mW excitation laser power of mono-
layer MoS2 as-exfoliated (bottom panel) and annealed (top panel) at
275 °C in air for 40 min. The sample studied was the same single layer

Figure 44. RT resonant Raman spectra acquired at 1.00 mW excitation laser power
λ = 632.8 nm (E=1.96 eV) in the 360÷480 cm−1 range of single-layer MoS2 onSiO2/Si(100), as-exfoliated (bottom panel) and annealed (top panel) in air at 275°C for 40 min. The spectra were fitted with Voigt line shapes (colored). The peakspositions were assigned and labeled according to the literature [122, 161, 284,285]. The inset shows the corresponding PL spectra. Adapted from [4].
MoS2 of the PL analysis of Figure 40 (a). The resonant Raman spectra
were measured in the 360 ÷ 480 cm−1 range, where are observed the
most intense spectral features of resonant Raman spectrum, related to
first-order (E1

2g and A1g) and second-order Raman scattering modes.
The spectrum related to the as-exfoliated monolayer (bottom panel) is
in agreement with the ones reported in literature [161, 397] and with
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our previous findings [75, 398]. The spectra are fitted with a sum of
Voigt line-shapes associated at specific phonons (labeled in the top
panel of Figure 44) at high-symmetry points within the Brillouin zone
in line with the spectral identification proposed in literature[122, 161,
284, 285].
As evident from the Figure 44, the Raman signal has grown after an-
nealing like the PL signal. In analogy to the quantitative analysis of
the PL signal increase, the whole Raman integrated intensity (Raman
spectral yield) is calculated in the 360 ÷ 480 cm−1 range and the in-
crease of the Raman spectral yield of MoS2 monolayer annealed at 300
°C for one hour corresponds to a factor of 3.97 ± 0.31. This is, within
the experimental error, the same increase correspondingly observed
in the PL spectral yield. This correspondence is also verified at other
annealing temperatures between 200 °C and 300 °C. On this regard we
report in Figure 45, for various post annealing temperatures, the total
spectral yield of the resonant Raman response, after normalization to
the corresponding spectral yield measured for the as-exfoliated sample,
defined as Raman Intensity Ratio (RIR). In the same Figure 45, for direct
comparison, we report PLIR values obtained at 1.00 mW excitation laser
power. We systematically observe RIR and PLIR values less than one,

Figure 45. Left axis (black), normalized (to the Raman integrated intensity beforeannealing) Raman spectral yield (Raman Intensity Ratio) in the 360÷480 cm−1range plotted as a function of annealing temperature. Right axis (red), correspond-ing values of normalized (to the PL intensity before annealing) PL spectral yield(PL Intensity Ratio) in the 640÷800 nm range. The inset shows the plot of the PLIntensity Ratio as a function of Raman Intensity Ratio. The red line shows thatthe one-to-one linear relationship between the data points is perfectly fulfilledwith a calculated Pearson correlation coefficient r ∼ 1. Taken from [4].
corresponding to decrease of Raman and PL intensities for the samples
annealed at 200 °C and 212.5 °C. Contrarily, starting from 225 °C, both
RIR and PLIR show growing trends up to 300 °C annealing temperature.
It is also noteworthy that they show almost superimposing trend with
annealing temperature. To further quantify this observation, we plot
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PLIR as a function of RIR in the inset of Figure 45. The graph evidences
a strict one-to-one linear correlation with a calculated Pearson r coeffi-
cient of 1. This close correlation means that the Raman signal increase is
due to the same mechanism of the PL signal increase. Therefore, since
PL is due to A type excitons, this correlation is a strong experimental
evidence of the exciton-phonon coupling effect. Moreover these results
provide demonstration that also the second order Raman modes, which
involve two phonons, are coupled with A type excitons.
Finally a refined analysis of the first order E1

2g and A1g Raman modes
is proposed in Figure 46. There, as a function of PLIR, we report, nor-
malized to the spectral intensity for freshly exfoliated samples (before
annealing), the relative intensity ratio of the E1

