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Introduction

1.1 Research Context

The pressure for technological improvement have pushed the scien-
tific community onto the research of different solutions that can sat-
isfy this constant evolution. While part of the effort is devoted on
the optimization of the current technologies and materials (semicon-
ductors) involved on it, the other part is aiming on developing and
understanding of new materials that can yield to a new technological
evolution. A clear example of this is the light bulb, that evolved from
a tungsten filament in an argon-filled bulb to its halogen variant until
the research on new type of materials gave birth to the first LED,!
changing forever the illumination in our homes. Driven by this need,
the scientific community spent countless efforts on the study of differ-
ent semiconductors and their different properties at different scales,
finally exploiting the material properties at nanometer (nm, 10" m)
scale. Despite examples of uses of nanocrystals (NCs) can be traced
back to 5000 years BC,? the modern nanoscience with nanocrystals
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starts in the early 1980s? with the investigation of colloidal semicon-
ductor nanocrystals for light-harvesting applications.?® It is after
the explanation of the quantum size effect that such semiconductor
nanocrystals were termed quantum dots (QDs).5 1 Since then the
research on colloidal nanocrystals yielded to synthetic protocols that
provides narrow size distributions,'? uniform morphologies, controlled
surface chemistry,'® and enhanced optical properties;'* making pos-
sible to explore new nanocrystals characterized by different degrees
of quantum confinement, such as 1D (quantum wire, QWr) and 2D
(quantum wells, QW) (Figure 1.1). This tremendous development
ultimately led to nanocrystals of such high quality to be suitable for
commercial applications, as demonstrated by the first CdSe quantum
dot-based TV launched by Sony in 2013.15

a b c d
Bulk
semiconductor

3D 2L

o » l | l %) | | |
/ Q Q o)
a a a

Energy Energy Energy Energy

Quantum well Quantum wire  Quantum dot

92}
O
(@]

Figure 1.1: Representation of the different nanocrystals dimensionalities and
relative Density Of States (DOS) of a bulk semiconductor (a), quantum well
(b), quantum wire (c), and quantum dot (d). Reproduced from Ref. 16.

The interest on 2D nanomaterials revamped after the discovery of
graphene and its extraordinary properties in 2004 by Nosovelov.!”
As 2D materials, transition metal dichalcogenides (TMDs) and the
standard-bearer MoSy went under deep study to understand (and ex-
ploit) its properties. The discovery of its transition from indirect
to direct band gap when reduced to monolayer and its photolumi-
nescent properties by Mak!'® and Splendiani'® ignited the research
on these materials and the possible applications.?? The combination
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of sub-nanometer thickness, the strong light-matter interaction, the
band gap tunabily, and the broken inversion symmetry in odd-layer
number makes TMDs ideal candidates for different applications, such
as transistors,?! catalyst for water-splitting reactions,?? electronics,?
photonics,?* and optoelectronic.?®

1.2 Transition Metal Dichalcogenides
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Figure 1.2: Periodic table with highlighted transition metals (cyan) and chalco-
gens (yellow) part of the TMDs family originating layered structures.

Transition metal dichalcogenides are a class of material with general
formula MXy (M = transition metal, X = chalcogen) where the tran-
sition metal belongs to Groups 4-10; with only Group 4-7 and 10
displaying layered structure (Figure 1.2). This latter subgroup con-
sist in over 40 different materials, with different structure morphology
and optoelectronic properties depending on their chemical composi-
tion and polytype.

1.2.1 TMDs Crystal Structure

TMDs structure consist in three-atom-thick layers (with structure X-
M-X) held together by Van der Waals (VAW) interactions. Each of
these layers consist in a hexagonally packed plane of metal atoms
sandwiched between two planes of chalcogen atoms, held together by
in-plane covalent bonds. The stacking order of the layers determines
the polymorphism of the final structure. The most common polytypes
are octahedral (1T, D3, point group), trigonal prismatic (2H, D3,
point group) and rhombohedral (3R) (Figure 1.3), however is possible
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Figure 1.3: (a) Trigonal prismatic and octahedral coordination of metal ion in
TMDs. (b) Layer stacking order of the three typical TMDs polytypes. Adapted
from Ref. 26.

to have distorted structures such as 1T’ for MoTes.?” The preferred
polytype depends on the d- electron count of the transition metal and
its atomic radius. While all Group 4 (d°) and Group 10 TMDs (d%)
shows only octahedral structure, Group 5 (d') feature few trigonal
prismatic polytypes as well. This trend becomes opposite in Group
6 (d?), where the favorite polytype is the trigonal prismatic while
Group 7 (d3) features only 1T/ 1T’ distorted polytype.?®

1.2.2 TMDs Electronic Band Structure

Bulk TMDs have electronic properties that spans from insulators to
semiconductors and semimetals, depending on the metal and poly-
type.?® This behavior reflects the effect of coordination environ-
ment of the metal on the electronic structure. While Group 4 ad
Group 7 TMDs are semiconductors, Group 5 TMDs shows metallic/
semimetallic behavior.?? Group 6 and Group 10 sulfide and selenides
are semiconductors while tellurides are semimetals (Group 6) or met-
als (Group 10).28

The Density Of States (DOS) diagram reveals that, independently
of the polytype, the non-bonding d orbitals are located between the
bonding (o) and antibonding (¢*) orbitals (Figure 1.4). In octahe-
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Group 4 Group 5 Group 6 Group 7 Group 10

Energy

Figure 1.4: Density Of States scheme of Group 4-7 and 10 TMDs, with high-
lighted the non-bonding d orbitals.

drally coordinated metal atoms (Dsq, Group 4, 7 and 10) the non-
bonding orbitals include dz2,x2-y2 and dy, x xy While for trigonal pris-
matic coordination (Dgp, Group 5 and 6) the non-bonding orbitals
are formed by d,z, dy2 2 o and dy,y, with a sizeable gap (~1 eV)
between the first two groups of orbitals.?® The chalcogen atoms ef-
fect on DOS is lower compared to the metal atoms, with a progressive
broadening of the d bands and a decrease in band gap energy increas-
ing the atomic number of the chalcogen.?? TMDs are well-known for
the thickness-dependent band gap reorganization; however this is not
valid for all of them. For instance, while Group 6 TMDs shows an
indirect-to-direct band gap conversion and an increasing of band gap
energy going from bulk to monolayer, Group 4 TMDs band structure
remains almost unchanged.3°
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1.2.3 Group 6 TMDs (G6-TMDs)

a 2H-MoS, (S-MoS,) b 1T-MoS, (M-MoS,)
3

N
N[

_|Fermi level

1

]

I

S-MoS,

Intensity (a.u.)

Figure 1.5: Comparison between electronic band structure of (a) monolayer
2H-MoS; and (b) monolayer 1T-MoS,. Adapted from Ref. 31. Copyright 2020
American Chemical Society. ¢) UV-Visible absorption spectrum of 1T-MoS,
(M-MoS,, red trace) and 2H-MoS; (S-MoS,, black trace) with highlighted the
three absorption bands A, B, C, and d) colloidal suspension of the aforemen-
tioned samples. Adapted from Ref. 32

This subclass features the most studied TMDs, such as molybdenum
and tungsten disulfide (MoSa, WS3), diselenide (MoSeg, WSez), and
ditelluride (MoTey, WTey). As described before, the stacking order of
the single layers determines their polytype and electronic structure;
the 1T polytype determines a metallic nature while the 2H polytype
determines a semiconducting nature for disulfides and diselenides and
semimetallic for ditellurides.?? As an example, in Figure 1.5a is re-
ported the difference in the electronic structure for the 1T and 2H
polytype of monolayer MoS;33 this difference in the electronic struc-
ture is reflected in the different optical properties (Figure 1.5¢). The
2H-MXs nanocrystals (M = Mo, W; X = S, Se) have been subject
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to extensive studies in the last decades due to their opto-electronic
properties such as thickness-dependent band gap energy, indirect-to-
direct transition going from bulk to monolayer, and broken inversion
symmetry in odd-number of layers.

a
ED
Band -
nesting TA Ey
Y
r A K M r
b MoS, c WS,
0.0+ i r K r K
-0.54
S .04 160 meV 440 meV
2.0 f 72
-2.5+

301 — e e —
02 00 02 04 06 08 -02 00 02 04 06 08
k, (2n/a)

Figure 1.6: (a) Energy band structure of MoS; monolayer with highlight the
of A/B/C electronic transitions (considering the spin-orbit coupling), the band
gap energy the direct band gap transitions (Ez) and the exciton binding energy
Eb. The green area is the band nesting region. Adapted from Ref. 34. (b-c).
ARPES data of MS; (M = Mo, W) valence band with highlighted the spin-orbit
interaction energy gap. Adapted from Ref. 35.

The electronic band structure of MXs is characterized by a direct
transition between valence and conduction band at the K point of
the Brillouin zone,'® ' with the splitting of the valence band at K
point originated by the spin-orbit coupling (SOC),26:37 and a band
nesting region®*3® (where valence and conduction bands are parallel
to each other in energy) (Figure 1.6). This valence band splitting
originates the A and B transitions seen in Figure 1.5¢ (while the
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band nesting region originates the C transition); using angle resolved
photoemission spectroscopy (ARPES) the energy splitting has been
found to go from ~160 meV for MoSs to ~400 meV for WS, (Figure
1.6b and c).3
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N

K¢
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Energy (eV)

Energ; (eV)

T M K r

Figure 1.7: (a). Electronic band structure of bulk MoS, with highlighted the
indirect band gap transition. (b). Electronic band structure of monolayer MoS,
with highlighted the direct band gap transition. Adapted with permission from
Ref. 39. Copyright 2015 American Chemical Society.

