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Summary

Graphene has been one of the most exploited 2D materials in various fields. How-
ever, it is not the most suitable candidate for many electronic devices unless
its bandgap structure is tuned through functionalization. Recently, among the
post-graphene 2D materials, transition metal ditellurides, like MoT'e,, have gained
increasing research interest due to their unique physical properties.

They offer two stable allotropic states, namely the semiconducting 2H phase and
the metallic 1T’ phase, with a low energy difference of 44meV. Consequently, the
phase transition between its semiconducting and metallic phase is likely to happen,
thus making them suitable candidates for "phase-change" related applications, like
2D non-volatile memory devices and memristors.

Applications require the growth of broad-area and high-quality samples, which is
a non-trivial challenge due to tellurium’s low reactivity. In this thesis, I dedicated
my efforts to a systematic study on the synthesis of ultrathin MoTe, films through
chemical vapor deposition (CVD), aiming to obtain centimeter-scale deposition
with high crystalline quality (large grain size, phase uniformity, etc..).
I developed a protocol for the growth of few-layer MoTe; based on a tellurization
approach, which takes advantage of a thin metal molybdenum film pre-deposited
on the Si0y/Si substrate exposed to tellurium vapors.

A vital aspect consisted of determining the thermodynamics and kinetics con-
straints in the CVD reaction, enabling the material’s growth in one specific allotropic
phase. In this context, different experimental parameters such as temperature,
carrier gas flux, boat distance, substrate configuration, and growth time were tuned
to optimize the growth. Aiming at optimizing the deposition condition, I also
developed a simulation tool for modeling the precursor gradients, concentration,
carrier gas fluxes, and temperature distribution starting from Navier-Stokes and
mass-transport equation solved in the COMSOL environment.

The material quality assessment was performed by investigating morphological
and physical properties at the nanoscale using atomic force microscopy (AFM)
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operating in different modes: tapping, Kelvin-probe, and electrostatic force. The
structural and optoelectronic investigations of the films were carried out by confocal
micro-Raman spectroscopy. Moreover, before the characterization of the grown
material, I used the AFM and Raman techniques to investigate MoTes crystal
flakes obtained by mechanical exfoliation of commercial bulk samples. I used the
measurments on the flakes as a reference set of data to assess the quality of the
grown material.

In this work, I will show that the adopted CVD approach allows the MoT e,
deposition uniformly on the 4cm? SiOy(50nm)/Si substrate in the 1T’ dominant
phase with ultra-scaled (7 nm) thickness.

The thesis is organized as follows:

Chapter 1 Transition Metal Dichalcogenides: In this chapter, I will
present the class of the Transition Metal Dichalcogenides (TMDs) in terms of
their physical properties and potential technological applications. I will focus on
MoTey as a member of the TMDs, pointing out the main aspects of his crystalline,
electronic and vibrational properties.

Chapter 2 Methodology: In this chapter, I will describe the experimental
and theoretical methodologies that I used to grow and characterize the Mote2
samples. I will focus on CVD, AFM, Raman scattering, and numerical simulations
with COMSOL software. I will show the characterization of exfoliated MoT ey
flakes in both the allotropic phases.

Chapter 3 MoTe, growth results and discussion: In this chapter I will
present the results of my systematic study on the growth of MoTey samples by
CVD. Changing the experimental parameters, I will show that it is possible to
optimize the quality of the grown MoTe, layers in terms of morphological and
structural order. I will also discuss and compare the trends predicted by the
numerical simulations with the experimental results.

Chapter 4 Conclusion: I will summarize my activity’s main results and
discuss the outlook and perspective for further improving the MoT'es growth.

Appendix: This section will include a brief overview of side results obtained

during my experimental activities as the attempts to grow a thin film of tellurium
on a large scale by CVD.
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Chapter 1

Transition Metal
Dichalcogenides

1.1 Two-dimensional Materials

Two-dimensional materials have attracted strong research attention due to their
outstanding properties and applications in electronics, optoelectronics, spintronics,
and valleytronics. They are layered crystalline solids with strong bonding in one
crystalline plane while the neighboring atomic planes are held together by much
weaker van der Waals forces [1]. Its van der Waals interaction enables 2D materials
to construct a vertical heterostructure without suffering the lattice mismatch issues
when using layers with different lattice constants [2]. Due to the absence of surface
groups or dangling bonds, the charge carrier scattering is also reduced in the 2D
materials as compared to the bulk [3].

Among the family of 2D materials, graphene was first discovered and studied
as early as 2004 [4]. Graphene was first isolated from Highly Oriented Pyrolytic
Graphite (HOPG). The interesting properties of graphene are rapidly growing
among the layered materials, especially when thinned down to the atomic thickness.
However, there are some properties in graphene such as the lack of bandgap, limiting
its applications in modern electronics. Graphite has a very anisotropic crystal
structure with strong covalent bonds lying in the 00l-oriented planes but weak
interatomic interactions between the adjacent layers as pictured in Figure 1.1 [5].

The unit cell of graphene contains two Carbon atoms, Each of them belongs to
a separate triangular sublattice. The valence and conduction bands of graphene,
known technically as 7 and 7* bands, show a linear relationship between electron
energy and momentum and meet at specific points (K and K’), as depicted in the
Figure 1.2, making it a gapless material.
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’ ¥ Interlayer
i 1| distance 3.35A

{_c—cbond
distance 1.42 A

Figure 1.1: Ball and stick model for 3-layer graphene [5]

In order to generate a finite gap in the energy dispersion of graphene, several models
have been proposed, including hydrogenation and fluorination, cutting graphene
into ribbons, the alloying of graphene with hexagonal boron nitride (h-BN), and
graphene—substrate interaction [6]. However, they result in the reduction of the
carrier mobility of graphene.

Energy (eV)

K-space (angstmms")

Figure 1.2: (A) Hexagonal arrangement of carbon atoms in a graphene sheet, (B)
Band structure calculated for single-layered graphene [7]

After the discovery of graphene, many other 2D materials have been discovered
and studied. Extensive research has been done to study the physical, chemical, and
electrical properties of these materials. While graphene is semi-metallic, other 2D
materials are insulating (e.g., hexagonal boron nitride, h-BN) or semiconducting
(e.g., molybdenum disulfide, M0Ss) or metallic (e.g., tungsten ditelluride, WTe,),
or superconducting (e.g., niobium diselenide, NbSes) [8].
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Transition Metal Dichalcogenides

1.2 Transition Metal Dichalcogenides

The methodology learned in the search for graphene have been extended to other
layered materials. Two-dimensional Transition Metal Dichalcogenides come into
play due to the sizable bandgap. Transition metal dichalcogenides (TMDs) are a
large family of two-dimensional (2D) layered materials with lamellar structures
similar to that of graphite as indicated in Figure 1.3. They have received significant
attention because of their various properties and natural abundance.

This type of material exhibits strong in-plane covalent or ionic bonding and weak
out of the plane van der Waals bonding. TMDs are the well-studied system for
layering van der Waals solids. They can form heterojunctions with each other and
exploit them as the building blocks for the realization of functional new materials.

(A)

Figure 1.3: Layed Van der Waals structure of M X, [9].

1.2.1 Structural Properties

The chemical formula of TMDs is M X5, M is the transition metal of groups 4-10
(typically Mo, Nb, W, Ni, V, or Re), and X is a chalcogen (typically Se, Te, or S).
Group 4-7 TMDs in Figure 1.4 are predominantly layered, whereas some of group
8-10 TMDs are commonly found in non-layered structures. Each layer typically
has a thickness of 6~7 A , consisting of a layer of metal atoms sandwiched between
two layers of chalcogen atoms [10].

The group VI of TMDs (M = Mo and W, X = S, Se, and Te), has attracted
more research interests, due to the electronic and catalytic properties of its 2D
counterparts. One of the outstanding properties of Group VI TMDs is their layer-
dependant band structure tunability. In the bulk materials they have indirect
bandgap, and when they thinned down to a monolayer it changes to direct bandgap.
The van der Waals heterostructures exhibit gaps between the constituent layers, and
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Transition Metal Dichalcogenides

they bridge them by weak van der Waals forces. Interfaces in these heterostructures
are found to be clean and atomically sharp. Since the van der Waals forces that
attract adjacent crystals and effectively squeeze out trapped contaminants or
force them into micrometer-sized ’bubbles’ [11]. In comparison, the conventional
heterostructures derived from 3D solids involve a covalent bond between the layers.

| B C N
4 5 6 7 10 Sl P |'S
Ti|V Ga | Ge | As | Se
Zr | Nb | Mo m In|Sn|Sb| Te
Hf | Ta | W Rel n Pb | Bi
[ ransison metals | [ post metals | | J—{ non-metais || des |

Figure 1.4: Simplified periodic table highlighting the elements, which form the
most common layered and 2D materials M X5 [3].

In contrast to graphite, Bulk TMDs exhibit a variety of Polymorphs. It is
because each metal sublayer is sandwiched between two chalcogenides sublayers, so,
M atom is sixfold coordinated with X atoms. Transition metal atoms have trigonal
prismatic coordination and octahedral or distorted octahedral coordination. Single-
layer TMD exhibits various phase structures such as H-, T- or T’- phases. The
coordination of metal atom in H- phase has hexagonal symmetry (Ds,), T-phase
has octahedral (Dsq), and in 1T7) it’s distorted.

1. Trigonal Prismatic: Belongs to the D3, point group, 2H semiconducting
phase, the above three X atoms are vertically above the below ones.

2. Octahedral: Belongs to the D3y group, 1T metallic phase, the top and
bottom chalcogen layers are in registry with different Mo-layer hollow sites

3. Distorted Octahedral: 1T’ metallic phase, The 1T’ phase represents a 2
x 1 reconstruction of the 1T phase leading to slight buckling of each atomic
plane (Figure 1.5).
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X X X

H-MTe, T-MTe, T-MTe,

Figure 1.5: Atomic configuration of H, T and T’ phase of monolayer transition
metal dichalcogenide MTe, (M = Mo) [12].

In the single layer of sandwiched structure, the atoms arrangement is along the
c-axis, the stacking sequence AbA is for the H-phase and AbC is for the T-phase,
where A and C indicate chalcogen atoms and b represents the metal atom (Figure
1.6). Density functional theory calculations indicated that different polymorph
structures (H and T) of monolayer TMDs could have different equilibrium relative
energies [13].

d ::b o -4 p4t-d p3-d b b4 b8
< -c( b q pt-d b4 p3t-d P-4 bt b
q D D-QD h—o 0-“-0 O-ﬁ-o D-h-o O-h-o O-ﬁ
b-c( -c( d b4 p-d p3td b4 b4 b

-d -d b-dqod

%ﬁ{iiiiiii%a
O& o Trigonal prismatic (D)

Ooo

q O%’) ()-h-’: O-h‘ ﬁ-q o ]

b—u o--d b-g-d o--d o-&-u o

fﬁfﬁﬁﬁﬁﬁﬁﬁfﬁ

Octahedral (O,) or trigonal
antiprismatic point group

(8 [®) of Oy, (D)

Figure 1.6: c-Axis and section view of transition metal atom coordination [10].

In the macroscopic bulk crystal structure, or more precisely, for an even number
of monolayers, the crystal structure has an inversion center. In the case of a
monolayer (or any odd number of layers), the crystal may or may not have an
inversion center [14]. As a consequence, the lack of inversion symmetry allows
unusually strong optical second harmonic generation (SHG) in monolayer structure
[15].
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1.2.2 Electronic Properties

According to the ligand field theory, the metallic nature of the 1T phase is caused
by the partially filled t5, band (dy,d,.,d,.). In contrast, the semiconducting
behavior of the 2H phase is due to the filled d.» and empty d,, and d,2_,2 orbitals.
The type of symmetry adopted by a TMD depends primarily on d orbital filling,
i.e., the d electron count of the transition metal. Group 4 TMDs (defined as d0
transition metal) are preferred to be in the 1T phase, whereas both octahedral
and trigonal prismatic phases are in group 5 TMDs (d1). Group 6 TMDs (d2) are
in 2H geometry, and group 7 TMDs (d3) are typically in a distorted octahedral
structure. Group 10 TMDs (d6) are all in an octahedral arrangement (Figure 1.7).

Group 4 (D) Group 5 (Dg,) Group 6 (D) Group 7 (D) Group 10 (D)

Energy

-E;

Figure 1.7: Progressive filling of d orbitals between the bandgap of bonding and
antibonding states in group 4, 5, 6, 7 and 10 of TMDs [10].

In groups 5 and 7 of TMDs, the orbital is partially filled, and Fermi level EF is
located within the bandgap, and they exhibit metallic behavior. In group 6, the
orbital is fully filled, and the Fermi level is in the bandgap, consequently showing
semiconducting character.
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1.3 Molybdenum ditelluride

Among group VI TMDs, Molybdenum ditelluride is getting attention because of its
unique physical and structural properties. MoT ey exhibits two common electronic
structures: 2H phase, a trigonal prismatic structure, which is a semiconductor, and
1T” has a distorted octahedral structure is metal.