2g and A1g modes re-
spectively. The E1

2g peak intensity ratio exhibits appreciable increase of
intensity with PLIR and the fitted curve shows an exponential trend
with PLIR. Contrarily the A1g peak intensity ratio does not exhibit
appreciable increase of the A1g intensity with PLIR remaining almost
constant with PLIR. This occurrence is verified only for this specific
spectral mode. To interpret these results we observe that the A1g Raman

Figure 46. Intensity ratio of E1
2g (black squares) and A1g (red dots) Raman fittedpeaks measured before and after the annealing plotted as functions of PL IntensityRatio. The blue line shows the exponential fitted curve for E1

2g Raman peak datapoints. Taken from [4].
mode is the only out-of-plane phonon mode. It is thus an experimental
evidence that the A type excitons only couple with in-plane phonons.
For obvious matrix element reasons that, via an exciton-phonon cou-
pling Hamiltonian would lead to a reduced coupling in case of an
in-plane phonon and an out-of-plane exciton, this strongly points to a
in-plane symmetry of the A type excitons (both A0 and A−). This exper-
imental result is in line with a reported study on MoS2 PL by Schuller
et al [377] but appear to contradict previous experimental [376] and
theoretical reports [141] that point to an out-of-plane spatial symmetry
of the A type excitons in single-layer MoS2. To strengthen this point,
it must be emphasized the fact that, in this work, without affecting
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significantly the electronic, and accordingly the phonon structure of
MoS2 monolayer has not been changed. Indeed it has been varied just
the population of A excitons, whereas, in the other resonant Raman
works, the approach was to vary the excitation wavelength [376]. The
fact that the electronic and phonon structures have not been altered
significantly it is supported by the observation of no relevant spectral
shifts and widening of Raman peaks (see Figure 44). Indeed, as directly
demonstrated by Mignuzzi et al. [287], the energy position and width
of the E1

2g and A1g modes only shift and increase upon very heavy
doping via ion implantation with a surface concentration of defects
close to 1014/cm2, which is a value well above the sulphur vacancy
concentration range that can be estimated in our case and that amounts
to (1-5) × 1013/cm2 [385]. Moreover in Figure 43 we have shown that
the annealing did not cause heavy doping variations, because the elec-
tronic density estimates of the annealed samples are comparable with
the mean electron density estimate of the as-exfoliated samples and
with the value reported by Mouri et al. [292].
Furthermore, the choice of 1.96 eV laser excitation energy, which we
used, should be the optimal choice for the coupling strength (as a
function of laser wavelength) with the A1g mode [376], but we still do
not observe any exciton related enhancement of the out-of-plain A1g
Raman peak intensity (see Figure 44), which supports our point about
the in-plain spatial symmetry of the A excitons.

6.3 conclusions to chapter 6

In conclusion, thermal annealing effects on few-layer mechanically ex-
foliated MoS2 have been studied by Raman and PL spectroscopies in
the temperature range of 200-300 °C (which is reported to be crucial
in the literature for doping and layer engineering) both in air and in
UHV. The annealing in this temperature range varies the concentra-
tion of Sulphur vacancies and the corresponding PL spectral yield. Via
AFM we demonstrate the presence of a 1-2 nm thick water film at the
interface between the MoS2 flakes and the SiO2 (270 nm on Si(100))
used substrate. The film is thinned down with thermal annealing. In
some cases upon annealing at 275 °C in air and above, contrarily to
what reported in the literature, we show direct visual evidences of the
sublimation of the bottom layer. This occurrence is explained with the
aid of a quantitative interpretation of the PL spectra. In particular, in
our model, we propose to use PL to locally probe the variations of the
sulphur vacancy concentration. The PL spectra are fitted by means of
a constrained analysis based on the interplay of neutral and charged
(trion) excitons whose binding energies (277 meV and 29 meV respec-
tively) have been calculated via two-dimensional model Hamiltonian.
Using this constrained fitting analysis we derived directly the variation
of sulphur vacancy concentration. In line with XPS in the literature, this
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concentration does not increase upon annealing up to 200 °C. In the
200-300 °C range the PL intensity increases, and the estimated sulphur
vacancy concentration increases of correspondingly a factor 3.0 ± 0.4.
Being the sulphur vacancy concentration on freshly exfoliated mono-
layer MoS2 in the 1-5 % concentration range, then this value raises,
upon annealing, up to critical values close, or above 10%. With such
thermally induced defect concentration values, given the presence of
the water film at the interface of the bottom MoS2 layer with the SiO2
substrate, exothermic water dissociation at the vacancy sites is then
the mechanism that most than likely leads to its sublimation. A layer
engineering from the bottom of a 2D material is then demonstrated
and rationalised.
The evolution of A0 and A- excitons with the annealing temperature
was studied by power dependent RT PL in the 0.01 ÷ 1.00 mW power
range demonstrating not substantial variation with the excitation laser
power. The 200 °C annealed PL signal is dominated by the trion related
peak, while the 300 °C annealed PL signal is dominated by the neutral
exciton related peak, and the PL spectral weight of excitons are tunable
in this temperature range.
We studied the RT resonant Raman (632.8 nm) response and the cor-
responding RT PL response, at 1.00 mW excitation laser power, of the
same as-exfoliated and annealed MoS2 monolayers. We calculated the
annealing spectral yield of both resonant Raman and PL responses at
the various annealing temperatures and correlated the two set of data
upon normalization to the corresponding spectral yields measured on
the as-exfoliated samples. The Raman intensity ratio and the PL inten-
sity ratio exhibit one-to-one correlation providing a direct experimental
evidence of the exciton-phonon coupling in 2D MoS2. We demonstrated
that the A type excitons only couple with in-plane first order and sec-
ond order Raman modes and strongly couple with the E1