1.2.4 Band gap conversion in G6-TMDs

The electronic structure of G6-TMDs is well known for its conversion
from indirect-to-direct band gap due to the strong quantum confine-
ment effect along the thickness direction (Figure 1.7).18:19:39:40 The
quantum confinement effect arises as a result of geometrical confine-
ment of excitons*! when one (or more) of the nanocrystal dimension
is approaching the size of the Bohr radius (ag, distance between elec-
tron and hole pair). In bulk G6-TMDs the transition between valence
and conduction band is not at the K point of the Brillouin zone but
between the I' point of the valence band and the Tg point of the
conduction band. This transition is labeled as indirect since the wave
vector is not conserved, requiring a phonon for momentum conserva-
tion?? while in a direct transition the wave vector is conserved. The
low oscillator strength associated to phonon-assisted indirect tran-
sition makes this transition not visible,'® differently than the direct
transitions, characterized by a strong oscillator strength.*3 To explain
the indirect-to-direct band gap transition is necessary to evaluate the
electronic wave functions in a VAW system, where the electronic wave
function does not extend in the space separating the single layers.3”
In MoSs, the electronics states of conduction (K¢) and valence band
(Ky') (mostly made of Mo d, S p, and p, orbitals) are intralayer local-
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ized, making them insensible to the changes in number of layers. The
I'v and T¢ electronic states are made mostly of Mo d and S p, or-
bitals, displaying a substantial delocalization in the interlayer region,
differently than the common VAW solids (Figure 1.8).39 As a result,
these states are strongly bounded with the adjacent layers, showing
significant energy variation with the number of layers. The overlap-

(Indircct transition: [’y — T(J [Direct transition: K, — K;-]
a 7 b
a |t "‘H\ 0" o | X9 rl‘l
= \ b = 1y
- - \_,__;/ ?\- — /1l - ’
T 1 LBulk MoS,
- v fin b s
s 1l —?‘ Ky
-*_%' A ‘ 1 g ‘ A =
v { PN
S Mo S 5 Mo S S Mo § S Mo §
c d
fal l’ Ll KC
"o o
, { Mono Mos;)}
a [0 a_ [K,
> >
= =

S Mo S S Mo S

Figure 1.8: Planar-averaged squared magnitude of wave functions of the band-
edge states for the bulk and the monolayer plotted along the direction perpen-
dicular to the layers. Panels (a,c) refer to the indirect band gap transition, and
panels (b,d) correspond to the direct transition. The interstitial region outside
the sandwich S-Mo-S layers is shown in gray. Adapted with permission from
Ref. 39. Copyright 2015 American Chemical Society.

ping of the electronic states intra- and interlayer in real and k-space
yields to three different transition regimes: indirect I transition (when
number n of layer > 5) I'y — T, where the transition in k-space
is indirect (i.e., momentum is not conserved) while is direct in real
space (i.e., overlap of wave functions); Indirect II transition (1 < n <
5 layers) I'y — K¢, where both k- and real space are characterized
by indirect transitions; and direct transition K¢ — K¢ in monolayer,
where the transition is direct in both k- and direct space.?® This
transition is not available for MoSes and WSey that go directly from
indirect I to direct band gap transition. The energy of A, B, and C
transitions have been found to be thickness-dependent, blue shifting
while decreasing the number of layers;'® 44746 this has been attributed
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Figure 1.9: Evolution of various band-edge states of MoS, going from multi-
layer to the monolayer. The light color indicates the span of the single states
energy levels. The band gap transitions features three regimes: Indirect | (T'y
— Tc, yellow), Indirect Il (I'v — K¢, pink), and Direct (Ky — K¢, cyan).
Reprinted with permission from Ref. 39. Copyright 2015 American Chemical
Society.

to size and thickness-induced scattering effect.?347
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Figure 1.10: (a) Definition of weak and strong quantum confinement regime
according to the size of the exciton in bulk MoS; and the thickness of MoS,
nanocrystal. When the number of layers < 5 the exciton experiences strong
quantum confinement. (b) Schematic illustration of the size of excitons in the
films with different layer numbers. (c) Correlation between MoS, C exciton
binding energy and Bohr radius with the number of layers. Adapted from Ref.
50.

1.2.5 Excitons in G6-TMDs

When interacting with a photon having suitable energy, an electron
is promoted from the valence to the conduction band, leaving a
vacancy (hole) in the valence band. This electron-hole pair, bounded
via Coulomb interaction, is called exciton. According to the number
of layers, excitons in TMDs can experience weak or strong quantum
confinement (Figure 1.10a), determining their binding energies and
Bohr radius; in monolayer MoSy the exciton binding energy is ~0.5
eV4849 while the Bohr radius is 0.602 nm.%%?! This strong Coulomb
interaction (assisted by the low dielectric screening outside the
monolayer) translates to up to 20% absorption per monolayer at the
exciton resonance in the spectral region.??

The generated excitons can recombine following different pathways,
radiative (with photoemission) or non-radiative (without photoe-
mission). Radiative photoemission (i.e., bright exciton) is present
when the electron-hole pair are on the same wave vector K of the
Brillouin zone.?® When the electron-hole pair are located on different
wave vectors, the radiative pathway is not available, and the exciton
is called a momentum-forbidden dark exciton (if the electron-hole
pair have different spin then we talk about spin-forbidden dark
excitons).?® Excitons can recombine non-radiatively even being on
the same wave vector due to the presence of defects, that acts as
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non-radiative center.?? The native presence of defects makes TMDs
poorly luminescent, with a quantum efficiency (QE%) of 0.6%°*
even in mechanically exfoliated samples. TMDs are affected by
the presence of different typologies of defects, such as chalcogen or
metal vacancies,” chalcogen adatom,’® and grain boundaries.?” 58
The synthetic route influence the type of defects present in the
material; samples obtained via chemical vapor deposition (CVD)
and mechanical exfoliation are characterized by chalcogen vacancies,
while samples obtained via physical vapor deposition (PVD) are
characterized by antisite defects (i.e., metal atom occupying chalco-
gen position).?> Ab initio calculations on mechanically exfoliated
MoS;, have shown that chalcogen vacancies are energetically favorite,
with formation enthalpies of 2 eV.?® The presence of S vacancies on
mechanically exfoliated samples has been rationalized considering
that either Mo and S are prone to reach a solid-gas phase equilibrium
on the exfoliated material; hence as the saturated vapour pressure of
sulfur is higher than molybdenum, more S is released compared to
Mo, making the material S deficient.?> In case of CVD-synthesized
MoSs, the presence of S vacancies is caused by the precursor used in
the synthesis, typically MoOgs. To convert the oxide into disulfide
it is necessary to run the synthesis in S-rich conditions; however
residual oxygen atoms may be still present in the structure. Such
atoms have been found to be less stable than sulfur, hence they tend
to desorb into the gas phase, leaving a vacancy in the S site.’® In case
of PVD samples, the MoSs precursor is sublimated into gas-phase
as clusters and atoms, carried by Ar/Hs, and then condensed into a
solid-phase MoSs. As stated above, S possesses an higher saturated
vapour pressure than Mo, yielding a S-deficient (and Mo-rich)
environment. These clusters and atoms are highly mobile, prone to
form a structure with the lowest total energy; energetic calculation
show that for this system, the formation of antisite defects is favorite
compared to sulfur vacancies.”® The presence of defects generates
new electronic states inside the band gap;®»%° S vacancies produce
shallow hole trap and deep electron trap states while antisite defects
form deep electron traps and two different hole traps (a shallow hole
trap close to the valence band and a deep hole trap close to the deep
electron trap).®! Despite being the n-type behaviour associated to
S vacancies, it has been found that it is correlated to the presence
of interstitial impurities generated during the growth process.5?
The n-type behavior can be tailored using doped substrates,®® via
chemical passivation®® or doping with p-type molecules (Figure
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Figure 1.11: (a) Photoluminescence spectra of monolayer MoS, before and
after p-type doping. (b) PL spectra of monolayer MoS, before and after n-type
doping. (c) Relative potentials (vs Standard Hydrogen Electrode) of monolayer
MoS, and n- and p-type dopants. Reprinted from Ref. 65. Copyright 2013

American Chemical Society.

Several molecules have been found suitable as dopants, such as
thiol molecules,5%67:68 oleic acid,5? bis(trifluoromethane) sulfon-
imide (TFSI),>»™ hydrohalic acids,”* 2,3,5,6-tetrafluoro-7,7,8,8-
tetracyanoquinodimethane (F4TCNQ) or 7,7,8,8-tetracyanoquino-
dimethane (TCNQ) (Figure 1.11a),5%7%7 xylene,” oxygen,”® and
water.0 ™  These molecules acts via chemisorption (e.g. thiol
molecules), passivating the surface defects® 67 or via physisorption
(e.g. F4TCNQ) where the position of the molecule lowest unoccupied
molecular orbital (LUMO) and highest occupied molecular orbital
(HOMO) compared to the VBM and CBM of the material determine
its n-type or p-type doping effect.6%73

1.2.6 Group 6 TMDs - MX, alloys

Beside via thickness control or doping, another way for fine-tune
the electronic band structure is via alloying (Figure 1.12). A careful
control on the composition permits to explore the energy region
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Figure 1.12: Optical properties of colloidal TMD alloys. (a) Photograph of
Mo, W;-,Sex and WS5Sey(1-y) samples suspended in ethanol. (b) Normalized
UV-Vis absorbance spectra, (c) A excitonic, and (d) corresponding energy for
Mo, W;_,Ses nanostructures. (e) Normalized UV-Vis absorption spectra, (f) A
excitonic peaks, and (g) corresponding energy for WS, Sey(1_yy nanostructures.
Adapted from Ref. 79. Copyright 2017 American Chemical Society.

between the single alloy components™ ®3 (Figure 1.12d and g);
ultimately leading to a precise control of the alloy properties, such as
photoluminescence (Figure 1.12c and f).8% Not all materials can be
combined into alloys; as selection rules the alloy components must
have similar lattice symmetry and small lattice mismatch.8% In this
regard, TMDs within the same transition metal group can form alloys,
due to the similar lattice symmetry and the small lattice mismatch.®*
Ternary TMDs alloys can combine different chalcogenides,”:8 87
such as MOSXSG(Q_X),SB or different transition metals™®® such as
1\/IOXVV(1_X)Se2.79 Quaternary alloys, such as Mo,Wi.4SySeo.y are
also possible.®¥ Theoretical calculation have shown that ternary and
quaternary alloys have negative formation enthalpies despite the
energy loss due to lattice mismatch.” Quaternary alloys, thanks to
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the band gap energy region covered (that spans from 1.40 eV to more
than 1.80 eV, Figure 1.13), are a promising material for different
applications, such as solar absorbers,? field effect transistors,”!
optoelectronic devices,”? and catalyst for water-splitting reactions.”
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Figure 1.13: Band gap region of quaternary TMD alloys Mo, W1, S5, Sex(1.y)
as functions of compositions x and y. Reproduced from Ref. 90. Copyright
2018 American Chemical Society.