Monolayer 2H-Molybdenum ditelluride has a direct bandgap of ~ 1.1eV [16],
which is the lowest among group VI TMDs and can be integrated with silicon pho-
tonics. In addition, 2H MoT ey shows a low thermal conductivity of ~ 2W/(m.K),
and a high Seebeck coefficient of 780pV/K [17]. Because of the heavy element of
Te, it also causes strong spin-orbit coupling, which makes it attractive for spin-
tronics applications. 1T’-Molybdenum ditelluride is also interesting in different
applications and benefits from outstanding features. Bulk 1T’-MoTey exhibits
a maximum carrier mobility of 4000cm?/V.s and magnetoresistance of 16000%
in magnetic field 14T at 1.8K. In few-layered 1T’-MoTes, it exhibits a bandgap
opening of 60meV [18].

The driven calculations by Density Functional Theorem show that the energy

difference between 2H and 1T’ phases is sufficiently tiny (43meV) [19], so it can
be exploited as a phase-changing material. Furthermore, 1T’-MoTe; can be used
in topological field-effect transistors, which takes advantage of topological phase
transition to realize fast on/off switching [20].
The figure below represented the DFT calculated band structure for three different
phase structures. 2H-M oTe; bandgap is direct, for 1'T-MoTe; 1T MoTe2 is metallic;
a valence band crosses the Fermi level at the K point by a tiny amount and a
conduction band crosses below the Fermi level by a similar, minimal amount at a
low-symmetry point along I' — K. In 1T’-MoTes, the states near the VBM and
CBM changed to some extent due to the crystal field’s low symmetry.
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Figure 1.8: DFT calculated band structure of (a) 2H MoTey, (b) 1T MoTes, (c)
1T MoTey [21]
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1.3.1 Vibrational Properties

The vibrational properties of MoTe, are shared with the other TMDs since they
exhibit the same crystal structures (2H and the 1T’ phase). However, the phonons’
energy is different, resulting in different Raman spectra. The number of layers
affects the vibrational properties. As the number of layers changes from odd to
even, the space group varies until the crystal can be considered bulk.

Assign Raman Peaks in MoTe,

Lattice vibrations are denoted by using the "Irreducible representation" of
factor group crystals, So from this we can determine the optical activities of these
vibrations: Raman active (R), Infrared active (IR) and optically silent [22]. The
intensity of raman active mode is:

I = |esRe;|? (1.1)

With e, and e; the polarization vectors of scattered and incident photons along x,
y, z and R describes a second rank tensor called the Raman tensor. The factor
group at I' point of the first Brilloiun zone is the point group which crystal belongs
to, For example it is Dgj, for the MoTe,.

The irreducible representations of the phonons in bulk M X, at I" point is:

I'= Alg + 2A2u + 2329 + Elg + 2E1u + EQU + Blu + 2E29 (12)

However, single- and few-layers of 2H, — M X5 belong to different space groups,
depending on the parity of the number of layers, so:

3N —1 3N +1
Cogq = (Al +E")+ * (A5 + E') (1.3)
3N
Feven - T(Alg + A2u + Eg + Eu) (14)
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In the figure below, it is indicated the phonon modes for 1L, 2L and bulk of
2H, — M X,. For example there are 3 raman active modes in bulk and 4 raman

active mode in bilayer.

< “ \ N
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Figure 1.9: Phonon modes of 1L, 2L and bulk 2H, — M X, [23]

In the 3L MoT ey there are 2 Raman active modes which in (i) mode, the Te
atoms are oscillating in-phase, but in the (j) mode, the central layer is phase shifted
180. The figure right, indicates the vibrational modes of 2. MoTe,.
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Figure 1.10: Raman active vibrational Figure 1.11: Vibrational modes in

modes in MoTey [24]. MoTej [25]
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The result of a Raman spectroscopy measurement is the intensity of light plotted
against the frequency above and below the frequency of incident light (represented
as reciprocal centimeters (cm™1)).

The fingerprint of 1T’ mode which is the B, mode at 161 em™'. The other first-
order Raman active modes are at 107 em ™!, 127 em™?, and 256 em ™! which are
assigned to A,, Ay, and A, modes of vibrations.

In 2H the E219 mode at 232 em ™! is the major peak. The other Raman charac-
teristics peaks are 117 em™!, 172 em™!, and 291 em~! which they are assigned to
Eyg, Aiy, and By, respectively [26].

The intensity ratio could be evaluated in order to determine the dominant phase

in the growth film.
I _ I, (1.5)
17"+ 2H  Ip, + Ip ’

Raman intensity (a.u)

120 160 200 240 280
Raman shift (cm™)

Figure 1.12: Raman Spectra of 2H and 1T" MoTe,
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1.4 Applications

o Electronics applications

2D group VI TMDs are outstanding candidates for next-generation electronics
and optoelectronics devices relying on ultimate atomic thickness. Although
large-scale and defect-free TMDs on the desired substrate is still challenging,
new growth techniques are developing. Atomically-thin field-effect transistors
(FETs) based on the sulfides and selenides of Mo and W have demonstrated
significant current modulation, and moderate carrier mobilities [27]. In con-
trast, semiconducting 2H — MoT'e; remains relatively underexplored, despite
moderate indirect band gaps EFg =~ 0.88 to 1.0 eV in bulk crystal, and direct
Eg =~ 1.1 eV (optical) and 1.2 eV (electronic) in monolayers, similar to bulk
silicon [28]. Such moderate band gaps may facilitate low-power transistors
with tunable injection of either electrons or holes, enabling low-voltage com-
plementary logic and optoelectronics in the visible-to-infrared range [29] [30].
Despite these favorable properties, ambient degradation limits the broader ex-
ploitation of MoT e electronic devices. Reference [28] reported the fabrication
of air-stable, n-type transistors with the highest drive currents for this layered
semiconductor (Figure 1.13). The figure below also shows the low temperature
Ip vs. Vpg sweep of a typical fewlayer, short channel device, achieving record
saturation current density of 420 pA/pm at 78 K.
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Figure 1.13: Schematic of AlO,-encapsulated MoT'e; FETs (left) - Measured I
vs. Vpg curves of MoTey FET (right) [28].
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e Optoelectronics applications

Since most mono-layer TMDs are direct bandgap semiconductors whose
bandgap can be tuned by chemical processes and the metal and the chalcogen
species, they have drawn the interest for optoelectronics and flexible optoelec-
tronics. The mono-layer molybdenum ditelluride is a direct gap semiconductor,
so it is suitable for optoelectronic applications. In [31] Lein et al. reports a
high-performance ultrathin ambipolar MoTe; phototransistor. This photo-
transistor exhibits very high responsivity up to 2560 A/W at V,,=80 V, which
is higher than that of most other TMDs.
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Figure 1.14: Responsivity of MoT e, phototransistor change with the laser power
at different gate voltages.

o Energy storage applications

TMDs have been studied as electrode materials in Li-ion batteries because
lithium ions can be easily intercalated in and extracted from their layered
structure. While bulk TMDs show structural instability when intercalated
with Li-ions and are characterized by low energy density and average voltage,
their nanosheets do not suffer from this structural instability. Among the
TMDs, the molybdenum ditelluride is appealing because in the 1T’-phase,
it is a layered conductor and the vacancies of tellurium play a significant
role in enhancing the efficiency of the Li™ diffusion. Moreover, it can be
combined with graphene networks to prevent MoT'e; aggregation and enhance
overall conductivity. In reference [32] the MoTe; nanosheets encapsulated in
few-layer graphene have been fabricated. It exhibits excellent electrochemical
performance with high specific capacity of 574 mAhg™! after 400 cycles at 0.5
Ag~! with a 99.5 % retention capacity.
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« Valleytronics applications

The Valley is referred to a local minimum in the conduction band or a local
maximum in the valence band. In addition to charge and spin, an electron is
also endowed with a valley degree of freedom, which specifies the valley that
the electron occupies. The possibility of using the valley degree of freedom to
store and carry information leads to conceptual electronic applications known
as valleytronics. traditional semiconductors were among the first materials
that have been investigated for the valleytronics applications. Early works
investigating the valley degree of freedom date back to the 1970s, with studies
of inversion layers occurring at silicon/insulator interfaces [33].

The prominent feature of TMDs that leads to different applications in val-
leytronics is the lack of inversion symmetry, valance bands are split by spin-
orbit coupling. The spin—orbit interactions split the spin degeneracy at each
valley and lock the spin and valley pseudospin degree of freedom, the spin-up
state at the K valley is degenerate with the spin-down state at the K’ valley.
This degeneracy can be lifted by applying an out-of-plane magnetic field to
break the time-reversal symmetry. In bilayer and bulk TMDs, where inversion
symmetry is restored, the spin degeneracy at each valley is reinstated.

K' '4‘ Condygtion band Co
_KE\ py a . 9 A
1K
2v° e g e
' 0 2GS “ o~ Light o Light o' Light o Light
‘ 8: A exciton B exciton A exciton B exciton

Valencg b;

Figure 1.15: Band structure at the band edges located at the K points[34] (left).
The optical selection rules in valleytronics (right).

The broken inversion symmetry in monolayer TMDs yields finite Berry curva-
tures Q) (effective magnetic fields in momentum space) and orbital magnetic
moments m (arisen from the self-rotating motion of the electron wavepacket)
of opposite sign at the K and the K’ valleys [35]. Right (left)-handed circularly
polarized light only couples to the K (K’) valleys according to the optical
selection rules.

13



Transition Metal Dichalcogenides

o Catalysis applications

The development of novel and efficient catalysts for renewable hydrogen
generation has brought much interest since Hs is regarded as an excellent
energy source due to its large energy density and being environmental-friendly
[36]. MoTey is considered as a promising catalyst for the hydrogen evolution
reaction (HER) owing to its abundant active sites such as atomic vacancies and
step edges [37]. The hydrogen evolution reaction is through: 2H* +2e~ — Hs.

However, to date, there are very few reports of tellurides in this context,
and none of these transition metal telluride catalysts is especially active [38].
It is reported that the monoclinic metallic phase of molybdenum telluride,
1T" — MoTey is a promising catalyst for the hydrogen evolution reaction, The
stable metallic 17" — MoT ey, allowing efficient charge transfer at the surface,
would be promising for the HER. This contrasts with the electrocatalytic
activity displayed by the semiconducting 2H — MoTes polymorph, which
was found to be largely catalytically inert. Reference [38] also explains how
electron doping under an applied reductive bias, and associated adsorption of
hydrogen on specific Te sites in the material drives a distortion of the MoT e,
structure, which gives a more active catalyst as long as H remains adsorbed
to the surface.
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Figure 1.16: (a) hydrogen-adsorbed MoTes at an « site (b) hydrogen-adsorbed
MoTe, at an € site (¢) Comparison of free-energy at various H-bonding sites [39].
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Chapter 2

Methodology

2.1 Deposition Methods

Aiming at the technological exploitation of 2D materials, the development of ap-
proaches to synthesize large-scale and high-quality films is mandatory. Many studies
report on the synthesis of ultrathin crystals but with limited lateral extension (in
the micrometer range) using mechanical and chemical exfoliation, or solution-based
chemical approaches [40]. Compared with other group VI TMD materials, sto-
ichiometric MoTe, films are more challenging to achieve. The electronegativity
difference between Te and Mo is much smaller (0.3 €V) among these materials.
Therefore, the bonding energy of Mo-Te bonds is relatively small, which translates
to less tendency for the material formation and difficulty to obtain stoichiometric
MoTey [41]. Controlled growth of MoTe; in 2H or 1T phase is very important
to achieve high quality results. There are some limitations for the growth of 1T"-
MoTey because of its metastable nature. Therefore, synthesizing pure 1T’ phase
is challenging. There are various methods to grow MoT'e; such as: Mechanical
Exfoliation, Chemical Vapor Deposition and Molecular Beam Epitaxy.

2.1.1 Exfoliation

The easiest way to obtain clean MoT'e, single crystals due to the weak van der
Waals bond between the layers is mechanical exfoliation. It was also the first method
to isolate a monolayer of graphite in 2004 by using scotch tape. However, this
method does not imply control over the flakes’ thickness, shape, or size, resulting in
low yield. The different steps of the mechanical exfoliation approach are sketched
in Figure 2.1. The scotch tape is pressed to the tape; see panel a in Figure 2.1.
Then the scotch tape is pressed against the surface of the MoT'e; rocks. Therefore,
the top few layers will attach to the tape. The tape with crystals of MoTe; will
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attach to the desired surface and press against it. The bottom layers will remain
on the surface upon peeling off the tape.

Figure 2.1: The process of mechanical exfoliation

Although this method is standard to prepare MoTey flakes, it is not suitable
for mass production. In addition, small obtained areas with this method are
another limiting factor. As an alternative, Liquid Exfoliation based on mixing
and dispersing materials in solution allows for the production of MoT' ey flakes with
a controllable thickness. The solvent has a vital role in defining the thickness of
the flakes. It is typically done by using Li intercalation, but the drawback is the
phase transition from 2H phase to 1T and the small size of the flakes. In the figure
below, the process is indicated. The bulk material is used as a cathode in the
electrochemical bath, and lithium foil as an anode provides lithium ions. Then,
under discharge mode, a lithium intercalation process was done, and the rinsing
procedure isolated the intercalated compound.
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Figure 2.2: The process of liquid exfoliation[42]
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2.1.2 Chemical Vapor Deposition

Chemical vapor deposition (CVD) is one of the best candidates aiming at a de-
position of ultrathin films of transition metal ditellurides, tellurium, and their
heterostructures on a large scale (centimeter scale) [43].