2g in-plane
Raman mode, while they do not couple with the A1g out-of-plane Ra-
man mode. This is an indication of the in-plane symmetry of the A
type excitons in agreement with momentum resolved PL measurements
[377]. In this way, the existence of a fundamental relationship between
the morphology of two-dimensional materials and the orientation of
excitons was demonstrated. Application of this technique to other cases
of strongly oriented materials could lead to a better understanding of
the processes of electron-hole generation and recombination in these
materials [377].
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conclusions and outlook

7.1 conclusions

In this work, spectroscopic techniques have been developed to study
some important aspects of two materials of great interest for present
and future electronics, namely Si and MoS2. The study of Si, which
impacts the most widely used electronics technology in the world today,
is more application-oriented, while the study of MoS2 is mainly aimed
at increasing the knowledge of fundamental aspects of this emerging
research material.
With this aim, part of this work reports the investigation of a Raman
spectroscopy-based technique for measuring the doping concentration
in p-type crystalline Si. In addition to this study, another part of the
thesis reports on a technique that uses Raman and PL spectroscopy
together with annealing treatments to study the optical and electronic
properties of MoS2 as a function of defects in the material and associ-
ated changes in doping concentration. The common feature of the two
studies is the use of spectroscopic analysis to investigate certain optical
and electronic properties of the material as a function of the doping
content of the material itself.
A characterization of the doping concentration in Si has been performed
using a wavelength-dependent micro-Raman analysis to precisely mea-
sure the concentration of free holes in p-type Si in the wide range of
(1015 ÷ 1020) cm−3. The first-order one-phonon Raman Stokes peak of
Si is modified by the Fano effect associated with doping. An improved
fitting method of the Si peak, which exploits a convolution of Fano
and Gaussian functions, enabled the determination of the subsurface
doping concentration in Si wafers with unprecedented accuracy. The ex-
perimental results were directly compared with relevant literature data
that studied doped Si in the high concentration regime > 5× 1018 cm−3.
This showed that the proposed analysis is consistent with previous
studies and complementary for the intermediate concentration range
(1015 ÷ 1018) cm−3. Specific Fano-fitting parameters of the first-order
Raman Si line, such as the peak broadening 2Γ0