TMDs alloys can be produced using different strategies, such as col-
loidal synthesis,” 37 or wet chemical route,”* exfoliation from bulk
(produced by chemical vapor transport),”® chemical vapor deposi-
tion,® and chalcogen exchange.?® In addition, colloidal synthesis and
CVD permits the synthesis of lateral (where different 2D crystals
bonded in a single atomic layer) or vertical (where layers of differ-
ent materials are stacked by VAW interactions) heterostructures?” 100
(Figure 1.14a and b) and Janus alloys (Figure 1.14c). While in lateral
heterostructures the oriented growth occurs only when the materials
have similar lattice symmetry and low lattice mismatch,'%3 vertical
heterostructures (VAW heterostructures) don’t suffer from these lim-
itations, 0419 allowing the formation of heterostructures with large
lattice mismatch (over 50%).1% Following the Anderson’s Rule!®7
for semiconductors, the relative position of conduction band mini-
mum (CBM) and valence band maximum (VBM) of the combined
materials (aligned at vacuum energy levels) determine the type of
heterostructure, namely Type-I, quasi- Type-II and Type-I1197 (it is
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Figure 1.14: Example of lateral heterostructure (a) and vertical heterostructure
(b). Adapted from Ref. 101. Copyright 2019 American Chemical Society.
(c) MoSSe Janus heterostructure. Adapted from Ref. 102. Copyright 2021

American Chemical Society.

also possible a Type III, that is similar to Type II but without band
gap, acting as semimetal).1%® In a Type-I heterostructures, such as
CdSe/ZnS or MoSy/ReS2!? (Figure 1.15a), CBM and VBM are lo-
cated in the same material, that possess the narrower band gap.'%
As a result, the photogenerated carriers are localized in the same ma-
terial; if the carriers are generated in the wider-gap material, they will
move to the narrower-gap material. In a quasi- Type-1I (or Type—I%)
heterostructure, such as CdSe/CdS (Figure 1.15b), either their CBM
or VBM are similar in energy; as a result one of the carriers will be de-
localized on the entire heterostructure. In a Type-II heterostructure,
such as CdSe/ZnTe or MoS2/WSez1%® (Figure 1.15¢) CBM and VBM
are located in different materials, and the resulting photogenerated
electron-hole couple will be localized in different materials, ultimately
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Figure 1.15: Schematic representation of the carrier localization in (a) Type-l
heterostructure, (b) Type quasi—Type-1l and (c) Type-ll heterostructure. Re-
produced from Ref. 16.

increasing the lifetime of the recombination. This is the most com-
mon adopted typology for G6-TMDs.!08

A particular TMD heterostructures are the Janus alloys (Figure 1.14c)
(or in general Janus nanoparticles), defined as materials whose sur-
faces possess two or more distinct physical properties, obtained via
different composition or functionalization.!'® The synthesis of such
materials features different strategies, such as masking and functional-
ization, phase separation, self-assembly!'? and physical deposition.'!
In case of Janus TMDs, these are obtained via CVD, replacing a
chalcogenide layer on the surface.!'? The broken vertical symme-
try generates an intrinsic out-of-plane dipole that yields to supe-
rior photocatalytic activity,''® 114 large in-plane and vertical piezo-
electricity,!'® and slower exciton recombination compared to pristine
TMDs.102



Production methods 19

1.3 Production methods
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in the synthesis of nanostructured materials.

The production strategies used for the production of TMDs (and
more in general of nanocrystals) can be categorized in two main ty-
pologies, according to the starting species: Top-Down and Bottom-
Up approaches (Figure 1.16). A top-down approach use as starting
species bulk material, that is then reduced in size using different tech-
niques. An example of this is the synthesis of graphene,'” that is ob-
tained peeling off the single layers that constitute graphite structure.
On the other hand, bottom-up approach starts from the atomic (or
molecular) precursors to build the final nanostructures. An example
of bottom-up is the colloidal synthesis of MoSs described in Chapter
2. Some of these strategies will be briefly described in the following
sections.

1.3.1 Top-down

1.3.1.1 Mechanical cleavage

Mechanical cleavage refers to a group of techniques (micro and
nanomechanical cleavage) that uses mechanical force to separate the
single layers present in the bulk structure. Micromechanical cleavage
is the first successful technique used in graphite exfoliation (Figure
1.17a);'7 using scotch-tape to peel off the single layers. It ensures
high quality material with the downside of low production rate,'!®
making it ideal only for research studies. The nanomechanical
cleavage variant utilizes a very sharp tungsten probe with a 10 nm
tip controlled by piezoactuators, that permits to obtain high quality
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Figure 1.17: (a) Representation of the scotch-tape method used in graphene
fabrication. Adapted from Ref 116. (b) Representation of micromechanical
cleavage of MoS,. Adapted from Ref 117. Copyright 2022 American Chemical
Society.
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Figure 1.18: Representation of liquid-phase exfoliation route. Adapted from
Ref. 119.

nanosheets (at low production rate) with a predetermined number of
layers (Figure 1.17b).1'® This production method is able to provide
state-of-the-art material, characterized by the best quality in terms of
cristallinity and opto-electronic properties, making it the first choice
for fundamental research.!'® This is (unfortunately) counterbalanced
by the low production rate (few nanosheets per hour), that makes
this technique not suitable for industrial applications.
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1.3.1.2 Liquid-phase exfoliation

Liquid-phase exfoliation (LPE) is widely used in the production of
MX5 nanosheets and quantum dots. It consist in the dispersion of
the bulk powder in the appropriate solvent, followed by ultrasonica-
tion and size-selective centrifugation (Figure 1.18).11%7121 Ag demon-
strated by the extensive work of Coleman et al.'2°122  this sim-
ple yet powerful technique permits to obtain high quality few-layer
nanosheets at high rate; however it requires an extensive use of sol-
vents and size-selective precipitation to isolate the final product. The
ultrasonication produces cavitational bubbles in the solvent, whose
collapse generates shock waves responsible for the exfoliation/frag-
mentation of the bulk material.'?® Generally, LPE method doesn’t
features surfactants, meaning that the exfoliated material can restack
together into bulk if an appropriated solvent is not used.'?* In order
to avoid the restacking process it is necessary a solvent which solu-
bility parameter matches the one of the material,'?> 26 resulting in
a stable colloidal dispersion or, alternatively, the use of appropriate
ligands. This method, possessing an high material output and be-
ing widely accessible, is one of the preferred method to obtain TMDs
nanosheets. On the downside, this method is not able to produce sin-
gle nanosheets, which makes it suitable for applications where mono-
layer thickness is not required.!'®

1.3.1.3 Chemical intercalation and exfoliation
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°
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Figure 1.19: Representation of the chemical intercalation and exfoliation of
bulk TMDs. Adapted from Ref. 127.

Intercalation of atoms or molecules between the stacked layers is
another wide used technique to exfoliate TMDs. Alkali metals,
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polymers, and organometallic molecules are common intercalating
agents;'?® however they can act as electron donors, transferring
electrons to the metal’s d orbital and triggering a phase transition
from 2H-MXsy to 1T-MX3.'?  Among all different intercalating
agents, lithium is one of the most used, due to its high reduction
potential and high mobility in the interlayer space.!'3® Organolithium
compounds are often used in the intercalation process, such as
n-buthyllithium and tert-buthyllithium; typically the MXs powder is
immersed in ~ 1.5 M n-buthyllithium solution in hexane for several
days under inert atmosphere. The Li"n-Bu specie reacts with the
nanosheets, yielding to an electron transfer from the n-Bu  to the
nanosheet, forcing the Li" ions to intercalate to balance the charge.
As a result, the interlayer gap expands, forming the LiyMXs. The
exfoliation step is then achieved by the addition of water; it reacts
with the the Li ions forming LiOH and Hs, which leads to the
separation of the MXy layers.!3! Despite the possibility of producing
high amounts of monolayer MXsy (according to the extension of the
intercalation), the major downsides are the necessity of an inert
atmosphere and the polytype conversion, requiring an annealing
post-treatment to restore the semiconducting phase.'3?