CVD is the process of chemically reacting a volatile compound of a material to
be deposited with other gases to produce a nonvolatile solid that deposits atom-
istically on a suitably placed substrate. It belongs to the class of vapor-transfer
processes, which is atomistic, as the deposition species are atoms or molecules or a
combination of these. This technique has several advantages: high reliability and
flexibility, good step coverage, and conformality in the deposition of thin films, which
is crucial for filling high aspect ratio trenches such as in integrated circuit processing.

A CVD reaction is governed by thermodynamics, which is the driving force that
indicates the direction the reaction is going to proceed (if at all), and by kinetics,
which defines the transport process and determines the rate-control mechanism, in
other words, how fast it is going. The process of CVD can be exploited in various
processes such as atmospheric pressure CVD, low-pressure CVD (when the pressure
is less than ambient), laser CVD, plasma-enhanced CVD (when plasma enhances
the decomposition), photochemical vapor deposition, chemical vapor infiltration,
and chemical beam epitaxy [44]. The discussion of the CVD in this work is based
on atmospheric-pressure CVD.

Depending on the Mo-based precursor state of matter (gas or solid), there are
two CVD processes: Co-deposition and Tellurization. If the Mo precursor reacts in
the vapor phase with Te vapors, the process is co-deposition. If Mo reacts in the
solid phase (pre-deposited Mo film) with Te vapor, the process is called Tellurization.
Direct tellurization CVD has emerged as a viable technique for achieving continuous
and high-area growth of MoT'e;. The process relies on a reaction between Te vapor
and an atomically thin seeding layer (commonly Mo-metal) pre-deposited on a
substrate. Although two polymorphs of MoTes (2H and 1T’) make controlling the
reaction outcome difficult, it is possible to reach a specific polymorph by optimizing
the reaction condition.
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The CVD system that has been exploited is consists of a two-inch quartz tube
and two furnaces. The temperature in each furnace can be set and controlled
independently. The upstream furnace contains Te powders (150 mg) inside an
Alumina boat with 2x2 cm Si Substrate covers. The Mo substrate 4 x lem? is
inserted in the downstream furnace in a quartz boat covered on top. A mixture
of Ar/H(4%H,) gas is introduced into the furnace as a carrier gas for the whole
process. The quartz tube is initially pumped down to 760 Torr and purged with No
gas to remove air contamination. The growth procedures are as follows: (1) pre-
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Figure 2.3: Schematic representation of two-furnace CVD apparatus with boats
and precursors

heating for 10 minutes at 50°C', meanwhile 10 sccm of Ny gas flows. (2) Ramp the
temperature up to 600°C' at both furnaces in 15 minutes. (3) Ramp the upstream
and downstream temperature to 650°C' and 700°C' in 120 minutes, dedicated to
the growth process. The mixture of 100 sccm Ar/Hs with 60 sccm of Ny will flow
as the carrier gas. (4) Cooldown temperature for 120 minutes by using 500 sccm
Ar gas.
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Figure 2.4: The time ramp used for the growth
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In this thesis, Planartech Chemical Vapor Deposition (CVD) at CNR-IMM, Agrate
Brianza has been employed to prepare the growth of two-dimensional transition
metal dichalcogenides .

Figure 2.5: Fully automated CVD system for 2D-TMD growth at the MDM lab
[45].

Figure 2.6: The CVD system with the boats, Te powder source, and Mo substrate.
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2.2 Characterization Methods

2.2.1 Raman Spectroscopy

Raman scattering is a powerful light scattering technique used to diagnose the
internal structure of molecules and crystals. In a Raman light scattering experiment,
the light at a known frequency and polarization impinges on a sample. The large
majority of generated photons are scattered elastically. The scattered photons have
the same energy, i.e., frequency, as the incident photons, and this scattering process
is regarded as Rayleigh scattering.

However, a low portion of the light is scattered (approximately 1 in 107 photons)
at optical frequencies lower (or higher) than the incident photons frequency. The
difference in the energies of the incident and scattered photons is attributed to
the energy required to excite the molecule to higher vibrational modes. After
scattering, the molecule will be in a different rotational or vibrational state. This
process is inelastic scattering which is called Raman scattering.

To keep the system’s total energy constant after attaining a new roto-vibronic
state, the scattered photon shifts to different energies, i.e., different frequencies.
The photon is shifted to lower frequencies if the final state is higher in energy than
the initial state so that the total energy will be the same; this lowering of frequency
is called the Stokes shift. In opposite to Stokes shift, if the energy of the final
state is lower than the initial state, the frequency shifts to higher-value so-called
Anti-Stokes shift [46].The schematic of both Stokes and Anti-Stokes shift is given
below:
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Vibrationa
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Figure 2.7: Comparison between Rayleigh and Raman scattering processes.
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The oscillating electric field of the incident monochromatic electromagnetic
radiation interacts with the molecule’s electron cloud to create an induced dipole
moment depending on its polarizability. There should be a change in its dipole-
dipole polarizability concerning the rovibronic states associated with any molecule
to exhibit Raman Effect. The intensity of Raman scattering is directly proportional
to the change in the polarizability of the molecule giving Raman signal [47]. As
a result, we can expect a very intense peak in the Raman spectrum when strong
distortion in the electron cloud is induced by electromagnetic radiation. The specific
vibrational mode of each molecular functional group is given by identifying the peak
position. We can say that the Raman spectrum gives the "molecular fingerprint" of
the sample. The peak intensity provides information about the crystallinity of the
material also. Raman shift is usually given in wavenumbers as a function of incident
and scattered photon wavelength. This "Raman shift" is an intrinsic property of
the sample. This expression relates the spectral wavelength and wavenumbers of
Raman shift [48]:

v = CE—— (2.1)

/\incident )\scattered

Where v is the Raman shift in wavenumber.

In this thesis, the Ex-situ Raman characterization is performed using a Ren-
ishaw InVia Raman Spectrometer in z-backscattering geometry attached with Leica
optical microscope installed in MDM lab see Figure 2.8. It is equipped with 2.41
eV / 514 nm continuous wave Diode — Pumped Solid State (DPSS) RL514C Class
3B and a Renishaw RM1000 spectrometer, which is equipped with 1.96 eV / 613
nm (He-Ne laser) were used as excitation wavelengths [49].

Figure 2.8: Renishaw InVia Raman Spectrometer at MDM Lab.
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The laser focuses on the sample by using a 50X 0.75 N.A. Leica objectives. An
optical grating of 2400 lines/mm separates the wavelengths in the Raman signal
and is detected utilizing a Charge Coupled Device (CCD) detector. The acquired
signal is analyzed by using the software WiRE Interface 3.3 supplied by Renishaw.
The power at the sample is maintained in the range of 1 — 10 mW by using optical
filters to prevent laser-induced sample heating.

Raman Study on Mechanical Exfoliated 2H and 1T’ Flakes

In my experimental activity, I explored the mechanical exfoliation method on
commercial MoT ey stones (SPI supplier) both in the 1T’ and 2H phases. Using this
method, I obtained flakes with micrometer lateral size that I used to characterize
the Raman modes of the molybdenum ditelluride material and familiarity with the
Raman spectroscopy and AFM techniques. In this section and next, I will summa-
rize the main measurements carried out on the flakes. Moreover, I will point out the
main results on the flake characterizations that will also be useful for understanding
the experimental evidence on the grown material presented in the following chapters.

The Raman spectra collected by green laser from 2H MoT'e; stone by mechanical
exfoliation are reported below. The laser power is set at 1% for 15 accumulations
to avoid modification in the sample. The Raman active vibrations of 2H phase are:
Aig mode at 172 em™" and Ej, mode at 233 ¢m~". The Raman spectra are fitted
by Voigt function, and the fitting parameters, including FWHM, intensity, and
area of each peak, are summarized in Table 2.1.
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Figure 2.9: Green Raman (514 nm) spectra of mechanically exfoliated 2H MoTeq
raw data (left) and fitted data (right).
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Parameters Ay, Peak Eglg Peak

FWHM (nm) 3.59 4.89

Intensity (a.u) 2428 5431
Area (a.u.(cm)™!) 10942 37763

Table 2.1: FWHM, Intensity, and area of the Raman A,,, and Eglg peaks of 2H
mechanical exfoliated flake.

The Raman spectra collected from 1T’ MoTey stone is reported here. The
observed Raman modes corresponding to the 1T’ phase are A, mode at 111 em ™!,
A, at 128 em™, B, mode at 163 em™!, B, mode at 191 em ™! and A, mode at 260
em~!. The Raman spectra is fitted by Voigt function and the fitting parameters of

the 1T’ flake are summarized in the Table 2.2.
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Figure 2.10: Green Raman (514 nm) spectra of mechanically exfoliated 1T”
MoTey raw data (left) and fitted data (right).

Parameters A, Peak A, Peak By Peak B, Peak Ay Peak

FWHM (nm) 4.74 4.52 4.58 8.10 9.34

Intensity (a.u) 1849 1277 7890 604 2658
Area (a.u.(cm)™) 11301 8252 53750 4640 43345

Table 2.2: FWHM, Intensity and area of the Raman A,, Ay, By, By, and A,
peaks of 1T” Mechanical exfoliated flake.
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2.2.2 Atomic Force Microscopy

The atomic force microscopy (AFM) technique provides another opportunity to
gain a topographical understanding of the sample. Atomic force microscopy is a
technique that allows to see and measure surface structure with high resolution
and accuracy. An AFM image can shows the arrangement of individual atoms in a
sample, or to see the structure of individual molecules. Unlike optical or electron
microscopes, it doesn’t focus light or electrons on to a surface. The advantages of
AFM could be magnification in X, Y and Z axes, high X-Y resolution and minimal
sample preparation.

[ Optical microscope ]

Profilometer

] | | | | | | | | | | ]
1m 10-"'m 102m 103*m 10*m 10°m 10®¥m 10-"m 10 m 10°*m10-"°m10-""m

Least expensive CT_T Tl Most expensive

Figure 2.11: Comparison between length scales measured by different microscopes

The length scales of AFM and Optical microscope has an overlap, which makes it
possible to do combination of both field of views. It is also possible to do comparison
between AFM, SEM and TEM since the length scales are similar. However, the
resolution of SEM is smaller (5nm) than AFM (0.1nm), but the TEM resolution is
similar to AFM.

The other advantage of this technique is high accuracy in positioning of the probe
above the sample surface which make it a promising technology for manipulation of
samples at nanoscale. The other advantages of AFM are the possibility to provide
3D information on the sample surface and performing the measurement of sensitive
materials in their operating environment. The surface imaging with TEM and
SEM requires to samples to be in a vacuum and sometimes preparation to ensure
electrical conductivity, but the AFM measurement doesn’t necessarily needs these
conditions.
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Principles of AFM technique

AFM somehow "feels" the sample surface by using a sharp probing tip. While the
probe scans a surface of a sample, the contact force between the probe tip and the
surface being scanned leads to a small elastic deflection of the micro-cantilever.The
atoms response to the developed van der Waals force could be short-range repulsive
interactions or longer-range attractive, depending on the type of contact.

The probing tip will continuously build up a map of the height or topography of
the surface as it goes along.

laser

photodetector

- cantilever
tip —

Figure 2.12: A schematic of AFM set-up and Cantilever Deflection [50].

o Piezoelectric transducers are used for controlling the motion of the probe as it
is scanned across the sample surface. They are electromechanical transducers
that convert electrical potential into mechanical motion in the presence of
the voltage gradient. The inverse of piezoelectric effect is employed for z-
scanner measurements. Typically, the millivolt-regime control of applied bias
corresponds to sub-Angstrom control of Z displacement. It is worth to mention
that piezoelectric scanners are nonlinear devices and have some problematic
behaviors such as: hysteresis (irreversibility), creep (time dependance) and
aging [51]. Furthermore, the x-y piezoelectric elements are used to scan the
probe across the surface in a raster-like pattern.

o Cantilever with integrated tip is utilized in AFM instrumentation as force
transducer. It measures the force between the tip and surface when it comes
near the sample. The cantilevers could be in different shapes depending on
the applications. The two common shapes are rectangular and V-shapes that
are indicated in the figure below [52].
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Figure 2.13: a) SEM image of rectangular cantilever - b) SEM images of a
V-shaped cantilever (right).

e Feedback control has an important role to maintain a sufficient distance be-
tween the tip and surface. It takes the signal from force transducer and use it
to control the expansion of the z piezoelectric transducer.

Feedback loop

Piezo scanner

Controller
Photodiode

_____

)

Electronic
interface

Computer

(]

Figure 2.14: Block diagram of AFM operation.