F and the peak shift δω,
were found to be independent of the excitation wavelength and their
dependence on the doping concentration revealed linear trends. Using
this particular dependence on doping concentration, it was possible to
construct calibration curves useful for doping monitoring applications.
Taking advantage of the different penetration depths of the different
wavelengths of visible and near UV light in Si, the proposed technique
can be used to probe the subsurface of Si wafers at different depths,
allowing a clean characterization of the doping. Application of the
analysis to Si samples with shallow doping configuration ( 100 nm) has
shown that only near-UV radiation is suitable for monitoring the dop-
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ing concentration at the nanoscale. Implementation of near-UV Raman
analysis on small-angle beveled samples allows doping concentration
profiling with a lateral resolution of ∼ 1µm and a vertical resolution of
∼ nm, demonstrating that the technique is effective for the very shallow
dopant distribution used in current Si-based devices. The non-invasive
nature of spectroscopy measurements and the simple and fast character
of Raman analysis performed on the surface of Si wafers make the
proposed doping characterization technique a useful tool in foundries
for product and process monitoring and as an in-line diagnostic tool.
On the other hand, the doping profiling technique, which is destructive
due to the use of beveled samples, can be an efficient alternative to the
more onerous SIMS and SRP methods.
As for MoS2, this thesis reports on a study of the Raman and PL
spectra of mechanically exfoliated single- and few-layer MoS2 sam-
ples deposited on SiO2/Si substrate, analysing the changes in spectral
responses due to annealing of the samples in the temperature range
of (200 ÷ 300) °C. Optical microscopy and AFM analyses of samples
annealed at temperatures up to 400 °C are also reported. Annealing
processes in the range of (200÷ 300) °C produce defects such as sulphur
vacancies on the basal (upper and lower) planes of the flakes, and ac-
cordingly PL, Raman and resonant-Raman analyzes on such materials
show spectral changes compared to those obtained on freshly exfoliated
samples. These changes in the spectra are attributed to a change in the
concentration of free electrons in MoS2. The change in the concentration
of sulphur vacancies by annealing and their subsequent passivation,
after the material has been exposed to the atmosphere, by physical and
chemical adsorption of H2O and O2 molecules, leads to a change in
the doping level by a kind of oxidation. In this way, an increase in the
concentration of sulphur vacancies corresponds to a decrease in the
concentration of free electrons in the material. Raman spectra obtained
in the non-resonant condition (with 532 nm radiation) showed a small
variation in the distance between the two first-order Raman peaks (E1

2g
and A1g ), which is interpreted in the literature as a consequence of a
variation of the doping level in the material. PL spectra attributed to
radiative recombination of A-type exciton states (A0 and A- ) in MoS2
showed an increase in integrated intensity after annealing, which is in-
terpreted as a consequence of an increase in exciton populations caused
by a decrease in the concentration of free electrons in the material. The
PL spectral weight between the two components A0 and A- was found
to be tunable by annealing in the temperature range (200 ÷ 300) °C,
with the A- component dominating at the lower temperatures and A0

at the higher temperatures.
A mathematical model relating the increase in the PL spectrum, de-
tailed into its two excitonic components A0 and A- , to the change in the
concentration of free electrons in the material allowed us to estimate
the concentration of vacancies generated by annealing processes. Simi-



i
i

“Stefano-tesi” — 2022/4/19 — 19:03 — page 138 — #141 i
i

i
i

i
i

conclusions and outlook 138

larly, A0 and A- intensities were used in a statistical model (three-level
model) to quantitatively evaluate the change in free electron density
after annealing as a function of annealing temperature.
In addition to the analyses involving the optical and electronic prop-
erties of MoS2, we also report a study using AFM and PL analyses
showing the presence of a water film of nanometer thickness under
the MoS2 flakes at the interface between the samples and the SiO2/Si
substrate. This water film can be decreased by annealing and restored
by water baths. We attribute an important role to the presence of water
at the sample-substrate interface in the sublimation of the bottom layer
of few-layer MoS2 flakes, which was demonstrated after annealing at
the highest temperatures. High pressure water nano-confined at the in-
terface promotes the formation of thermally induced sulphur vacancies
through the exothermic dissociation of H2O molecules, and this is the
mechanism that most plausibly contributes to the sublimation of the
bottom layer of MoS2. Estimation of the increase in sulphur vacancy
concentration after annealing by PL analysis has allowed us to provide
a quantitative explanation for the sublimation of the bottom layer of
MoS2, and an exfoliation technique from the bottom of the material by
thermal treatments has been proposed.
A comparative analysis of the resonant-Raman integrated intensity yield
and the PL intensity yield of correspondent annealed single-layer MoS2
samples as a function of annealing temperature has shown that the type
A excitons producing the PL emission are the real states participating
in resonant-Raman scattering, and this is evidence for exciton-phonon
coupling in 2D MoS2. The detailed study of the annealing effects in the
intensities of specific Raman modes in the resonant-Raman spectrum of
MoS2 allowed us to obtain indirect evidence for the spatial orientation
of the excitonic wave functions within the 2D plane of single-layer
MoS2. The in-plane E1

2g Raman phonon mode shows strong coupling
with type A excitons, while the out-of-plane A1g Raman mode does
not. This indicates an in-plane spatial symmetry of the type A excitonic
wave functions.