1.3.2 Bottom-up

1.3.2.1 Chemical Vapour Deposition

Chemical Vapor Deposition (abbreviated CVD) is the most widely
bottom-up approach used in the synthesis of millimeter'3* and wafer-
scale poly- and single-crystalline TMDs with high crystalline qual-
ity, scalable lateral size and thickness.!?%136 The system features a
tube furnace, in which the metal (such as MOy, MCl5, metal films,
metal hexacarbonyl M(CO)g) and chalcogenide precursor reacts on
the surface of a substrate at high temperature (from 150 °C to 600
°C depending on the chalcogen precursor), using Ar or Ny as carrier
gas!?? (Figure 1.20). Due to the 3-fold symmetry of MXy, the grow-
ing process is characterized by the formation of triangular islands,
that merges together forming a continuous film.'37 Studies on the
formation of these islands in WSy growth revealed that the process
starts with the formation of a small thick triangle formed by WOy Sa.y
and WSo ., where the metal species are in the +6 and +4 oxidation
state.!3® The growth of further islands is promoted by the triangle
apexes; the final result is the formation of a bigger island with WS,
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Figure 1.20: Schematic representation of the key parameters involved in the
CVD growth of 2D materials. Reproduced from Ref. 133.

composition, with W in 44 oxidation state.

The lateral size of CVD grown MXs nanosheets is limited by the
substrate size;'3® however the control over the thickness and film
homogeneity is not trivial;'3° this is attributed to the lack of con-
trol over the initial deposition of the metal precursor a well as the
poor diffusibility of the deposited metal atoms, causing the presence
of unreacted metal atoms.'® This has been partially overcome us-
ing HyS as chalcogen precursor;'4? however the issue of disordered
and small crystalline domain remains. These criticalities have been
overcame by the metal organic chemical vapor deposition (MOCVD)
and atomic layer deposition (ALD), in which the reaction is carried
in using gaseous precursors, instead of relying on the in situ vapor-
ization.!?% 141 The use of gas-phase reagents allows an more efficient
control on the precursor concentration (which is correlated to the par-
tial pressure in the growth chamber), making the growth kinetic less
sensitive to the substrate.!? Carefully tuning the experimental pa-
rameter permits to obtain continuous monolayer films with grain size
of 10 pm and well-stitched intergrain boundaries.'#? Differently than
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MOCVD, ALD growth cycle alternates the feeding into the cham-
ber of metal and chalcogen precursor (with a chamber purge between
each step to remove unreacted precursor and prevent precursor mix-
ing),'*! yielding to a precise control of the substrate coverage and film
thickness during the growth, and producing high quality MX, films.
This production method is widely used due to the possibility of thick-
ness (and composition) control and the high quality of the produced
nanosheets, plus the scalability of the method; however it requires
expensive equipment as well as potentially dangerous chemicals, such
as metal carbonyl precursors.

1.3.2.2 Colloidal synthesis
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Figure 1.21: (a) Representation of a colloidal synthesis setup. Adapter from
Ref 143. (b) Evolution of precursor concentration during typical hot-injection
synthesis. Adapted from Ref. 144.

Colloidal synthesis is part of the wet chemical synthesis family, and
involves chemical reactions in a liquid medium (water or organic sol-
vents) at high temperature. Compared to the other wet chemical
methods, colloidal synthesis are run at high temperature (typically
~ 300 °C) for a short reaction time (~ 1h). The colloidal synthesis
mechanism has been rationalized by LaMer and Dinegars model,'4?
which involves (i) the formation of monomers in the solution, whose
concentration arises above the supersaturation level, yielding to (ii)
a saturation level at which the activation energy for nucleation can
be overcome, starting the burst nucleation process that (iii) reduces
the monomer concentration, ending the self - nucleation event (Fig-
ure 1.21). The nuclei enters in the growth stage, where no further
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nucleation events are triggered and the remaining monomers diffuse
on the nuclei surface, promoting its growth. The nanocrystal size, 46
shape, 147148 crystal phase,'% 150 dimensionality,?® and properties'®!
can be controlled adopting the appropriate ligand.'®?1%3 Ligands are
able to influence the electronic structure of nanocrystals'® 156 (due
to the high surface/volume ratio) as well as suppress surface traps,
yielding to an increment of the photoluminescence.%? 11 The current
state of the art of TMDs colloidal synthesis features several different
pathways, such as slow injection method using metal halide or metal
organic precursors such as M(CO)g (M = Mo, W),!57:158 colloidal
sacrificial-conversion method using preformed metal oxide nanocrys-
tals,'®® thermal decomposition of single-source precursor (such as
[(NH4)2MoS,))1° or [(NH4)2MoOy)] combined with a chalcogenide
source.!6! Chalcogenide sources include elemental chalcogen powder
in combination with a reducing agent such as oleylamine, %2 or more
reactive species such as carbon disulfide (CSy),'57 thiol ligands such as
1-dodecanthiol,'®® or chalcogen-containing molecules such as thioac-
etamide or diphenyl diselenide.'64166 The effect of ligand and both
metal and chalcogen precursors in the synthesis of TMDs have been
deeply studied. Jin et al., as an example, reported that the ratio
between the metal precursor concentration (W(CO)g) and the ligand
concentration (trioctylphosphine oxide) is crucial for the lateral size
control of WSey 2D-QDs!%6 while Jung et al. studied the effects of
different capping ligands on the anisotropic growth of MSey (M = Mo,
W) and on modulating the nanosheet number of layers, finding that
an increase of such ratio yields to larger lateral dimensions.'%°Zhou et
al. focused on the effect of Mo:S ratio on the nanosheets lateral size
and the effect of precursors multi-injection on the nanosheet thick-
ness,'% displaying an increasing of lateral size while increasing the
Mo:S ratio and an increasing of layer numbers increasing the number
of precursor injections. Chalcogenide precursor reactivity has also
been studied by Yoo et al., displaying how highly reactive precur-
sor such CSy ultimately yielded to multilayered structures while low
reactive precursor such as 1-dodecanthiol ultimately yielded to mono-
layer nanosheets.!6” Despite being not widely used, colloidal synthesis
is a valid method for the synthesis of TMDs, able to provide con-
trol over material thickness, composition, crystal phase, and shape
(similarly to CVD method), with an high material output and the
possibility of upscaling for industrial applications. On the downside,
this method can’t produce yet nanosheets with quality comparable to
CVD method, which makes its choice as synthetic method less favorite
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in comparison to CVD.



Thesis Outline 27

1.4 Thesis Outline

This thesis is divided as follows:

In Chapter 2 we will discuss the colloidal synthesis of MoSy and
MoSes, its optimization via Design Of Experiment approach and the
resulting materials.

In Chapter 3 we will discuss the evolution of the synthetic protocol
of MoS, to reduce its lateral size and the effect of the new protocol
on the characteristics of the material.

In Chapter 4 we will move on from molybdenum-based TMDs to
tungsten-based TMDs, translating the results obtained by the master
student Diem Van Hamme on the synthesis of WSy on the colloidal
synthesis of WSes.

Chapter 5 will discuss the preliminary results on the colloidal synthe-
sis of MSxSe(ax) (M = Mo, W) alloys and MoSes/MoSz heterostruc-
ture.
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CHAPTER 2




Colloidal Synthesis of Fluorescent
MoXs, (X = S, Se) Nanosheets Via a
Design Of Experiments Approach!

! Partly adapted from: Pippia, G., Rousaki A, Barbone M. et al.; Colloidal
Continuous Injection Synthesis of Fluorescent MoXs (X = S, Se) Nanosheets as a
First Step Toward Photonic Applications. ACS Applied Nano Material, 2022, 5,
8, 10311-10320
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2.1 Prologue

As described in Chapter 1, MoSs and MoSes peculiar properties makes
them technologically relevant and several synthetic strategies have
been developed to achieve high-quality materials. Beside all the meth-
ods, wet chemistry can provide an high material production in the
cheapest way; however it often yields to low quality material. In this
Chapter we explore the colloidal synthesis of these two materials, the
strategy applied in the optimization process and the resulting prop-
erties of the optimized samples.

2.2 Introduction

The colloidal synthesis of MoSs and MoSe, have been widely explored,
with several different strategies reported in literature;23 160,165,168-173
however no photoluminescence is reported for materials obtained via
colloidal route. This depends on the quality of the material itself, that
(in case of colloidal synthesis) is affected by different critical issues,
such as multilayer thickness, presence of mixed 1T /2H phase, and sur-
face defects. In order to minimize this is necessary a methodic study
of the synthesis optimization, to find the best combination of factors
that can yield to materials with superior properties. In our study we
apply the Design of Experiment method for a statistical study of the
parameters involved in the synthesis protocol, assess their statistical
relevance in the system, and build a prediction model of the effect on
the system of the reaction parameters. Using the acquired knowledge,
we then proceed on the final optimization of the sample, obtaining
MoSs nanosheets that displays superior qualities, with a thickness dis-
tribution of 1-2 layer thickness, and photoluminescent properties at
both cryogenic and room temperature. Finally, we translate the MoSs
protocol on the synthesis of MoSes nanoflowers, obtaining a material
that, similar to MoSs, shows superior qualities, monolayer thickness,
and photoluminescence at room and cryogenic temperature.
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2.2.1 Design of Experiment: an overview
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Figure 2.1: Representation of Full factorial Design, Plackett-Burman design,
and Definitive Screening Design for k = 3. The lines intersections represent
the possible combinations of the factors, while the black dots represents the
investigated combinations. For the Plackett-Burman design, the red dots are
tests repeated on some combinations to reach the minimum number of tests
according to the specific design. Adapted from Ref. 174.