Sample
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AFM modes

o Contact mode It’s a simple mode conceptually and it is used when the sample
surface is not stiffer than the tip. It is the fastest mode with capability of
obtaining high resolution images. The probe touches the sample surface all
the time. Due to the repulsive van der Waals force the cantilever deflects and
an image of the surface is obtained. The feedback circuit continuously adjusts
the cantilever height to maintain a constant force. A detector monitors the
deflection and the resultant force is calculated using Hooke’s law.

F=—-kxD (2.2)

With F = force (N), k = probe force constant (N/m) and D = deflection
distance (m).

A

=
—

¥ Contact force regime

Repulsive force

van der Waals regime ﬂ

Contact ¢

>

Tip-sample separation

Mon-contact ﬂ

Attractive force

Mormal interaction force (nN)

s b Lpepe—

Figure 2.15: Force—distance curve of AFM operation.

o Oscillating or tapping mode An oscillating input signal is applied to the can-
tilever to make the probe vibrate up and down. In tapping mode, the cantilever
makes intermittent contact with the surface at a resonant frequency. The
actual movement of the probe will depend on its interaction with the sample
surface. The tip-sample interaction passes from the ‘zero-force regime, through
the attractive regime, and the repulsive regime. The resulting oscillation in
the cantilever deflection is measured and compared to the input oscillation to
determine the forces acting on the probe.

27



Methodology

o Non-contact mode In non-contact mode, the AFM cantilever and sample
surface do not come into contact. The cantilever vibrates very near the sample
surface at a frequency higher than its resonant frequency. The probe can
oscillate within the attractive regime only. In this mode, there is a change in
the cantilever resonant frequency which is caused by forces from the surface
(attractive van der Waals forces) acting on the tip. The resonance frequency
far from the surface is given by:

wo = cVk (2.3)

Where k is the spring constant. The new resonance frequency due to the
additional forces from surface is given by:

wy = c\Jk— [ (2.4)

Where ' is the derivative of the force normal to the surface.

2.2.3 Electrostatic Force Microscopy

Electrostatic Force Microscopy (EFM) represents the electric properties on a sample
surface by measuring the electrostatic force between the surface and a biased AFM
cantilever. By changing the surface, electrical properties such as surface potential
and charge distribution, the interaction force between the tip and surface will
be modified and deflect the cantilever. The constant voltage Uy and the variable
voltage Uysinwt are applied between the tip and the sample, and ¢(z,y) is the
potential distribution on the sample. So:

U = Uy + Uy.sin(wt) — ¢(x,y) (2.5)
The tip-sample capacity would be:
cuU?
E = 5 (2.6)

According to the ' = —V E, the z-component of the electric force acting on the
tip would be:
E 1 1

F, = _(?9,2 = —2Uzgg = —§[U0 + Uy.sin(wt) — qﬁ(a:,y)]Qaaf
Since the value of 0C'0z depends on the tip-sample distance, so a two-pass technique
is introduced to measure each scan line. In the first pass close to the surface, the
cantilever oscillations are excited by the piezo-vibrator with a frequency close to
the resonant frequency. Then the probe will lift to the distance h from the surface
and scan the surface at a constant height. So at this height, the changing of the
local dielectric properties of the surface will lead to the change in the cantilever
oscillation amplitude and phase.

(2.7)
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Figure 2.16: Schematic of the two-pass technique in EFM.

EFM study on the mechanical exfoliated flakes

The mechanical exfoliation technique (described in section 3.1) was used to obtain
2H and 1T’ phases of MoTey flakes from bulk crystals. Indeed, the exfoliated
flakes are transferred onto a conductive substrate to characterize their electrical
properties using the electrostatic force microscopy method. I used a conductive
substrate in which the gold was deposited on top of Si/SiO, substrate in the MDM
lab by DC sputtering. The sketch below describes the capacitive coupling (C)
between the sample and conductive tip. The induced charges at the AFM tip in
response to the applied voltage bias is Q.

Figure 2.17: Experimental configuration of the EFM measurements [53].

In the EFM measurements, the phase shift due to the electrostatic force on the
tip resulted:
Q

tCLTL(b = _ﬂc’f(’z)‘/t?p
In this equation, @) = Aif = 120 and k£ = 120% are quality factor and spring
constant of the cantilever respectively. C7 is the second derivative of the electrical
capacitance between the conductive AFM tip and flakes as a function of the lift
height (z) [53]. The AFM tip can be modeled as a parallel plate of radius R at a

distance z above the substrate.

(2.8)
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The EFM measurements were carried out in a dual-pass scan. In the first scan, the
topography was acquired with the tip electrically grounded, in the second scan,
the phase signal was acquired withdrawing the tip at a lift height of 20 nm above
the surface. The voltage ramp that is applied between the tip and sample varies in
the range of 1-5 V.

As predicted by Equation 2.8, the variation of |[tan¢| has parabolic relation with
the applied voltage to the tip (Figure 2.18). The minimum of the |tan¢g| (vortex)
means that the surface potential of the tip and flakes are equal and the voltage of
the vortex can correspond to the contact potential difference. By collecting the
phase data during the backward pass and performing average on them, we can
make a plot of [tan¢| with respect to the applied voltage to the tip. As we can see,
the vortex of the parabola has a minor shift toward lower voltages in the 2H flakes.

1T R-square 2H R-squre
25 nm 0.87 25 nm 0.74
35 nm 0.90 46.5 nm 0.95
60 nm 0.87 76.5 nm 0.80

Table 2.3: Reported R-square parameter for the polynomial fitting used in the
Figure 2.18.

From the fit of the EFM measurements, I calculated the values reported in Table
2.4 for the second derivative of the electrical capacitance as a function of the flakes
thickness and allotropic phase:

g oy 2H cr
35 nm 8.51 x 10~* 46.5 nm 9.25 x 10~*
60 nm 6.9 x 1074 76.5 nm 10.99 x 1074

Table 2.4: Calculated second derivative of capacitance along two different heights
of 1T and 2H Flakes.

Note that in 2D materials, the confined nature of the atomically thin layer
poses serious concerns on the physical definition of the dielectric constant. In this
scenario, the local electronic polarizability has been proposed as the fundamental
variable to describe the dielectric properties of the 2D materials [54]. It is therefore
interesting to use the EFM measurements to study the dielectric properties of the
flakes. Indeed, we can use the calculated second derivative values of the electrical
capacitance to derive the dielectric constant associated with the MoT e, flakes.
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Following the model derived in [55], we can relate the second derivative of the
electrical capacitance to the dielectric constant of the material according to the
equation:

87 R2%¢ 1
CY(h) = 2.9
2 () v (h+DJe+t/es)3 (2.9)
Where the Cy(h) is the total capacitance of tip-sample-substrate, D is the
thickness of the flake, € is the dielectric constant of the flake that we want to derive,
and

1+ cosb

1— 0036) (2.10)

v = In(
is a constant factor that depends on the half-angle 6 of the AFM tip. Equations
2.9 and 2.10 contain the following constants: ey = 8.854 x 10712F/m is the vacuum
permittivity, R = 10 nm, and 6 = 20°.

From equation 2.9, I obtained that the mean value of the dielectric constant for
the flakes in the 1T” phase is 7, while the 2H phase is slightly higher 7.84. Note that
analysis is limited to a restricted statistical set of measurements and flakes with
a relatively high thickness. Even though the EFM showed the potential to study
the dielectric properties of the material at the nanoscale, further investigations
should consider lower thicknesses down to the monolayer limit in order to prove the
validity of the dielectric constant as a valuable physical quantity for 2D materials.
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Figure 2.18: Plot of the [tg(¢)| function for the applied voltage 1,2,3,4,5 V with

the fitted data of 1T and 2H flakes.
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2.2.4 Kelvin-Probe Force Microscopy

The contact potential difference (CPD) between two materials depend on a variety
of parameters like the work function, dopant concentration in semiconductors or
temperature changes on the sample [56]. The Kelvin-probe method can be used in
order to measure the CPD between the tip and sample.

Vopp = W (2.11)
Conductive tip (cantilevers coated with platinum-iridium (Ptlr)) and sample act
as parallel plate capacitors with small space between them. Due to the difference
in the Fermi energies of these two materials, an electric force will be generated.
Workfunction can be defined as the minimum amount of energy needed to remove
an electron from the Fermi level to the vacuum level. The figure below indicates
that the conductive tip and sample close to each other but without electrical
contact, and their vacuum levels align. When a wire connects these two materials,
the electrons flow from the metal with the minor work function to the larger work
function. Thus, it will shift the electronic levels, and it will continue until the
electric field (between the positively charged sample and negatively charged tip)
compensates for the work function difference. Now, the potential associated with
the electric field equals the CPD between the metals. Then by applying a DC
voltage to nullify the CPD, the surface charges will be eliminated in the contact
area. KP measurements are only able to detect the CPD. In order to obtain the
work function, KP needs to be calibrated against a surface with a known work
function (e.g., Gold). During a KPFM measurement, a tip is passing above the
sample at a constant height. Then, an AC voltage is applied to the cantilever.
It creates an oscillating electrostatic force between the tip and sample that is
measured by a lock-in amplifier. A DC offset voltage is then added to the AC
voltage to cancel out the cantilever oscillation at the AC frequency. By mapping
the applied DC offset voltage, a representation of the CPD emerges.

E, — E =] /A E, E
' J " E chn!;,,/" J ’
‘f ¢I ¢ ¢l‘ f ¢f

By & Eg
E; Eg 8 Ey E,
Sample} (_d._; Tip s-unple@ Tip P

,- Qp

Figure 2.19: Schematic of the Kelvin Probe measurement [57]

33



Methodology

KPFM study on the mechanical exfoliated flakes

In order to map the contact potential difference (CPD) of the tip and sample
surface quantitatively, the KPFM method is exploited. We used Pt/Ir-coated
cantilevers in noncontact mode, with a mechanical drive frequency of 76.57 kHz
and an AC modulation of 2V. The topography and surface potential signal were
measured simultaneously. By using the expression:

gbsample = ¢tip —exCPD (212)
The work function of the tip can be driven from:
Ptip = Pau + €x CPDy, (2.13)

The gold work function is assumed = 5.1eV [58]. The calculated work function of
the tip is substituted in the Equation 2.14 and the work function of the sample
is obtained. By scanning the gold substrate, the CPD of the gold is driven to be
0.049¢V, and the work function of the tip is determined:

brip = 5.1€V 4 0.049eV = 5.149¢V (2.14)

For calculating the sample work function, the CPD of the 1T’ flake of 60 nm
height with respect to the substrate is 0.069eV. So the value of the work function
calculated for this flake is:

Osample = 9.149eV — 0.069eV = 5.08eV (2.15)

This method is applied to the 2H and 1T’ flakes with different heights to calcu-
late the corresponding work functions. Table 2.4 summarized the value of work
functions assigned to the different flakes heights.

1T° AV D sample 2H AV D sample
25 nm 3 mV 5.146 eV 25 nm 11.3 mV 5.137 eV
35 nm 4.1 mV 5.144 eV 120 nm 10.3 mV 5.138 eV
60 nm 6.9 mV 5.08 eV 260 nm 23.6 mV 5.125 eV

Table 2.5: Calculated work function along three different heights of 1T and 2H
Flakes.

The Figure 2.20 shows the flakes height that are measured at different points
of the surfaces together with the CPD profiles. In panel a-b height profiles along
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three different lines are depicted. Panel c-d represents that the potential variations
along these scan lines are prportional to the thickness of the flakes. In particular,

the potential of the 2H flake with 260 nm thickness is ~ 25 mV and the potential
of the gold substrate is ~ 48 mV.
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Figure 2.20: Height profile along three different lines of the a) 1T’ flake b) 2H
flake. Potential measured along the indicated lines in ¢) a. d) b.

In this thesis the samples studied by using AFM Bruker commercial system equipped
with ultra sharp silicon probes (Figure 2.21).

Figure 2.21: AFM Bruker commercial system at MDM lab.

35



Methodology

The morphology and phase images are represented in Figure 2.22. The thickness
of the 1T flakes is measured along three different lines, which are 55, 35, and 25
nm. The thickness of the 2H flake along the two depicted lines is 65 and 50 nm.
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Figure 2.22: a) 20um x 20pum topographical image of the 1T" MoTe, b) Phase
profile of 1T” MoTe, taken at V=3V c¢) cross-sectional plot along the three line in
a. d) 10um x 10um topographical image of the 2H MoT e, e) Phase profile of 2H
MoTe, taken at V=4V f) cross-sectional plot along the three line in d.
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2.3 Multiscale model for the growth chamber

This section illustrates the Finite Element Modelling (FEM) of a reactor for chem-
ical vapor deposition (CVD). This multiscale model introduces a FEM growth
chamber model for predicting the continuum level transport phenomena, including
the laminar gas flow and flow-assisted Diffusion during CVD growth processes. In
the Chemical species transport interface of COMSOL multiphysics, it is possible
to simulate the laminar flow coupled to species transport in a gas or liquid by
implementing "Reacting Laminar Flow, Diluted Species" multiphysics interface.