7.2 outlook

Micro-Raman spectroscopy has been shown to be capable of analysing
the mechanical stress and the degree of crystallinity in submicron Si-
based materials [174, 257, 316, 320, 399]. In such studies, changes in
the Raman spectrum of Si due to stress or defects in crystallinity are
used to characterise the presence of stress or amorphous zones in the
material. In addition, Raman spectroscopy has also been used to study
Si in the polycrystalline configuration (polysilicon) and has been shown
to be sensitive to crystal grain size [317, 319, 400, 401].
Stress in Si leads to frequency shifts of the one-phonon Raman Si peak
with respect to its position in the perfect crystal. In general, tensile



i
i

“Stefano-tesi” — 2022/4/19 — 19:03 — page 139 — #142 i
i

i
i

i
i

conclusions and outlook 139

stress leads to a red-shift of the peak and, conversely, compressive
stress leads to a blue-shift of the peak [173, 174, 220, 257]. The presence
of amorphous regions in the material produces broad spectral bands to
the left of the silicon peak (around 480 cm−1) whose intensity is pro-
portional to the relative volume of the amorphous material compared
to the scattering volume in crystalline Si [319, 320]. The Si peak in the
Raman spectrum of polysilicon may have shoulders in the left tail of
the peak whose intensity and position depend approximately on the
grain size of the polycrystal, and asymmetries in the shape of the peak
may occur [319, 400, 401].
For these reasons, it is desirable to test the technique described herein
for characterising doping in p-type Si also in Si-based materials in the
presence of doping, stress, defects in the degree of crystallinity, or in
polysilicon. The challenge is to distinguish quantitatively between the
different effects in the Raman spectrum of Si, which depend on various
factors such as doping concentration, stress, crystallinity, and so on. The
integration of new characterization functionalities into the technique
described herein could be used with the intention of monitoring the
doping state along with other aspects such as amorphous regions or
regions of poorly reconstructed crystal, or the doping state in materials
such as polysilicon. In addition, such a technique could be used in
failure analysis to look for stress regions in the material associated with
microcracks in the thin structure of electronic devices.
It is also known in the literature that compressive stress in highly doped
Si can affect the same intensity of the Fano effect in the Raman peak of
Si [23, 24, 220, 299]. A further development of the presented work would
be to perform further studies to investigate the correlation between the
stress in the different crystallographic directions and the Fano interfer-
ence. Also in dependence of the different geometrical configuration of
the spectroscopic experiment. Another interesting research project is to
evaluate the possibility of combining the doping monitoring technique
with tip-enhanced Raman spectroscopy (TERS) to take advantage of the
exceptional spatial resolution of TERS (on the order of ∼nm [402, 403]).
In this way, we will improve the lateral resolution of our technique for
applications in MOSFETs to study the distribution of doping in the
lateral direction in the transition between the different active regions
of the transistor, such as source and drain regions, source and drain
extension, and conduction channel.
As for MoS2, we have already discussed in Chapter 6.2.1 how our results
can stimulate the development of a new method of “bottom-exfoliation”
of layered materials by annealing. Another interesting development
concerns the spatial symmetry properties of type A excitons in MoS2.
In this work, we reported a symmetry-dependent exciton-phonon cou-
pling showing that type A excitons selectively interact with in-plane
phonons. We considered this as evidence for the in-plane orientation
of the excitonic wave functions. On this basis, a study of the spatial
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symmetry of the orbitals associated with the exciton states (A0 and A- )
is desirable, for example, starting from the symmetries of the states in
the electronic band structure of MoS2 at the point K of BZ, from which
the type A excitonic states originate.
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