Optimizing a process is a well-known time consuming task usually
based on trial-and-error approach, called One Variable At the Time
(OVAT) approach. In simple terms, the OVAT approach is an itera-
tive approach based on changing the variable of a process while keep-
ing the other ones constant and evaluate the change in the outcome.
Clearly, more variables are involved in the process, more experimental
runs are needed to find the right combination of factors that yields
to an improvement of the process. An alternative to this (standard)
approach is given by the Design of Experiment (DOE), a statistical
method created more than 80 years ago by Fisher for the agricultural
industry.!™ As general concept, DOE method has the purpose to find
the correlation between the factors k involved in a process and the
outcome (i.e., response) of the process itself via statistical analysis,
using a set of controlled experiments. The first DOE design is the
Full Factorial Design (FD), a type of design based on the combina-
tion of all the factors involved in a process;'™ since then new types
of design have been made, such as the fractional factorial design,'®
the Plackett-Burman design,'”” the optimal design,'”® the definitive
screening design (DSD)!'™ to cite few of them. Each design differs
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for the number of experimental runs required to extract the impact of
the factor on the response, going from 2% for the full factorial design
to the 2k + 1 for the definitive screening design,!™ and only recently
literature have started to give some guidelines about the design choice
for an optimal application.'™ 180 Different designs takes into account
different effects of the factors on the responses. As an example, FD
design considers only the main effect and the two factors interaction
on the response while different designs such as DSD are able to con-
sider the quadratic effect of the factors in the response. The ability of
DOE of evaluating the effect of the single factors as well as the effect
of combinations of factors on the response evolution permits to ac-
quire, compare to the classic OVAT approach, wider knowledge about
the system using less experimental points. Furthermore, the use of
DOE permits a mathematical modelling of the system via linear re-
gression model, considering the main factors, two-factors combination
and quadratic effect in the process.'®%181 DOE designs can be cou-
pled to the Response Surface Methodology (RSM), that can be used
to expand the regression equation. It is based on the assumption that
the response function (i.e., surface) can be approximated by a Taylor
expansion series and that the surface curves around the optimal point,
requiring the incorporation of cross products terms into the equation
(Equation 2.1).17

m m—1 m m
Yi=Bo+ Y BiXij+ > > BikXijXin+ > BiiXe;+e
j=1 j=1 k=j+1 j=1

(2.1)
where Y is the response variable in the i® experiment, Xi; is the
j*™ factor on the same i" experiment, m represents the number of
factors, By to Bmm are the model coefficients, and ¢; is the random
error. In particular the DSD design, developed in 2011 by Jones and
Nachtsheim, is capable of analysing the influence of different input
factors within a predefined reaction space, using the fewest experi-
mental runs.'™ 189 This design is an orthogonal three-level design,
able to accommodate several factors with fewer runs,!™ 182 with a
number of runs equals to 2k + 1 with k£ as number of factors, showing
high accuracy;'® however to avoid performance degradation a min-
imum of 13 runs are recommended.'® The limited number of runs
required by the DSD design makes it suitable for the screening of
several factors at the same time, to individuate the main factors in-
volved in the process. To shed some light, several articles about the
different designs (such as full and fractional factorial design, Taguchi
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design, Plackett-Burman design, central composite design) have been
published recently, comparing the different designs and their perfor-
mance on different study cases.! 180,183 Eyrom these studies, DSD
design have been indicate as valid alternative to other designs for sys-
tem featuring an high number of factors, since it is able to accurately
estimate not only main factors and two-factors interactions, but also
quadratic effects present in the system, something not possible with
all designs.'®® Moreover, DSD requires a low number of experimental
runs compared to the other designs, making it intrinsically more effi-
cient if compared to other designs. DSD (and in general all different
DOEs) required some previous knowledge about the target system.
This step is crucial for the success of the DOE; in fact a sufficient
knowledge of the system permits to recognize all potential factors in-
volved in the process, yielding to a more effective screening and to
a more successful outcome. DOEs factors are screened only for lim-
ited values of ranges chosen by the user; this determines the factor
space (and response space) that will be accessible by the design and
its efficiency on finding the optimal response.

2.3 Experimental Results

Materials. Molybdenum pentachloride (MoCls, 99.99%, Sigma-
Aldrich), elemental sulfur (> 99.95%, Sigma-Aldrich) and selenium
(> 99.99%, Strem Chemicals), 1,2-dichlorobenzene (0-DCB, 99%,
Acros Organics) and chloroform are used without any purification.
l-octadecene (ODE, Sigma-Aldrich) and oleylamine (OLA, 80-90%
Acros Organics) are dried using calcium hydride, distilled and stored
under nitrogen until further use.

General DOE 2H-MoSs Synthesis. The synthesis is performed
under nitrogen using standard Schlenk line techniques. All amounts
and temperatures used are mentioned in Table 2.1. As an example,
in a 25 mL three-neck flasgk, a solution of OLA and sulfur is degassed
under vacuum. After degassing, the temperature is raised and a
solution of MoCl; in ODE (0.05 g in 3 mL of ODE, sonicated until
complete dissolution) is injected using a syringe pump. After 1 h,
the MoSs solution is cooled and the product is purified three times
using a mixture of hexane/isopropanol, toluene/isopropanol and
dichlorobenzene /isopropanol respectively, followed by centrifugation
at 5000 rpm to collect the sample. The nanosheets are finally
dispersed in 0-DCB.
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Optimized 2H-MoS2 Nanosheet Synthesis. The synthesis is
performed under nitrogen using standard Schlenk line technique. In
a 25 ml three-neck flask a solution of OLA (15 mL) and sulfur (41
mg) is degassed under vacuum (120 °C; 150 min). After degassing,
the temperature is raised up to 300 °C and a solution of MoClj
in ODE (0.017 g in 1 mL, sonicated until complete dissolution) is
injected at 9 mL h™! using a syringe pump. After injection, 10 mL of
fresh OLA from the glovebox is injected in the MoSy solution and a
water bath is used to cool it. The product is purified as described
above, and finally dispersed in 0-DCB.

Optimized 2H-MoSe; Nanosheet Synthesis. The synthesis is
performed under nitrogen using standard Schlenk line techniques. In
a 25 ml three-neck flask, a solution of OLA (15 mL) and selenium
(10 mg) is heated up to 290 °C and a solution of MoCl; in ODE
(0.017 g in 1 mL, sonicated until complete dissolution) is injected at
12 mL h! using a syringe pump. After the injection, the solution is
cooled using a water bath. The product is purified three times using
a mixture of toluene/isopropanol/acetone, hexane/isopropanol and
chloroform /isopropanol respectively, followed by centrifugation at
5000 rpm to collect the sample. The nanosheets are finally dispersed
in chloroform.

Characterization methods. Samples for transmission electron
microscopy (TEM) were prepared by drop-casting of a suspension
onto ultrathin C/holey C/Cu TEM grids. High resolution trans-
mission electron microscopy (HR-TEM) images were acquired on
an image-Cs-corrected JEM-2200FS TEM (JEOL), operated at 200
kV. Bright-field TEM images were acquired on a JEOL JEM-1011
microscope operating at an accelerating voltage of 100 kV. Raman
spectra were collected with a Bruker Optics “Senterra”’ dispersive
Raman spectrometer. The spectrometer is coupled to an Olympus
BX51 microscope and to a thermoelectrically cooled charge coupled
device (CCD) detector, operating at -65 °C. The point measurements
were conducted on dried droplets on glass slides and by using the 532
nm laser of the Raman system. The experimental conditions selected
were as follows: 5 or 10 accumulations of 10 s, 3-5 cm™' spectral
resolution, 40-1540 cm™ spectral range, 50 um pinhole-type aperture,
x50 (NA: 0.75) magnification objective (corresponding to a less than
4 pm spot size) and a 0.20% laser power (corresponding approx. to
0.12 mW). Ultraviolet—Visible (UV-Vis) absorption spectra of MoSsy
nanosheets in 0-DCB (chloroform for MoSes) were recorded using
a PerkinElmer Lambda 950 spectrometer using a 1 cm path length
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quartz cuvette. Photoluminescence spectra were measured using
a custom-made confocal microscope in backscattering geometry.
To encapsulate the colloidal MoSy nanosheets, a MoSy suspension
was spin-coated on a Si/SiOs chip with previously exfoliated hBN
(HQgraphene). A second hBN sheet was transferred on top of se-
lected bottom hBN crystals by means of a conventional dry-transfer
method.'3* The excitation laser beam is focused on the sample by an
objective with numerical aperture NA = 0.75 to a diffraction-limited
spot. For cryogenic measurements, a He-flow cryostat (Cryovac) was
used, and the emitted light was directed to a spectrometer (Horiba,
300 grooves/mm) coupled to a nitrogen-cooled CCD. XPS analyses
were carried out using a Kratos Axis UltraDLD spectrometer. Data
were acquired using a monochromatic Al Ka source, operated at 20
mA and 15 kV. High resolution spectra were acquired at pass energy
of 20 eV, energy step of 0.1 eV, and take-off angle of 0° with respect
to sample normal direction.

2.3.1 General Colloidal Synthesis Protocol

—_—

MoS, Mo‘Sez

Chalcogen
OLA

Figure 2.2: Schematic representation of the reaction protocol used in this

work.

The general colloidal synthesis protocol used for the synthesis of MoSg
and MoSey nanosheets features the slow injection of a metal chloride
(MoCls) - 1-octadecene (ODE) solution in a hot solution of oleylamine
(OLA) and elemental chalcogen under inert atmosphere (Figure 2.2).
OLA is used in colloidal synthesis of nanoparticles and TMDs as cap-
ping ligand and mild reducing agent;'? in fact a mixture of OLA
and elemental sulfur can react with metal precursors leading to metal
disulfide nanocrystals, and a similar effect is reported for OLA and
selenium mixtures. A high reaction temperature is required to over-



COLLOIDAL SYNTHESIS OF FLUORESCENT Mo0X; (X = S, SE)
NANOSHEETS VIA A DESIGN OF EXPERIMENTS APPROACH 37

come the energy barrier of ~ 400 meV between the two phases,'8

and to achieve the 2H polytype.