2.3.1 Model Definition

Modeling the growth chamber at a continuum level provides the spatial distribu-
tions of the precursor concentration, its gradient, carrier gas velocity, pressure, and
temperature with a growth chamber. The developed model considers the flow of
carrier and precursor gases and flow-assisted diffusion of precursor. The coupled
governing equations are solved using FEM.

Governing Equations

o Laminar Flow: The gas flow rate is determined by solving the Navier-Stokes
equation:

ou

Par T p(u.V)u = V.[-p.I + u(Vu + (Vu)')] + F; pV.u =0 (2.16)

Where u is the velocity field, p is pressure, I is the unit matrix, p is the
dynamic viscosity, superscript T means matrix transpose, and F is the volu-
metric applied force, i.e., gravity. Furthermore, the density p is a function of
temperature and precursor concentration in general. However, due to the low
concentration of precursor in the gas phase, we have assumed p only to be a
function of temperature.

o Transport of Diluted Species: The flow assisted diffusion of precursor materials
is described by:

)
R= 5§ + V.(=DVe) + u.Ve; N = —DVe + uc; (2.17)

where R is the source term for precursor, c is the precursor concentration, D
is the diffusion coefficient, and N is the flux of the precursor.
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2.3.2 Modelling Instructions

This model combines the Laminar Flow and Transport of Diluted Species interfaces.
The Reacting Flow, Diluted Species multiphysics coupling, is added automatically,
couples fluid flow and mass transport. The fluid flow can either be free flow or flow
in a porous medium. The mass transfer solves the development of one or several
solutes dissolved in a gas or liquid solvent.

« Configuration and dimension of chamber:

The length of the chamber is 140 c¢m, and its cross-section dimension is set
at 5cm (which matches the actual dimension of our chamber) in this two-
dimensional model. The position of the boats and substrate are also according
to the real configuration in our CVD setup.

Figure 2.23: The entire two-dimensional geometry of the CVD chamber imple-
mented in the COMSOL simulations

We assume the precursor powder to be distributed as rectangular with a length
0.5 cm and a height of 0.15 cm. The length of each boat is 10cm, and there is
a Si substrate on top of the precursor powder, which acts as the barrier. The
length of the Mo substrate is set to be 3cm with a rectangular shape.

Silicon piece above Te Quartz boat with open input
Alumina boat T
| S—
Tellurium source Substrate

Figure 2.24: The geometry of boats and substrate inside the CVD chamber
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e« Temperature on the walls of chamber

The temperature profile of the walls should be implemented as boundary
conditions. This temperature is chosen according to the temperature set in the
experimental configuration of each furnace. The temperature of the upstream
and downstream furnaces are set to 650 and 625°C'. The temperature profile
in Figure 2.25 is used as boundary condition.

w0 " ol " B & o w i " [ w ™ " [ L " [

Figure 2.25: The temperature profile over the chamber’s wall

e Meshing of the geometry

The continuum domain is discretized using a triangular mesh with “Fine”
element size on the whole geometry and “Finer” size on the boundaries. There
is also “corner refinement” adapted with element size scaling factor 0.25.

Figure 2.26: The "user-defined" meshing of the boats
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e Implemented Boundary Conditions

The Boundary conditions applied to the Navier-stokes equation are summerized
in the table below:

Walls Inlet Outlet
No Slip Mass Flow Zero Pressure
u=20 100 scem Flow Rate | —pl+ p(Vu+ (Vu)') = 2u(V.a)I =0

Table 2.6: Boundary conditions applied to the laminar flow interface

The boundary conditions that are applied to the diffusion-based transport are
as follow:

Walls Inflow Outflow
—n.N; =0 c=10 —n.D;Ve;

Table 2.7: Boundary conditions applied to the transport of diluted species interface

e Implemented Initial Values

Carrier gas density p, carrier gas heat capacity C, carrier gas thermal conduc-
tivity k, and carrier gas dynamic viscosity p are functions of temperature and
should be defined as piecewise functions at different temperature intervals.
These parameters are depicted in Figure 2.27. These functions can be im-
ported from the material library of COMSOL, which contains the properties
of different materials as piecewise polynomial functions of temperature.
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Figure 2.27: Carrier gas density, heat capacity, thermal conductivity and dynamic
viscosity as a funcion of temperature
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Chapter 3

MoT'e; growth: results and
discussion

In this chapter, the synthesis method based on Chemical Vapor Deposition (CVD)
and described in the previous chapters is employed for growing large-area continuous
films of MoTey. In detail, the process can be distinguished from a standard CVD
approach since it is a heterogeneous vapor—solid reaction between a pre-deposited
molybdenum solid film and tellurium vapor, thus resulting in the controlled growth
of MoTey films onto Si0,/Si substrates utilizing a tellurization approach. The
growths were performed controlling different experimental parameters, including
temperature, carrier gas flux and type, the distance between the precursors, and
substrate positioning into the reactor tube. Optical and surface characterization
techniques, including Raman Spectroscopy and Atomic Force Microscopy, were
used to study the vibrational and morphological properties of the grown films. The
confocal Raman Spectroscopy was performed using Renishaw InVia spectrometer
with excitation wavelength in the visible range (514 nm). The AFM measurements
were made by a Brucker Dimension Edge in Tapping mode with few nm spatial
resolution on the surface plane.

3.1 Molybdenum precursor films

During the tellurization experiments, the molybdenum precursor was a pre-deposited
film onto a Si0y(50nm)/Si(100) substrate obtained by electron beam evaporation.
In reference [59], the films deposited by e-beam in the CNR laboratory have been
analyzed employing X-ray photoelectron spectroscopy (XPS) to determine the
chemical composition of the film. This analysis revealed that the evaporated films
react with the oxygen in the environment when brought outside the deposition
chamber. In Figure 3.1, I report the XPS spectra taken from reference [59].
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XPS analysis of solid film source

Mo 3d

Intensity (arb. units)

(a)
240 236 232 228
Binding energy (eV)

Figure 3.1: XPS profile of Mo atoms binding energy for e-beam evaporated Mo
film [59].

The figure shows the Mo 3d core level of the deposited precursor as a function
of the binding energy. The deconvolution of the spectrum in different components
demonstrates that the Mo film undergoes oxidation into four different oxidation
states, namely Mo%T, Mot Mo*T Mo*". This study clearly suggests that the
reactions involved in the tellurization process are similar to those reported for the
sulfurization process [59] and are of the following type:

MoO, + 3Te — MoTes + TeO, (3.1)

It is worth noting that Equation 4.1 may involve a reduction of the oxidation
state of molybdenum; therefore, it is favored in the presence of reducing species
like hydrogen. In the following, I will show that this is confirmed by comparing
the experiments carried out with and without the presence of a small percentage
of molecular hydrogen in the carrier gas.

In order to evaluate the thickness of the grown film, the substrate was patterned
prior to deposition of the Mo film. The AFM topographies in Figure 3.2 a-b show
that the Mo film has a thickness of 8 nm and a smooth and homogeneous morphol-
ogy with RMS roughness below 1 nm. This is made clear by observing the height
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profiles in panels ¢ and d, respectively. In panel ¢, the blue line starts from the un-
deposited place on the substrate, which the background is darker, and continues to
scan inside the deposited area with bright color. In panel d, the height profile scans
inside the deposited area on the substrate showing a flat and homogenous deposition.
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Figure 3.2: a) 50um x 50um topographical image of the patterned Mo deposited
film. b) 2um x 2um topographical image from the inside of the Mo deposited area.
¢) cross-sectional plot along the blue line in a. d) cross-sectional plot along the
green line in b.
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3.2 MolTey Growth

In the course of this experimental work, we studied the impact of the different
growth parameters on the quality of the MoTe, films. Different variables can be
changed, one at a time, aiming at optimizing the CVD growth:

1. Growth Temperature: we study the effect of the growth temperature on
the MoTe, film formation. Two different temperatures were explored 700°C'
and 800°C'. We can expect the growth temperature to be a critical parameter
since it affects the surface reaction rates and the dynamics of the chemical
reactions involved.

2. Carrier Gas: The impact of the carrier gas flux and composition was studied
by varying the flow rates of Ny gas in the range 30- 90 sccm and using or not
the Ar/Hj, gas flux at 100 scem.

3. Distance and Geometry: Another variable that is expected to have a
crucial role in our method is the distance between the Mo film and the Te
powder source. We studied the effect of a change of distance from 14cm to 6cm.
Then, in order to improve the growth quality, we change the configuration of
the substrate from a flat to a tilted positioning.

4. Growth Time: For a systematic study, the impact of the growth time on
the film quality was evaluated at a fixed temperature (625°C') and varying
the time from 60 to 180 minutes at different steps.

3.2.1 Growth Temperature
Morphological Analysis

In this section, I investigate the effect of two different growth temperatures
on the MoTey formation using AFM and Raman spectroscopy to characterize
the samples. Table 3.1 summarizes the experimental conditions employed for
the growth of sample 1 and sample 2 obtained respectively at 700°C' and 800°C'.
After the process, from the visual inspection of the sample and then from the
optical microscope investigation, we detected clear changes in the colour and
optical reflectivity of some areas of the pre-deposited Mo films, see Figure 3.3. Our
assumption was that in these regions the tellurium vapour reacted with the solid
Mo film to form the MoTe; layers.
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Figure 3.3: The sample after growth.

Sample Upstream Downstream Growth Time Carrier Gas Flux
p T(°C) T(°C) (minutes) (sccm)
1 650 700 120 100 (Ar/Hs,) - 60 (N,)
2 650 800 120 100 (Ar/Hs) - 60 (N)

Table 3.1: Process conditions used to grow MoT e, in Sample 1 and Sample 2.

We investigated the morphology of the two samples by AFM taken in tapping
mode, and two representative topographies are shown in Figure 3.4 a-b. The
measurements are reported with a 2 pm scan size. The topography of the films
reveals that in both cases, the films are continuous and completely cover the
surface, as made clear by the height profiles along the blue lines reported in panel
c-d. The statistical analysis of the maps shows that the RMS roughness of the
samples increases with the temperature. Indeed, the sample grown at temperature
700°C' has RMS roughness of 4.27 nm, while the sample obtained at 800°C' has
RMS roughness of 6.96 nm. Matching these values with the AFM analysis of
the Mo precursor, we can conclude that the effect of the tellurization process is
to increase the surface roughness. Moreover, the topographies in Figure 3.4 a-b
show that the morphologies are constituted by grains with the mean size that can
be assessed recurring to the images’ self-correlation function as described in the
previous chapter.
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Figure 3.4: 2um x 2um topographical image of the MoTey a) Sample 1. b)
Sample 2. ¢) cross-sectional plot along the blue line in a. d) cross-sectional plot
along the blue line in b.

In Figure 3.5 a-b, we show the self-correlation function of the AFM topographies
of Figure 3.4 a-b. The symmetric central peak in the self-correlation function
demonstrates that in both cases, the morphology of the samples is constituted by
grains with symmetric round shapes. Therefore, we can assess the mean grain
size by measuring the full-width-half-maximum of the peak along a horizontal
line profile at the center of the image. In order to avoid artifacts connected to
instrumental (electronic or thermal) drifts and tip wear, we repeated the self-
correlation filter on several topographies acquired at different times and with
different tips. The reported mean grain size values have been obtained as the
mean value calculated on the different measurements. The uncertainty has been
obtained as the standard deviation of the measurements from the mean value. We
can conclude that the average grain size is 50.22nm + 2.48 for sample 1 grown at
700°C" and 84.76nm =4 15.41 for sample 2 grown at 800°C'.
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Figure 3.5: a) 2um x 2um Self-correlation image of the MoTes Sample 1. b)
2pum x 2um Self-correlation image of the MoTe; Sample 2. ¢) cross-sectional plot
along the green line in a. d) cross-sectional plot along the green line in b.
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Raman Scattering Investigation

To gain a deeper insight into the MoT e, formation, we used Raman scattering
spectroscopy carrying out a positional investigation from the left part of the sample,
namely the part closer to the tellurium source, to the opposite right part, see the
sketch in Figure 3.6.

Figure 3.6: The sample after growth at 700°C' with dedicated left and right
positions of the sample

Figure 3.7 a and b shows the Raman spectra of sample 1 and sample 2, respec-
tively. The spectrum at 700°C' exhibits three sharp peaks at 111em ™!, 127em ™!,
and 161cm ™!, which are assigned to A, A,, and B, modes, respectively. According
to reference, these peaks are associated with the 1T’ phase of MoTe, [60]. There
is a weak hump at 261em ™! that is assigned to A, mode of vibration.
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Figure 3.7: The Raman spectrums with the growth temperature 700°C' (left) and
800°C' (right).
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The observed peaks at left side of the sample, which the Raman intensities
are higher than other positions are fitted by Voigt components, and they present
FWHM dedicated in table 3.2. The FWHMSs of the peaks are sensibly larger than
those of the exfoliated material reported in Chapter 3.
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Figure 3.8: The fitted Raman spectrums with the growth temperature 700°C'
(left) and 800°C' (right).

Sample A, Peak Ay Peak B, Peak B, Peak Ag Peak
CVD grown - sample 1 5.10 nm 6.51 nm 6.90 nm 12.44 nm 17.03 nm
Mechanical Exfoliated flake 4.74 nm 4.52 nm 4.58 nm 8.10 nm 9.34 nm

Table 3.2: Comparison of the FWHM of the Raman A,, A,, By, B,, and A,
peaks between the CVD grown sample 1 and Mechanical exfoliated flake.

This result suggests that the structural order of the grown material is lower
than the exfoliated flakes. As a matter of fact, the width of the Raman modes
is dramatically affected by the degree of disorder inside the material, which in-
troduces a broadening of the atomic bond length distribution and thus of the
vibrational frequency distribution. This observation can be easily linked with the
morphological pieces of information derived by the AFM analysis, which showed the
presence of grains and grain boundaries. Nevertheless, the Raman mode FWHMs
of our sample are comparable to those of CVD-grown MoTe, films reported in
the literature [60]. For the sake of completeness, we note that the band center
at 190cm? is assigned to a minor oxide tellurium component into the film. As
confirmed by a recent study based on X-ray photoelectron spectroscopy (XPS), the
oxidation of MoT'e; film obtained by CVD occurs in few minutes after exposure
to ambient conditions and is limited to the outermost part of the film [59]. The
positional analysis indicates that the sample is not uniform: the Raman intensity

decreases moving from the left to the right. Quantitatively, taking the B, peak
IBg(left) — 3 6

as a reference, the intensity ratio between the left and right spectra is Tp. (right)
g
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The same variability in the Raman spectra is observed in sample 2 grown at
800°C. Nevertheless, we can observe a stark difference in the vibrational modes
of this sample compared to sample 1. The most intense peaks in sample 2 is at
122em ™!, which is assigned to the A; mode of Te related to the chain expansion in
which each atom moves in the basal plane. The other peak at 141cm ! is assigned to
FE5 mode, represent the asymmetric stretching along the c-axis of the Te chain [61].
These assignments suggest that in the process at 800°C', the CVD does not result in
the formation of MoT ey films by tellurization of the pre-deposited molybdenum pre-
cursor. Instead, it results in the deposition of Te only onto the SiO,/Si substrate.
We can speculate that performing a reaction environment at a high temperature
leads to the evaporation of the Mo deposited film prior to its reaction with Te vapor.

Preliminary Conclusion

In conclusion, our study confirms that the MoTe; film can be obtained by
tellurization of a pre-deposited Mo precursor. More in detail, we established
a temperature threshold corresponding to 700°C' for the dominant 1T’ phase
formation. Moreover, in Figure 3.9, we show the AFM topography of sample 1 after
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Figure 3.9: The topographical image of the sample after scratching with a
micrometer tip (left) - Height profile along the depicted line (right).

mechanical scratching of the deposited film with a micrometer tip. We used the
scratch to quantitatively assess the thickness of the deposited MoTes. The height
profile confirms that the film is around 7 nm thick in quantitatively agreement
with the Mo pre-deposited precursor. Even though we can not exclude that part of
the Mo precursor does not react with tellurium, this result suggests that, similar
to the case of sulfurization [59], we can control the thickness of the MoTe, film by
controlling the thickness of the e-beam deposited Mo film.
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3.2.2 Carrier Gas Flux

Before studying the effect of the gas fluxes, I performed two experiments with and
without introducing the Ar/H, gas mixture. These experiments aim to demonstrate
that a reducing atmosphere is beneficial to promote the MoTe; formation. Figure
3.10 shows the Raman spectra of the two samples with the usages of N, gas flux
and Ar/H,. In the case of using N, as the carrier gas, we obtain no deposition
at all, and the Raman spectra represents only the second-order peak of SiO, at
301cm ™. However, by exploiting Ar/H, mixture, the growth leads to deposition
of 17" — MoTe,.

Carrier gas: N, Carrier gas: Ar/H,
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Figure 3.10: The Raman spectra from the sample that is grown with the usages

of Ny as carrier (left) - The Raman spectra from the sample that is grown with the
usages of Ar/H, as carrier (right).
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After studying the effect of the hydrogen mixture, I investigated the effect of
N5 gas flux on the Raman spectra and surface morphologies. We explored three
different Ny fluxes: 30, 60 and 90 sccm. The growth time and temperature are
kept unchanged as the Sample 1 introduced in the previous case study. For the
sake of simplicity, the experimental conditions are summarized in Table 3.3.

Sample Upstoream Downitream Grovx.rth Time Carrier Gas Flux
T(°C) T(°C) (minutes) (sccm)
650 700 120 100 (Ar/Hj) - 30 (Ns)
650 700 120 100 (Ar/Hj) - 60 (Ns)
650 700 120 100 (Ar/Hj) - 90 (Ns)

Table 3.3: Process conditions used to grow MoT'e, in Sample 3, Sample 4 and
Sample 5.

Morphological Analysis

Figure 3.11 a-c shows three representative AFM measurements corresponding
to the experiments with 30, 60, and 90 sccm gas fluxes, respectively. Furthermore,
the corresponding height profiles along the blue lines are shown in panel d-f.

From these measurements, it can be realized that at 30 sccm flux, the deposition
is not uniform and results in cluster formation. Clusters have lateral size of
hundread of nanometers and height in the same vertical range. They coalesced
in large structures leaving large part of the substrate exposed, for this reason the
RMS roughness of the surface morphology is as high as 19nm.

By increasing the gas flux to 60 and 90 sccm, AFM measurements confirm more
uniform deposition and a compact granular morphology in both cases. The RMS
roughness is estimated at 5.94 and 7.31nm, respectively.
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Figure 3.11: 2um x 2um topographical image of the MoTes a) Sample 3. b)
Sample 4. ¢) Sample 5 - cross-sectional plot along the blue line d) in a. ¢) in b. f)
in c.

Average Grain Size

The self-correlation filter of the topography images at 60 and 90 sccm experiments
is depicted in Figure 3.12 a-b. By measuring the FWHM of the center in these
images, we conclude that the amount of gas flux does not affect the average grain
size.

The topography of Figure 3.11 a, corresponding to the sample obtained at 30

sccm, cannot be analyzed utilizing the self-correlation function filter because of the
not homogeneous deposition.
On the other hand, the samples at 60 and 90 sccm show a symmetric self-correlation
function of the AFM topographies in Figure 3.12. The symmetric central peak in
the self-correlation function demonstrates that the morphology of the samples is
constituted by grains with symmetric round shapes in both cases. Therefore, we
can assess the mean grain size by measuring the full-width-half-maximum of the
peak along a horizontal line profile at the center of the image. The reported mean
grain size values have been obtained as the mean value calculated on different AFM
measurements; the uncertainty has been obtained as the standard deviation of the
measurements from the mean value. We can conclude that the average grain size is
52.62 4+ 8.43 nm for the sample grown at 60 sccm and 55.58 + 10.34 nm for the
sample grown at 90 sccm.

54



MoTey growth: results and discussion

607257.84 a.n. 010440.93 a.u.

E) El
-~ >
‘ ‘ ‘ ‘ ‘ -40036.16 a.u. -106219.07 au.
0 0.5 1 15 2
X[pm] X[pm]
1200000
600000 -
1000000 - C) d )
500000
800000 -
400000 -
El 00000 FWHM = 52 nm 3 FWHM = 51 nm
< —{|— S 300000 — ||
N N
400000 4 200000 4
. \/‘/\M . _\/\/\/\A/\/J \»\/\/J\"\N
, _W\—\/\_J\/\J ol
T T T T T T
00 05 1.0 15 2.0 00 05 1.0 15 2.0
X(um) X(um)

Figure 3.12: 2um x 2um Self-correlation image of the MoTey; a) Sample 4. b)
Sample 5 - cross-sectional plot along the green line in ¢) a. d) b.
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Raman scattering investigation

As for the previous studies, I used Raman spectroscopy to gain a deeper under-
standing of the material deposition. In Figure 3.13, I show the Raman spectrum of
the sample grown with 30 sccm gas flux. I carried out a positional analysis of the
sample acquiring the Raman spectra in three positions from the left (closer to the
tellurium source) to the right. I observed an high variability of the spectra in term
of peak intensity. More in detail, all the spectra exhibit two main peaks at 120
and 140.7cm ™. These two peaks are assigned to A' and E? peaks of Te. Other
peaks at 162cm ™! and 260cm ™! are assigned to B, and A, peaks of 1T’ phase of
MoTe,. The spectrum also exhibits the MoO, peak at 190cm™!. It is interesting
to notice that the high degree of structural disorder identified with the AFM investi-
gation reflects into broad Raman peaks, see for instance the A; mode in the spectra.

Figure 3.14 shows the Raman spectrum of the samples grown with 60 sccm
and 90 sccm gas flux, respectively. They exhibit three main peaks of the 1T’
MoTey phase: A,, A,, and B, at 109, 127, and 162cm ™" respectively. Apart from
a slight difference in the peak intensity, the variability of the Raman spectra is
more pronounced in the sample obtained with 60 sccm gas flux. Nevertheless, the
study clearly demonstrates the formation of the MoTe, film in both the cases.
Also in this case, the FWHMs of the Raman peaks are larger than those of the
exfoliated flakes but comparable to those obtained in other CVD grown MoT e,
films. I reported the analysis fit of the Raman peaks in Table 3.4.

25000 +

20000

15000

Intensity (a.u.)

10000

5000 4

100 125 150 175 200 225 250 275
Raman Shift (cm™)

Figure 3.13: Raman Spectrum with the Ny gas flux 30 scem.
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Figure 3.15: The fitted Raman spectrums of the left side (closer to the tellurium
source) of the sample 3, 4, and 5 with Voigt function.
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Sample A! Peak | E? Peak | A, Peak | A, Peak | B, Peak | MoO, Peak A, Peak
Sample 3 7.08 nm 5.44 nm - - 6.32 nm 12.65 nm 21.43 nm
Sample 4 - - 6.31 nm 5.18 nm 5.19 nm 6.79 nm 48.32 nm
Sample 5 - - 4.65 8.80 nm 5.75 nm 12.82 nm -

Table 3.4: Comparison of the FWHM of the Raman A', E?, A,, A,, By, M0Os,
and A, peaks between the sample 3, 4, and 5.

Preliminary conclusion

We can draw some preliminary conclusions based on the studies of the role
of the carrier gas. Firstly, I demonstrated that a reducing atmosphere, provided
by the presence of molecular hydrogen during the high-temperature process, is
mandatory for the tellurization reaction to occur.

Secondly, I showed that a low gas flux, i.e., lower than 60 sccm, does not result in
a uniform and homogenous MoT'e; formation. Both AFM and Raman spectroscopy
pointed out that, in this case, the film is highly disordered, and not-reacted tel-
lurium deposition is found. This result can be explained considering that such low
gas flux could not be enough to provide sufficient tellurium atoms for the reaction
to occur before evaporation of the molybdenum film.

Lastly, by comparing the FWHM and intensities of the Raman B, peak at 60
sccm and 90 scem gas fluxes, I found more homogeneity in the growth of MoT e,
is obtained at fluxes higher than 60 sccm. This is reported in Figure 3.16, where
I used the analysis on different Raman spectra to calculate the mean value and
uncertainty on the measure using the standard deviation from the mean value. The
data show that at 90 sccm, the dispersion around the mean value is very low both
in the intensity and FWHM value of the peak. In addition, I found that the same
condition holds for samples obtained in the flux range 90-150 sccm that I identified
as the optimal condition for the growth.
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Figure 3.16: Comparison of the B, peak intensities (left) and FWHM (right) at
60 and 90 sccm gas flux

3.2.3 Boats Distance and Substrate Positioning

In the previous sections, I studied the role of temperature growth and carrier gas
(type and flux) on the formation of the MoTe, film. Here, to obtain more precise
control of the film homogeneity and structural quality, I explore the effects of
changing the precursor distance and the substrate positioning. More in detail, I
will show the results obtained reducing the gap between the boats containing the
precursors from 14 cm to 6 cm. In addition, to investigate the critical parameters
controlling the growth scale, I compare two different substrate positions: (I) the
substrate surface parallel to the gas flow and facing up lying on the bottom of the
boat, (II) the substrate surface facing toward the gas flow and tilted with respect to
the boat’s bottom. Based on the results of the previous sections, I set the growth
temperature and Ar/H, carrier gas flux at 650°C' and 100 sccm, respectively.

Sample G " Upstream Downstream Growth Time Carrier Gas Flux
p eometty T(°C) T(°C) (minutes) (sccm)
Flat 650 625 60 100 (Ar/Hs,)
Tilted 650 625 60 100 (Ar/Hy)

Table 3.5: Process conditions used to grow MoTey in sample 6 and sample 7.
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Figure 3.17: Growth ramp of sample 6 and sample 7.

In a recent paper [62], numerical calculations based on transport phenomena
predicted the distribution of velocities, concentrations, and concentration gradients
of precursors during the CVD growth of MoS,. Furthermore, these calculations
have provided valuable hints for the optimization of the experimental parameters
during the synthesis. Inspired by these studies and aiming at calculating the con-
centration gradient distribution of the tellurium precursors in the CVD system, [
developed and implemented the model described in Chapter 3 using the commercial
finite element software package COMSOL.