2.3.2 Definitive Screening Design Setup

For the synthesis optimization we used the DSD design since it re-
quires the lowest number of experimental runs (as explained in section
2.2.1). In our experiments, we kept the molybdenum precursor con-
centration, ODE volume, and total reaction time constant to keep
the design relatively simple. We chose to vary six input factors: re-
action temperature (X1), sulfur concentration, (X3) precursor injec-
tion rate (X3), OLA volume (X4), OLA degassing time (X5), and
OLA degassing temperature (X¢) (Table 2.1). The first three fac-
tors were chosen as they may directly impact the nanosheet growth
and final crystal phase.'32186:187 p addition, the amount of OLA
may be linked to the colloidal stability in solution'®® and an in situ
H,S formation,'%? while the OLA degassing temperature and time are
expected to influence the concentration of oxygen and water in the
reaction environment. The factor ranges (Table 2.1) used for DSD
design were based on initial syntheses and available literature data.
These ranges are crucial for the good success of the design; in fact it
is necessary that all (or at least most of) the experiments have a suc-
cessful outcome, i.e., there are sufficient experimental data to include
in the analysis. For the DSD, we executed a total of 13 experiments,
and for each run we collected seven aliquots to monitor the evolution
of the samples over time.
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Table 2.1: Input factors X; (i = [1,6] ) used for the syntheses, and associated
S/Mo molecular ratio?

Run X, X, X3 X: X5 Xg¢ S/Mo

no. [°C] [mL] [mmol] [mL-h?!] [°C|] [min] ratio
1 300 15 3.75 6 160 150 20.5
2 300 3 2.25 3 100 30 12.3
3 320 9 2.25 6 160 30 12.3
4 280 9 3.75 3 100 150 20.5
) 320 3 3 3 160 150 16.4
6 280 15 3 6 100 30 16.4
7 320 15 2.25 4.5 100 150 12.3
8 280 3 3.75 4.5 160 30 20.5
9 320 15 3.75 3 130 30 20.5

10 280 3 2.25 6 130 150 12.3

11 320 3 3.75 6 100 90 20.5

12 280 15 2.25 3 160 90 12.3

13 300 9 3 4.5 130 90 16.4

2X;: Reaction temperature, Xo2: OLA volume, X3: Sulfur concentration, X4:

Injection rate, X5 degassing temperature, and Xg: Degassing time.
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Figure 2.3: (a) Sample evolution during synthesis (synthesis run no. 1).
Aliquots were taken between 10 and 60 min. A, B, and C mark the different
features that can be observed when synthesizing 2H-MoS,. Inset: zoom into the
band gap region. (b) Representative absorption spectra of the three categories
to which the DOE synthesis runs can be allocated. (C1: run no. 12, C2: run
no. 10, C3: run no. 5). C1 corresponds to 2H-MoS;, C2 to a mixture of 2H
and 1T, and C3 to 1T MoS..

2.3.3 Characterization of DSD experimental runs

All samples are first characterized using UV-Vis spectroscopy, a com-
mon technique used for either polytype determination and thickness
estimation. As explained in section 1.2.3, 1T and 2H polytype are
characterized by a different electronic structure that translates, for
1T-MoSs, in a featureless UV-Vis absorption spectrum, characterized
by a monotonic increasing in absorption'®® while 2H-MoS, displays
three distinctive absorption features. Taking as example the absorp-
tion spectrum of the aliquots of synthesis run no. 1, we see the ap-
pearance of three absorption (A, B and C) peaks after 10-15 min of
reaction (Figure 2.3a), characteristic for the formation of semiconduc-
tor 2H-MoSs. Longer reaction times yields to a progressive red shift
(i.e., shift towards lower energies) of these features (Figure 2.3a).
This shift is thickness and area-dependent®47 and it can be used to
determine nanosheet thickness and size.!?2

Initial inspection of the spectra of the final sample of all runs, taken
after 60 min of reaction (Figure 2.4), shows that they can generally be
categorized in three different sets, by the exciton peak sharpness: cat-
egory C1 includes all samples when all the excitonic (A, B) transitions
are well defined; category C2 contains the samples where only the C
absorption peak is well defined, while C3 category includes all samples
where no absorption features are recognizable (Figure 2.3b).
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Figure 2.4: UV-Vis spectra of all the 60 min aliquots used in the DSD design.
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Figure 2.5: UV-Vis absorption spectral evolution of sample C2 (a) and C3 (b)

A close look on the C2 and C3 sample temporal evolution (Figure 2.5)
shows for category C2 a similar trend of C1 (Figure 2.3a), with the
first aliquots displaying a featureless spectrum that evolves similarly
to C1, with broader A and B features. On the other hand, C3 sample
displays only a featureless spectrum for all the aliquots, typical of
1T-MoSs.

We further investigate the nature of sample C1 and C3 using X-ray
photoelectron spectroscopy (XPS). This technique is able to probe
the chemical environment surrounding a specific atom, ¢.e., determine
its chemical state. In case of TMDs, XPS is able to distinguish the
different chemical state of metal and chalcogenide in metallic and

semiconducting polytype (Figure 2.6).32
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Figure 2.6: XPS spectra of Mo 3d (a) and S 2p (b) for metallic (M) MoS,
and semiconducting (S) MoS,. Adapted from Ref. 32.



42 CHAPTER 2
a b
—_ - S2s(2H) — |- S2p(2H)
> - Mo 3d (2H) > [-s2p(S0O)
2 = Mo 3d MoO; £
S, S,
9 8
c c
3 3
o o
' B B s T S [ [
240 235 230 225 220 16 164 160
Binding Energy [eV] Binding Energy [eV]
c d
—_ =-S2s(17T) — ||-S2p(1T)
> - S2s (2H) > |- s2p(2H)
=] - Mo 3d (1T) 2 [|-s2p(soy
% - Mo 3d (2H) %
%- - Mo 3d (MoO,) §
- Mo 3d (Mo,O
3 (Mo,05) 3
\

s L T ;
168 164 160
Binding Energy [eV]

240 235 230 225 220
Binding Energy [eV]

Figure 2.7: XPS spectra of Mo 3d and S 2p regions of sample C1 (a, b), and
sample C3 (c, d). Sample C1 is representative of the 2H polytype, displays
only the signals associated to this polytype while sample C3 (c and d) are
characterized by the presence of both polytype with a 2H:1T ratio of 56.7:43.1
as well as a stronger signals associated to molybdenum oxides.

From the XPS spectra reported in Figure 2.7 we can see that sample
C1 shows only the presence of the semiconducting polytype as well as
the presence of oxides (Figure 2.7a and b) while sample C3 (Figure
2.7c and d) displays a high metallic polytype component as well as
the presence of different oxides defects. We can then conclude that
the synthesis parameters influence not only the nanosheet dimensions
but also the crystal structure, where the 2H phase is obtained running
the reaction at 300°C using a large excess of sulfur and OLA.
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Table 2.2: Responses Y; retrieved from the DOE experiments.

Run A exciton position Background Absorption

no. [nm] scattering  sharpness ype
1 657 0.262 1.09 C1
2 665 0.608 0.91 C3
3 664 0.352 1.05 C1
4 654 0.350 1.01 C1
) 665 0.713 0.93 C3
6 652 0.418 1.00 C2
7 659 0.361 1.03 C1
8 650 0.579 0.95 C3
9 643 0.498 0.87 C2
10 642 0.568 0.93 C2
11 659 0.500 1.00 C2
12 653 0.228 1.11 C1
13 661 0.330 1.06 C1

2.3.4 DSD modelling

In order to statistically analyze the results, it is necessary to introduce
some metrics to evaluate the quality of the synthesized nanosheets. In
an ideal synthesis the MoSs nanosheets are only a monolayer thick, of
uniform dimensions, and with acceptable lateral sizes and dispersibil-
ity in the final solvent. These requirements are represented by a min-
imized wavelength for the A exciton absorption (due to the correla-
tion between band gap energy and number of layers), 4190 spectrally
narrow absorption peaks (absorption peaks of different thicknesses
overlaps showing a broader peak as a result), and a low scattering
background (large and/or aggregated nanosheets increases the scat-
tering contribute in the absorption spectrum),'®! respectively. We
therefore decided to optimize these three responses Y (i = 1, 2, 3) of
the final material. The scattering background is represented by the
ratio of the absorbance at 750 nm and the absorbance at the position
of the A exciton. The spectral position of the A exciton is calcu-
lated by second derivative analysis, after subtracting the scattering
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background from the spectra, subtracting from all the spectrum the
absorbance value at 1120 nm. For the absorption peak linewidth we
use the ratio of the maximum peak absorbance at the spectral posi-
tion of the B exciton transition and the absorbance at the following
local minimum, which lies at slightly higher energy, as a proxy. We
rely on the B exciton transition, as it is more pronounced that the
A exciton transition (Figure 2.3a). A full overview of all responses
Y is shown in Table 2.2. These responses are fitted to a quadratic
surface, ¢.e., the fit considers both linear and quadratic dependencies
on input factors, Xj, X;2, and X;-Xj. Importantly, the model yields
a p-value for each input factor, i.e., an indication of the probability
that the observed data comes from the null hypothesis, in this case
that there is no correlation between the observed values and the fac-
tors. A threshold of 0.05 is typically chosen; if the p-value is below
this threshold then the null hypothesis has to be rejected, i.e., there
is no influence of the respective factor on the responses. For each Y7,
the model then finally yields an expression that predicts Y; from the
input factors (X;, X2, X;-X j) that are statistically relevant.

Table 2.3: Coefficients and associated p-values of the main interaction factors,
two-factors interactions and quadratic effects for A exciton position.