My first goal was to study the effect of changing the distance between the two
precursor boats. I modeled two experimental conditions corresponding to a distance
of 14 c¢m, the same employed in the study presented in the previous sections, and 6
cm, the minimum gap distance achievable in the CVD configuration I used during
the activity. In Figure 3.18, I plot the results of the calculated concentration of Te
precursor C, (background color); its gradient in front of the substrate (arrows) |VC|;
and carrier gas stream velocity (solid lines) |V| for two different distance between
precursor boats 14 ¢cm and 6 cm. The arrows’ color and size are proportional to
the amount of concentration close to the substrate. For the case of 14 cm distance,
due to the lower concentration of Te close to the substrate, I used x 20 larger scale
of arrows to clarify the results better.
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Figure 3.18: Distance between the Te source and Mo substrate = 14 cm (top).
distance between the Te source and Mo substrate = 6 cm (bottom).

I tried to match the results predicted by the model with the experimental results.
Figure 3.19 shows the Raman spectra of the samples obtained with the gap between
the precursors 14 cm and 6 cm, respectively. The Raman spectra of the 14 cm
gap indicate a tiny B, peak at 162 em™' and dominant substrate peak at 303
em~! which confirms the prediction of low Te concentration and its gradient by
the simulation. Instead, the Raman spectra, by decreasing the distance, reveals
improvement of the intensities and dominant B, peak at 162 ¢m™'. The intensity

ratio between the B, peaks of these two cases is: %‘ﬁk = % =0.37.
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Figure 3.19: Raman spectra of the sample with distance of 14 cm between
precursor boats (left) - Raman spectra of the sample with the distance of 6 cm
between the precursor boats (right).

Substrate positioning: flat and tilted

Having established that reducing the distance between the two precursors is
beneficial for the growth, I modeled, in the implemented COMSOL experiment,
two different configurations for the Mo precursor positioning inside the boat. The
first configuration is the flat positioning, in which the sample lies down on the
bottom of the boats. The second configuration is the tilted one with the sample
facing the gas flux. For the sake of clarity, I show the two configurations in the
sketches of Figure 3.20.

a) Flat positioning substrate b) Tilted positioning substrate

Figure 3.20: a) Configuration of the flat positioning substrate (top view) -
configuration of the tilted positioning substrate b) (top view) - ¢) (side view).
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Flat configuration

The numerical simulation results for the concentration of Te vapor and flow
around the substrate are shown in Figure 3.18, which indicates a change in Te
gradient concentration along the substrate. The color of the background represents
Te concentration, while streamlines show the carrier gas velocity. Simulation results
predict a significant reduction of the mass flow along the substrate, from left to
right, resulting in a lower density of the grown film. It can be due to decreasing
the carrier gas velocity, which induces a smaller thermodynamic driving force for
the growth. The color change of the arrows corresponds to the concentration of
the Te, i.e., darker arrows indicate a higher concentration.
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Figure 3.21: Numerical simulation showing concentration of Te precursor C,
(background color); its gradient in front of the substrate (arrows) |VC|; and carrier
gas stream velocity (solid lines) |V].
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Tilted configuration

In this experiment, the Mo substrate is placed with a tilted angle on a support
(a piece of a silicon substrate in the experimental configuration) and facing up to
investigate the effect of the geometry on the growth area. The numerical simulation
represents the concentration of the Te around the substrate in this setup, see Figure
3.22. This simulation predicts a significant improvement in the concentration
gradient as indicated by arrow density.

m
v (?)

Figure 3.22: Numerical simulation showing concentration of Te precursor C,
(background color); its gradient in front of the substrate (arrows) |VC|; and carrier
gas stream velocity (solid lines) |V|.

Numerical simulation and experimental observation of the growth reveal a sig-
nificant change in the concentration gradient of Te by tilting the substrate. It is
worth noting that the gradient arrows are more concentrated on the left side of the
substrate compared to the flat case; see Figure 3.23 panel a and b.

This is also supported by the experimental results showing that in the tilted
case, the deposition of Te flakes in that area is observable by optical microscope
and Raman investigation. I compare the numerical simulation results and the
experimental observations in Figure 3.23. As already mentioned, simulation and
experimental results can be easily matched and are in good agreement.
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The Raman spectrum of the flat substrate (Figure 3.23 e) on the left edge of the
sample (close to Te powder source) shows two broad peaks at 127 and 162 cm™*
assigned to A, and B, modes of 1T” MoTe,. See the photos panel ¢ showing the
points of the Raman spectra. While the spectra taken from the middle and right
part of the sample indicate only Si substrate second-order peak at 302 cm ™.

The Raman spectrum of the tilted substrate shows higher intensities with respect
to the flat substrate. There are two characteristics peaks at 162 cm ™! assigned to
B, mode, and the peak at 127 ¢m ™! is assigned to A4, mode of 1T" phase. There is
also a low intense peak at 142 cm ™! that can be assigned to the 2H phase.

Figure 3.24 indicates a comparison between the concentration of Te above the
substrate area in three different cases that we studied till now. The concentration
of Te has a higher amount in the case of tilted configuration, and it is decreasing
in the flat case with a 6 cm distance of the boats. It can be seen that the lowest
Te concentration happens in the case of 14 cm distance between the boats.
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Figure 3.23: Numerical simulation result in a) tilted substrate. b) flat substrate -
experimental result in the c) tilted substrate. d) flat substrate - Raman spectra of
the e) flat substrate (Sample 6). f) tilted substrate (Sample 7).
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Figure 3.24: The comparison of the concentration on top of the substrate in the
flat configuration with 14 and 6 cm distance of boats, and in the tilted configuration.

3.2.4 Growth Time

The study on the sample positioning inside the CVD reactor revealed that better
coverage and uniformity could be achieved by adopting the tilted geometry. Never-
theless, the Raman spectra in Figure 3.23 panel f show that high variability is still
present in the considered three different regions of the sample (namely left, center,
right). In order to improve the homogeneity of the sample, I studied the role of
the growth time, keeping the other experimental parameters unchanged compared
to the experiment described for the tilted sample in the previous section. The
distance between substrate and tellurium boats is kept at 6 cm and growth time
varies from 60, 90 to 130 minutes. Table 3.6 summarises the adopted experimental
parameters.

The Raman results of the experiments of 90 and 130 minutes of growth time
are represented in Figure 3.25. For comparison purposes, I report in panel a) the
Raman spectra of the sample obtained using 60 minutes.

For the 90 minutes experiment, the sharp peak of B, mode appears at 162 cm™!,
A, mode at 110 em™, A, mode at 128 and 260 cm™! are detected (Figure 3.25
b). For 130 minutes of growth time, the peaks become asymmetrical with lower
intensities. The 1T’ peaks are observed at 127 em™!, 161 em™!, and 264 cm ™!
(Figure 3.25 ¢).

The comparison of the Raman spectra reported in Figure 3.25 demonstrates
the formation of 1T” MoTe, films at every considered temperature. Nevertheless,
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Sample Upstream Downstream Growth Time Carrier Gas Flux
p T(°C) T(°C) (minutes) (sccm)
650 650 90 100 (Ar/Hs)
650 650 130 100 (Ar/Hs)

Table 3.6: Process conditions used to grow MoTe; in Sample 8, and Sample 9.

some important considerations can be made by carefully analyzing the intensity
and FWHM of the Raman peaks. As a reference, I analyzed the most intense B,

peak, but the same considerations hold for the other peaks.
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Figure 3.25: Raman spectra of the samples with a) 60 minutes growth time b)
90 minutes growth time c) 130 minutes growth time.
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Figure 3.26: The fitted Raman spectrums of the left side (closer to the tellurium
source) of the sample 7, 8, and 9 with Voigt function.

The comparison of the intensities and FWHM of the B, peak at different growth
times is represented in Figure 3.27. The methodology for fitting and calculating
the uncertainty of the measurements is the same described in the previous sections.
From the plot, we can draw the conclusion that increasing the growth time from
60 to 90 minutes will result in a more uniform deposition since the Raman spectra
from the left to the right side of the 90 minutes sample show the higher average
intensity and less dispersion than the 60 minutes sample. Further increasing the
time to 130 minutes seems to negatively affect the spectra, causing a reduction of
the peak intensity and an increase of the FWHM compared to the 90 minutes case.
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Figure 3.27: Comparison of the intensity of B, peak at different growth time
(left) comparison of the FWHM of the B, peak at different growth time (right).
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Preliminary conclusion

We can conclude that the optimized condition for the uniform MoTey; depo-
sition is achieved within a window of growth time of around 90 minutes. The
increased Raman peak intensity observed changing the growth time from 60 to
90 minutes probably suggests that, in the former experiment, the tellurization of
the molybdenum precursor was not completed due to the insufficient duration of
the growth step. On the other hand, the reduction of the peak intensity and the
concurrent increase of the FWHM, observed by changing the growth time from 90
to 130 minutes, demonstrates that a prolonged growth time may lead to partial
evaporation of the MoTe, and an increase of the structural disorder inside the
material.

3.3 MoTe, phase control

Despite the relatively low energy formation difference between the 2H and 1T’
phase, a few studies in literature pointed out that the phase transition in CVD
growths depends on the interplay among several experimental parameters [63].

In previous sections, we studied the effect of temperature, carrier gas (flux and
chemical composition), the distance between precursors, substrate positioning, and
growth time on the tellurization of a molybdenum thin film. Even though we
explored a broad range of experimental conditions, the grown MoTey layers were
deposited predominantly in the metallic 1T” phase, as confirmed by the Raman
investigation. Aiming at a phase transition, we, therefore, focused on the role of
the tellurium concentration as a knob for the 1T" to 2H formation. Indeed, our goal
was to provide extra tellurium atoms, thus promoting the 2H formation as reported
in a recent paper for CVD of MoTes layers in the pure vapor phase approach [43].

We examined the effect of the Te-rich atmosphere by adding another quartz boat
containing an extra 150 mg of Tellurium powder. In addition, we designed a new
experiment condition to take into account the introduction of the second source:
i) we moved both the boats of the primary tellurium source and molybdenum
precursor entirely in the downstream furnaces. ii) we added the second source in
the upstream furnace.

Our first attempt was to turn on the upstream furnace containing the extra
tellurium atoms once we accomplished the first tellurization of the molybdenum film
in the downstream furnace. Unfortunately, this approach resulted in not-reacted
molybdenum oxides and extra tellurium clusters deposited on top.
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Figure 3.28: Growth ramp used in the experiment with two Te powder boats

In the second attempt, we revised the growth recipe increasing the temperature
of the downstream furnace according to the thermal ramp reported in Figure 3.28.
The temperature of the upstream furnace is kept below the Te melting point 450°C
for 120 minutes, while in the downstream furnace, the growth process is carried
out at 800°C' to avoid the presence of not-reacted molybdenum oxide precursor.
To provide the extra tellurium atoms, the temperature of the upstream furnace is
varied from 380°C to 650°C" after 120 minutes and kept constant for 55 minutes.
Then the system is let to cool down by heat exchange with the environment naturally.

The spectra in Figure 3.29 show broad and relatively weak Raman peaks
measured in the region localized through the optical microscope. Nevertheless,
the prominent characteristic peaks of both 2H MoTey, Eig at 233 em™!, and 1T
phase, B, at 163 cm ™', can be observed. This finding suggests that the 1T phase
develops due to the local tellurium deficiency while the formation of nucleation
sites of 2H — MoT'e; occurs in localized Te-rich regions. To quantitatively measure
the relative proportion between the two phases, we compute the relative intensity
between the two characteristic peaks according to the relation [43]:

L7 Ip
R(1T) = = g =50 3.2
A Oy N P Iny & (3:2)

This dependence allows measuring the relative percentage of 1T and 2H, which
reads 50%.
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Figure 3.29: Raman spectra of the sample grown using two Te boats

3.4 Kelvin Probe Force Microscopy on the
CVD-grown MoTes

In this section, I use AFM in Kelvin probe mode to characterize the MoT ey grown
with the CVD method. Figure 3.30 shows in panel a) a representative AFM
topography of the sample, in panel b) the corresponding surface potential map,
in panel ¢) two image profiles, and in d) the histogram distribution of the surface
potential.

As described in the previous sections, the sample obtained by the tellurization
process (panel a) inherits a granular structure with nanometer-scale grains from
the molybdenum film precursor. In detail, the self-correlation function analysis
of this image reveals that the grain size is of the order of 50.22 + 2.48 nm. In
addition, the RMS roughness is 3.8 nm. In panel b) the surface potential voltage
applied is 4V, with the lift height = 0.005 pm in dual pass mode. It shows a
variation in the range 38 mV - 89 mV with a majority of regions at high poten-
tial (yellow regions) and nanometer-scale regions at low potential (blue-dark points).

To ensure that the KPFM technique is working correctly and no topographic
artifacts are present, we match in panel c¢) the height profile with the potential
profile along two different pathways. It is important to note that a morphological
protrusion from the surface corresponds to different potential values in the two
cases: a local minimum in profile 1 and a constant value in profile 2.
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This comparative study excludes the so-called topographical cross-talk artifact
that occurs when a one-to-one correlation is observed between topographical and
potential features. The information on the surface potential of the scanned area is
summarized in the histogram distribution shown in panel d). The average potential
is at 82 mV, and the full-width-half-maximum of the curve is 11.8 mV.
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Figure 3.30: a) 2um x 2um topographical image of MoTe; grown with Mo
pre-deposited substrate. b) potential difference of the on/off illumination ¢) cross-
sectional topography and potential profiles along the line 1 and line 2 d) histogram
of the surface potential.
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In the following, I exploit the KPFM technique to compare the samples obtained
by two different growth approaches, tellurization, and co-deposition. I described
the tellurization method in the previous sections.

In contrast, the co-deposition method consists of the use of MoOs powder as
precursors (instead of the pre-deposited Mo film) and in the reaction of the vapor
phases of the metal and the tellurium atoms. The deposition using the latter
methodology was studied in the CNR lab in a previous thesis work. I used a
sample grown using the developed methodology in this comparison. There is a
stark difference in the morphological features of the two samples. The sample
obtained by the co-deposition process is characterized by a continuous deposition
ontop of which is observed the formation of the cluster (or crystallites) of lateral
size and height in the hundreds of nanometers range.

For this reason, I show in Figure 3.31 the topography and potential map over a
10 pm x 10 pm area. For a detailed description of the morphological features of
these samples, see [64] and [43]. The potential shows a variation in the range 0 mV
- 110 mV. Compared to the case of the tellurization, the potential shows a lower
average value as confirmed by the potential distribution in panel c).
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Figure 3.31: a) 10pm x 10pm topographical image of MoT ey grown MoOs powder
b) potential difference of the on/off illumination c) histogram of surface potential.
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Raman spectroscopy characterization of the samples is reported in Figure 3.32.
On the one hand, the sample obtained by the tellurization process is characterized
by a pure 1T’ dominant phase with characteristic Raman modes at 109 em ™!, 127
em™!, and 161 em™!. On the other hand, the sample obtained by co-deposition
does not show uniformity in the allotropic phase, and the Raman peaks are a
combination of the 1T’ phase and 2H phase. In particular, we can distinguish the
E1y mode of the 1T’ phase at 137 em™", the Ej, mode of the 2H phase at 229
cm ™!, the B, mode of the 1T phase at 163 cm ™.
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Figure 3.32: Raman spectra of the sample grown with tellurization (left) - Raman
spectra of the sample grown with co-deposition (right).

Inspired by the Raman comparison, it is intriguing to study the sample response
in the KPFM mode to show whether the difference in the allotropic phase is
detectable at the nanoscale with the AFM.

To gain a deeper insight in this respect, I investigated the change in local poten-
tial produced in response to an optical excitation in both cases. This technique
has been proposed in a recent paper to study TMDs based on sulfur [65].

I used the illumination led, built-in in the AFM system, to provide the excitation
illumination. I measured the surface potential at zero illumination (measure in
Figure 3.30 and 3.31) and 70 % of the illumination power.

I plot in Figure 3.33 a-b the variation in the potential, called surface photovoltage,
for the tellurized and co-deposited samples, respectively.
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Figure 3.33: a) Variation in potential in the tellurized sample (1T’ phase dom-
inant). b) variation in potential in the co-deposited sample (mixed 1T’ and 2H
phase) - ¢) histogram distribution of potential difference of the tellurized (gray)
and co-deposited (green) samples.

It is interesting to note that in the tellurized film, which is 1T’ metallic dominant,
the variation in the potential is relatively uniform on the whole surface area.
In contrast, the spatial map of the surface photovoltage for the mixed-phase sample
reveals higher contrast in the surface potential due to mixed semiconducting and
metallic phases in the co-deposited sample. It also presents regions with different
values that hint at a different photoresponse at the nanoscale. Quantitatively, we
can observe that the histogram distribution of the potential difference is centered
at zero, namely no variation in the potential under illumination in the 1T’ phase.
At the same time, it shifts towards negative values in the mixed sample.
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It can be due to the accumulation of negative charges when under illumination,
which results from electron transfer. These results show that this technique
provides a way to directly probe the spatially varying charge transfer properties
when the system is driven away from equilibrium by illumination [65]. The surface
photovoltage KPFM is a useful technique to investigate the photoresponse of
nanostructures and their correlation with spatial heterogeneity. Differences in the

photoresponses of the tellurized and co-deposited samples reveal the role of different
allotropic phases.
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Chapter 4

Conclusion

In this thesis, I studied the synthesis of ultra-thin MoTe, films based on a tellur-
ization approach of a pre-deposited Mo layer on a SiO,/Si substrate.

In detail, the approach is a revised version of a chemical vapor deposition (CVD)
where the precursors of the molybdenum and tellurium react in two different phases,
namely solid phase for the molybdenum and vapor phase for tellurium.

I determined the critical parameters of the growth by performing various ex-
periments. First, the optimal growth temperature and carrier gas flux have been
optimized. As a result, I found that the temperature range for the heterogeneous
solid-vapor reaction to occur is below 700°C". At the same time, by exceeding this
threshold, the deposition will lead to the formation of tellurium clusters. I have
drawn these conclusions by matching the AFM morphologies of the samples grown
at different temperatures with their Raman scattering spectral features.

In addition, I determined that both the type and amount of carrier gas affect
the growth of MoTes. 1 found that a reducing atmosphere is detrimental for the
growth. I obtained this condition by introducing a small percentage of molecular
hydrogen into the gas composition. Moreover, by exploiting a broad range of gas
fluxes, I showed that the range 90-150 sccm appears as the best choice for uniform
growth, as confirmed by AFM morphological analysis of the samples.

Aiming to improve the deposition quality further, I developed a Finite Element
Method in the COMSOL Multiphysics platform by coupling laminar flow with the
transport of diluted species models to estimate the precursor concentration and its
gradient close to the substrate. I simulated three different conditions:

1) precursor boats distance of 14 cm, 2) precursor boats distance of 6 cm, and 3)
tilted substrate configuration at precursor boats distance of 6 cm.
This calculation allowed me to identify the tilted configuration of the substrate
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Conclusion

keeping a 6 cm distance from the Te source as the best condition to achieve the
highest concentration of tellurium atoms at the substrate surface.

I experimentally verified the crucial role of precursor boats distance in order to
increase the growth area and improve the homogeneity of the film in consequence of
tilting the pre-deposited Mo substrate toward the precursor and carrier gas fluxes.
The AFM and Raman investigations of the samples confirm that the designed
conditions are in complete agreement with the simulation, showing that by keeping
the distance between the precursors at 6 cm and a tilted positioning of the substrate
in the reactor, more uniform coverage of the substrate surface is obtained, Moreover,
I showed that this condition improves the uniformity of the growth by comparing
the Raman scattering signatures acquired in different regions of the sample.

Another critical parameter that has a crucial role in further improving the uni-
formity of the growth is time. We observed that the window growth time of around
90 minutes resulted in a significant growth area and very high homogeneity of the
grown film. After optimizing the parameters mentioned above, I also examined the
role of increasing the Te concentration. I found that a Te-rich environment enables
the formation of small domains of the semiconducting 2H phase in the dominant
1T’ film. This finding suggests that further increasing the tellurium concentration
can be beneficial for the complete transformation of the grown film from the 1T’ to
the 2H phase. It is worth noting that, on selected samples, I used different AFM
configurations, namely electrostatic and Kelvin probe, to have a deeper insight
into their physical properties, also matching the experimental results with those
obtained on commercial exfoliated flakes.

As an outlook for future experiments, apart from increasing the tellurium
concentration aiming at a phase transformation, different substrate configurations
(such as vertical or face down) can be explored to further improve the grown
material’s quality, particularly for what concerns the morphology and roughness.
The effectiveness of these configurations can be evaluated before their experimental
realization by using the simulation tool I developed during my activity.
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Appendix A

Tellurium growth

Chalcogens, more specifically, tellurium (Te), is a p-type semiconductor with a
bandgap of &~ 0.35 eV in bulk and = 1 €V in monolayer. The importance of Te is
since it has an asymmetrical crystal structure in its radial direction. The atoms in
each individual chain are interacting by covalent bonding. The parallel Te atoms
chains are arranged on a 2D hexagonal lattice which are interacting by van der
Waals forces [61]. Due to its special structure the synthesis method yielding the
2D Te nanostructures are not much known. The growth of tellurene in mono-layer
or few layer was reported for the first time in 2017 [66]. Due to the limited number
of experimental studies, a few recent theoretical explorations predict the intriguing
properties of 2D tellurene, e.g., extraordinary carrier mobility, significant optical
absorption, and high stretchability [67].

Figure A.1: The lattice structure of Te [61].
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Various synthesis methods such as solution-based methods, vapor phase deposi-
tion methods, and exfoliation of Te from bulk have been reported in the literature.
However, due to the high evaporation rate of Te, the re-evaporation of deposited
Te makes it a challenge to create high structural quality Te nanostructures [68].1t
has been demonstrated that tellurium precipitates in spherical nanoparticles whose
crystal structure is trigonal by solution synthesis [69].

In what follows, I intend to summarise the results obtained during the experi-
mental activities to study the capability of the growing tellurium thin film on a
large scale Si0,/Si substrate.

We attempt to grow the tellurene during the MoTes experiments, the furnaces
temperature, and the gas flux follow the standard MoT'es recipe. The position of
the Si substrate for the growth of Te is shifted upstream near the insulator edge
with the distance of 20, and 14cm from the Te powder source. Since from the
literature we expect that the Na-based solutions will help to the adhesion of Te on
the substrate, we examined the effect of two different Na-based promoters: NaOH
and NaCl, on the growth of thin Tellurium film.

In the first experiment, I dissolved 25 mg of NaOH in 100ml of water and
transferred it to a piece of Si0,/Si substrate using a micropipette. Another
Si04/S1 substrate with the same dimension and without exploiting promoter was
also used. I put these two pieces of the substrate on top of an alumina boat and
insert them in the tube at a 20 cm distance apart from the Te powder source.

Alumina boat containing
two substrates

Figure A.2: The position of the boat used for the deposition of the tellurium.
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The morphology comparison obtained by AFM in tapping mode demonstrates
that by exploiting the NaOH solution the deposited Tellurium flakes has the
thickness around 700 nm while in the case of not using NaOH on the substrate, it
yields to the formation of flakes with 1.7 pm thickness.

a)

700 nm

0.00 pm 0.00 pm

c) d)

1.8+
16
1.4
12
1.0

0.8

Z(nm)
Z(um)

06|
0.4

i J 02
0 0.0
T T T T T T T T T T 0.2 T T T T T T T T !
2 0 2 4 6 8 10 12 14 16 18 4 0o 1 2 3 4 5 & 1 8
X(um) X(um)

Figure A.3: a) The morphology obtained from the Te deposited flake on the
substrate with NaOH. b) The morphology obtained from the Te deposited flake
on the substrate without NaOH. ¢) height profile along the depicted line in a. d)
height profile along the depicted line in b.

The Raman spectra of these two samples are reported in Figure A.4.

o In the case of Te growth on a substrate with NaOH promoter, the Raman
spectra exhibit two peaks at 619 cm ™! and 672 em ™!, which are characteristics
peaks of T'eOy due to the existence of oxygen in the Na-based solution NaOH.

o The Raman spectra were taken from the substrate without the NaOH promoter
reveals two peaks of bulk tellurium at 121 em ™! and 141 em ™! at very high
intensity, which confirms the high thickness of the Te obtained from AFM
measurement.
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Figure A.4: The Raman spectra taken from the Te deposited using NaOH
promoter (left) - Raman spectra taken from the Te deposited without using NaOH
promoter (right).

After realizing the growth of T'eO; instead of thin Te film by exploiting NaOH
solution on the substrate, we decided to change the type of the Na-based solution
to NaCl. In this case, I made a solution of 250 mg NaCl inside 20 ml water. Then, I
transferred the droplets of the solution using a micropipette on a piece of SiOs/Si
substrate and let it dried on a hot plate. I inserted the alumina boat containing
two pieces of substrates: one with dried NaCl droplets exposed on the substrate
and the other without any promoter. The distance between Te powder source and
substrate decreased to 14 cm in this case.

Figure A.5: The position of the boat used for the deposition of the tellurium.
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Figure A.6: The morphology obtained from the Te deposited film on the substrate
a) with NaCl. b) without NaCl. c) height profile along the depicted line in a. d)
height profile along the depicted line in b.

The mean grain size (Figure A.7) was obtained from measuring the FWHM of
the peak along the horizontal line profile at the center of the self-correlation image.
We can realize that by exploiting NaCl solution on a substrate, the Te deposition
leads to the formation of grains of larger size.

The Raman spectrum (Figure A.8) taken from the sample using NaCl promoter
reveals two peaks at 120 cm ™! and 140 em ™! which have lower intensities in com-
pared with bulk Tellurium.

It can confirm the fact that by exploiting NaCl, the growth of tellurium with
lower thickness will be achievable. Indeed, reducing the amount of tellurium would
be beneficial to decrease the thickness of the grown film further and reach the 2D
domain.
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