Factor p-value

X1 X9 Reaction T - OLA volume 0.00006
X1 - X3 Reaction T - Sulfur concentration 0.00010
X1 Reaction T 0.00022
X2 Reaction T - Reaction T 0.00052
X3 Sulfur concentration 0.00666
X OLA volume 0.01363

2.3.4.1 A exciton modelling

For the analysis of the A exciton position Aa, six factors have been
identified as statistically relevant: reaction temperature (X;), OLA
volume (X2) and sulfur concentration (X3), as well as the combina-~
tions, X12, X1 - X9 and X1 - X3. The associated p-value of each
factor is reported in Table 2.3. The modelling yields to the following
expression:
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(X1 —300) 5 (X1 —300), (X2-9)
6.9 (F= ) = 5667 () ()
(X1 —300), (X3-3)
5-167 ( 20 ) ( 0.75 )

(2.2)

The Equation 2.2 can give some insights into the response of the A
exciton position upon variation of the different input factors. An in-
crease in reaction temperature leads to a red shift of the A exciton
position, while an increase of the chalcogen and ligand concentrations
results in a blue shift (i.e., a shift towards shorter wavelength). Hence,
a reduced reaction temperature, in combination with high concentra-
tions of OLA and chalcogen precursors are ideal conditions to obtain
thin samples, with a blue shifted A exciton peak. At the same time,
the precursor injection rate, OLA degassing time, and OLA degassing
temperature have no significant impact on the peak position.

2.3.4.2 A exciton sharpness modelling

Absorption sharpness analysis yields to 4 factors, divided in three
main factors (OLA volume, reaction temperature and injection rate)
and a two-factors interaction (reaction temperature-precursor injec-
tion rate). The model shows a low R? (0.72) and a p-value of 0.0243,
making it statistically significant but with poor fitting capacity. Of
the 4 factors (reported with the respective coefficient in Table 2.4),
two are greatly above the p-value threshold , however they are kept
due to heredity effect. The prediction expression is reported in Equa-
tion 2.3.

S = 0.997 +0.013 - ((X12‘0300)) . 0.039- ((XQG— %)
+0.023 - ((X41._545)) (2.3)
(X1-300), (X4-4.5)
+0.054 - ( 50 ) . ( TF )
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Table 2.4: Coefficients and associated p-values of the main factors and two-

factor interactions for the peak sharpness.

Factors p-value

X1 - X4 Reaction T - Injection rate  0.0120
Xo OLA volume 0.0306
X4 Injection rate 0.1605
X4 Reaction T 0.4177

As visible in 2.3), all factors have little effect on the increase of peak
sharpness, with the reaction temperature having the smallest effect.
However, due to the positive coefficient of all factors, an increase of
their values yields to and increase of peak sharpness.
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2.3.4.3 Background scattering modelling

The scattering background depends on the OLA volume, precursor
injection rate, reaction temperature, OLA degassing temperature and
OLA degassing time, as well as the two-factor interaction reaction
temperature-precursor injection rate and two quadratic dependencies
of reaction temperature and OLA degassing temperature (Table 2.5).
As the previous case, two factors shows a p-value higher than 0.05,
however they are kept in the prediction model due to heredity effect.
The prediction expression is reported in Equation 2.4

Table 2.5: Coefficients and associated p-values of the main factors and two-
factor interactions for the background scattering.

Factors p-value

X5 OLA volume 0.00009
X1 - X4 Reaction T - Injection rate 0.00031
X4 Injection rate 0.01678
X4 Reaction T 0.02007

X2 Degassing T - Degassing T 0.03049
X2 Reaction T - Reaction T 0.04413

X¢ Degassing time 0.05637
X5 Degassing T 0.23928
X7 —300 X2—9
B =0.363 + 0.028 - ((120)) ~0.120 - ((26))
(X4 —4.5) (X5 — 130)
—0.030 - (22— =) _0.010- (22—
0.030 - ( Tr ) —0.010 - ( 30 )
(X6 —90) (X1 — 300) (X1 — 300)
—0.020 . (=~ 046 - . 2.4
0020 (F=2—2) +0.046 - (F———2) - (5 ) (24)
(X1 —300), ,(X4—4.5)
0111 20 ) 1.5 )
(X5 — 130) (X5 — 130)
+0.059 - ( 30 ) - ( 20 )

The prediction model 2.4 features many different factors; a quick look
revels that an increase of reaction temperature and degassing time
yields to an increase on the background scattering. On the other
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hand, increasing the other factor values yields to a reduction of the
background scattering.

2.3.5 Testing the prediction model

The prediction of the model is tested running a synthesis with param-
eters that are optimized toward a maximal blue shift of the A exciton
position, a reduced Rayleigh scattering background, and sharp ab-
sorption features. The model proposed the following reaction condi-
tions: a reaction temperature of 280 °C, OLA volume of 9 mL, sulfur
concentration of 2.26 mmol, an OLA degassing time and temperature
of 150 min at 160 °C, and a precursor injection rate of 6 mL-h"!. From
this synthesis we acquired aliquots at the end of the reaction (60 min)
and at the end of the injection of the Mo precursor (30 min). The
experimental responses are compared to the predicted ones in Table
2.6.

Table 2.6: Comparison between predicted responses from DOE and experi-

mental responses.

A exciton Background scattering
Peak sharpness

position [nm| parameter
Predicted results 647 £ 1 0.49 + 0.02 0.98 £ 0.03
Experimental
results (30 min reaction) 653 0.40 1.03
Experimental
results (60 min reaction) 654 0.50 0.95

We can observe that the experimental value of the A exciton position
is close to the predicted value. Note that this prediction was based
on all values for the A exciton position, including those below 650 nm
(see Table 2.2). In hindsight (cfr. below), these values (run no. 9
and run no. 10) show an A exciton position below the one expected
even for a monolayer sample; however, during the DOE run we did
not discriminate between values, yielding a slightly underestimated
prediction compared to what can be obtained experimentally even
for a monolayer. The background scattering parameter prediction
and peak sharpness are accurate for the 60 min aliquot. In conclu-
sion, our model is able to predict the experimental conditions for
which the thinnest possible MoSs nanosheet sample can be synthe-
sized. Regarding the evolution of the sample during reaction, the A
exciton peak position merely red shifts by 1 nm between 30 min and
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60 min, indicating no further growth in thickness after the end of the
precursor injection. The background scattering does further increase,
suggesting a continued lateral growth of the nanosheets. This is ac-
companied by a decrease in peak sharpness. This outcome was used
as a basis to make a final improvement of Y.

The final protocol features the slow injection (9 mL h!) of a solution
of MoCl5 (17 mg) dispersed in 1 mL of ODE into an hot solution (300
°C) of OLA (15 mL) and elemental sulfur (41 mg), degassed for 150
min at 120 °C under vacuum. The obtained sample, after three pu-
rification steps (using a mixture of hexane/isopropanol, toluene/iso-
propanol and dichlorobenzene/isopropanol respectively, followed by
centrifugation at 5000 rpm to collect the sample), have been redis-
persed in 0-DCB and characterized. We obtained a sample with A
exciton absorption at 653 nm (Figure 2.8a), a background scattering
parameter of 0.35, and a peak sharpness of 1.06, indeed slightly im-
proving on the previous sample (Table 2.6). The latter corresponds to
a full width at half maximum (FWHM) of 36 nm. As LPE literature
typically reports A exciton positions around 660 nm, pertaining to
mixtures of different thicknesses,!?? 192193 we are clearly superseding
the state-of-the-art in solution-based TMDs. We then proceeded to
a further experimental study of the samples. High resolution trans-
mission electron microscopy (HR-TEM) images of the sample were
acquired by our collaborator in IIT (Istituto Italiano di Tecnologia)
to evaluate the crystal phase (Figure 2.8b). Via Fast Fourier Trans-
form on the HR-TEM image it is possible to retrieve the diffraction
pattern of the nanosheets, which can be used to assign the corre-
sponding crystal phase of the sample. HR-TEM and its Fast Fourier
Transform (FFT, Figure 2.8c) clearly confirms the 2H-MoSy semicon-
ducting polytype phase, similar to what reported for samples obtained
via LPE.193



50 CHAPTER 2

a
=
g
5, 604 nm
c
ko)
I 653 nm
@]
(2]
o]
< | J
400 600 800 1000
Wavelength [nm]
b c

010

©)
i G100

[001] MoS, ICSD 24000

Figure 2.8: (a) UV-Vis absorption spectrum of MoS;, nanosheets prepared
via the optimized synthesis, including A and B exciton positions. (b) High
Resolution TEM image of MoS;,. (c) FFT of the HR-TEM image, indexed as
[001]-oriented semiconducting MoS, (MoS,-4H, ICSD 24000).

To assess the MoSsy thickness, we used Raman spectroscopy. This
technique is used in thickness and polytype determination, as metal-
lic and semiconducting polytypes are characterized by different Ra-
man modes (Figure 2.9a). Specifically, the semiconducting polytype
is characterized by the presence of two first-order intralayer phonon
modes specific Raman modes, Elgg (corresponding to the in-plane
vibrational mode) and A, (corresponding to the out-of-plane vibra-
tional mode) (Figure 2.9b) which position is thickness-dependent,
probably due to a change in the long-range Coulomb interactions
changing the number of layers.!% 1In the optimized MoSy (Figure
2.10a) the two modes lie at 405.2 cm™ and 384.5 cm™ respectively
(Figure 2.8a) while the FWHM of the modes amounts to 5.5 cm™ and
6.6 cm™* for Egg' and Ay, respectively. In a highly crystalline sample
these values are around 2.1 - 2.7 cm™ and 3 cm™! for Eggl and Aqg re-
spectively.194:195 A further broadening is usually observed in defective
Mo0S5.196 Support for these defects can be observed via vibrational
modes at 227 cm™ and 996 cm™, related to sample disorder'® or the
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Figure 2.9: (a) Raman spectra of 1T-MoS; (red trace) and 2H-MoS; (black
trace). Adapted from Ref. 32. (b) Evolution of Raman modes position with
number of layers. Adapted from Ref. 194. Copyright 2010 American Chemical
Society.

presence of MoQs, respectively;!?” however, the suppressed mode at
996 cm™! suggest the presence of vacancies rather than MoOj3 (Figure
2.8a).19  As introduced before, the two Raman modes are sensitive
to the MoSy thickness. Literature data shows that, going from bulk
to a monolayer, Eg,! blue shifts (stiffens) while Ay, red shifts (soft-
ens), yielding a frequency spacing of 25 cm™ for bulk that decreases to
21.341.2 em™! for a bilayer and 18.94-1.2 cm™ for a monolayer (Figure
2.10b).194,198-201 The ranges for the mode spacing reported in litera-
ture prevents a quantitative assessment of number of layers present in
our sample, however, from an average mode spacing of 20.840.2 cm™*
of our optimized sample, we can estimate that we indeed synthesized
a sample that consists at the most of a mixture of mono- and bilayer
nanosheets. This is consistent with the A exciton position lying at
653 nm, which is close to the value of 650 nm reported in literature
for a MoS, monolayer.?0?



52 CHAPTER 2

o

a
- | 6 Ref. [194]
s Atg ry ® Ref.[198]
S 400 = ® Ref. [199]
s 2 4 * |® Ref.[200]
= 1
2 200l £ £ . Ref. [201]
g | z 2 oc ®
£ X6 = ° )

0 /\__ P IR I ST | 0| 1 L 1 n 1 L 1

215240380 400 420 995 18 20 22 24

Raman shift [cm™] Modes spacing [cm ]

Figure 2.10: (a) Raman spectrum (excitation wavelength of 532 nm) of op-
timized MoS, sample, indicating Eggl and Ajz modes of colloidal 2H-MoS,
at 405 cm™ and 384 cm™. The mode at 227 cm™ is associated to sample
disorder, while a minor contribution from a MoO, mode can be observed at
996 cmt. (b) Correlation between E2g1 and A;z mode spacing, and number of

layers, using literature data.!9% 198-201

2.3.6 From MoS, to MoSe,

To demonstrate the general applicability of our synthesis approach,
the optimized protocol from the MoSs synthesis was further adapted
to the synthesis of 2H-MoSes. In order to reduce the number of input
factors involved, the degassing step involving OLA and chalcogen was
removed, instead using distilled OLA stored over molecular sieves in
a glovebox. For the synthesis, we set the reaction temperature to
290°C, using an injection rate of 12 mL h™! and 10 mg of elemen-
tal selenium as chalcogenide precursor; all the remaining parameters
were kept the same, as well as the purification procedure. The re-
sulting nanosheets displays two excitonic absorption peaks, here red
shifted compared to MoSs due to the smaller MoSey band gap. As
shown by the TEM image (Figure 2.11a, inset), our MoSey adopts
a nanoflower morphology. HRTEM images and their FFTs are com-
patible with trigonal prismatic MoSes (Figure 2.11b), confirming the
semiconducting phase.203:204 The absorption spectrum (Figure 2.11c)
shows the A and B exciton at 784 nm and 699 nm, with a FWHM
of 66 nm and 50 nm respectively. As for the MoSs, the MoSes ex-
citonic peaks are thickness-sensitive; literature reports a progressive
blue shift of the A exciton absorption features, going from 815 nm
in a 6 layer sample to 795 nm for a monolayer.%® Our MoSe, sample
shows an A exciton position slightly blue shifted compared to what is
reported in literature for monolayer samples, indicating a monolayer
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Figure 2.11: (a) HR-TEM image of the MoSe, sample, with the inset showing
the nanoflower overall shape in a bright-field TEM image (scalebar: 100 nm).
(b) FFT of the HR-TEM image, indexed as a [001]-oriented hexagonal MoSe;
(MoSez-4H, ICSD 49800). (c) UV-Vis absorption spectrum of colloidal 2H-
MoSe,, indicating the A and B exciton positions at 784 nm and 699 nm,
respectively. (d) Raman spectrum of MoSe,, showing two Raman modes A,
and Ept.

Similar to MoSy, Raman spectroscopy can also be used to determine
the number of layers in a MoSes sample. While for MoSy the modes
spacing is the benchmark to determine the thickness, for MoSes, both
the modes position and the amplitude ratio of the Raman modes is
thickness-dependent, with the amplitude ratio I(A1g )/1(Egg!) equal
to 23.1 for a monolayer, reducing to 4.9 for a 10 layer sample, while
the A1 ( Egg!) mode shifts from 243 cm™ to 241 em™ (from 284 cm'
to 287 cm™) going from bulk to a monolayer.!'8:2%° Here, the Eggl
and Ay Raman modes (Figure 2.11d) are centered at 286 cm™ and
239 cm!, respectively, with a amplitude ratio of 17.8 and an average
mode spacing of 47.540.8 cm™. Both the modes amplitude ratio, and
modes position suggests that we are close to a monolayer thickness.*6
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Figure 2.12: (a) Evolution of PL spectra of hBN encapsulated MoS;, from 4
K to room temperature. (b) O'Donnell-Chen plot of hBN encapsulated MoS,.
(c) Evolution of emission linewidth with the temperature. (d) Evolution of PL
spectra of hBN encapsulated MoSe; going from 4 K to room temperature. (e)
O'Donnell-Chen plot of hBN encapsulated MoSe,. (f) Evolution of emission
linewidth with the temperature.

2.3.7 Cryo-photoluminescence of MoS,; and MoSe,

As last step of characterization, we investigated the fluorescence prop-
erties of both samples. These study has been done thanks to our
collaboration with the Walter Schottky Institut at the Technische
Universitdt Miinchen. Fluorescent TMDs are usually obtained via
mechanically exfoliated bulk crystals'® or CVD,?%0 however literature
reports examples of fluorescent TMDs obtained via colloidal synthesis
or LPE methods. Samples obtained via LPE method are usually able
to show fluorescence after extensive separation processes (to increase
the monolayer fraction)!?? and different treatments such as annealing
(used to restore the 2H phase)'32 or chemical treatments to suppress
defects.?07 Literature reports about fluorescent colloidal TMDs in-
cludes pristine?®® and chemically treated colloidal WSy nanosheets,?%
as well as quantum dots (QDs).?% 166,210,211 Samples with the highest
optical quality require encapsulating mechanically cleaved single-layer
TMD flakes between few-nm thick hexagonal boron nitride (hBN)
crystals, an insulator.?!? Encapsulation with hBN is a common pro-
cedure used to protect layered materials from electric and dielectric
fluctuations of the local environment?'? and avoid sample degrada-
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tion.21215  This leads to reduced exciton linewidth, lower electro-
static doping, and enhanced homogeneity.?!? 213

To compare the optical properties of our colloidal TMDs to their
state-of-the-art solid-state counterparts, our colloidal samples were
also encapsulated in hBN, and photoluminescence (PL) spectra were
collected at various temperatures ranging between 4 K and 295 K. In
Figure 2.12, we report the evolution of the PL spectra with temper-
ature for both samples, as well as the associated shift in band gap
and variation of the linewidth. Both samples show a progressive blue
shift (i.e., shift toward higher energy) and line width narrowing going
from 295 K to 4 K. The 4 K emission energy is consistent for large
monolayers, with values of 1.96 eV for MoSy and 1.68 eV for MoSes,
reported for neutral excitons?'? 213216 The temperature dependence
of the band gap is fitted with the O’Donnell-Chen?'” model:

E,(T) = Ey — s<hw>[coth<<2f:;>> —1] (2.5)

For MoSs (MoSez) we obtained an Eg of 1.96 eV (1.67 €V), an electron-
phonon coupling constant S of 2.37 (2.46) and an average phonon
energy (hw) of 25 meV (17 meV). These values are in good agreement
with the literature.2'8221 The excitonic linewidth of MoXs includes
the intrinsic line width Ag, and a contribution from acoustic A 4¢ and
LO Apo phonon coupling that increases with temperature, yielding
the following temperature dependence:

1

AT)=A AscT + A
@) 0+ Bact LOexp (BLo/kpT) — 1)

(2.6)

The parameter Eg,o is the LO phonon energy (here taken as the energy
of the Raman mode Eggl); this is 47.7 meV and 29.6 meV for MoSs and
MoSe,, respectively. For both fits A 4¢ is fixed to zero. As a result,
we found that for MoSy Ag = 76+2 meV, and Ao = 210424 meV,
while for MoSey Ag = 38.6+£0.2 meV, and Ao = 39.7+0.9 meV. Both
samples display a QFE in the order of 1077, several order of magnitude
lower than mechanically exfoliated monolayer samples, reported as
1073.1% Interestingly, our MoSe, monolayer exhibits a substantially
narrower emission linewidth than the MoSy monolayer, suggesting
that the latter might be more suitable for further application in opto-
electronic or photonic devices.
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2.4 Conclusions

In this chapter we explored the colloidal synthesis of MoSs and its op-
timization using the Design of Experiments approach. Using only 13
runs, we were able to screen the main factors involved in the synthesis
and ultimately perform an optimization on the synthesis itself. Using
UV-Vis and Raman spectroscopy we assess the semiconducting na-
ture of the sample and we determine a significant monolayer yield in
the sample. We then extended the synthesis on the selenide counter-
part, obtaining MoSes sample possessing significant monolayer yield.
The two samples showed photoluminescence at cryogenic tempera-
tures, with MoSes clearly showing narrower emission features, thus
providing a pathway toward further improvement based on the DOE
approach. On longer term, this can lead to colloidal TMDs being a
viable, scalable, and cost effective alternative to other TMD synthesis
approaches.
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3.1 Prologue

In Chapter 2 we explored the application of Design Of Experiments
method on the colloidal synthesis of MoSs and its adaptation on
MoSep. In this chapter the colloidal synthesis of MoSs is further
refined to reduce the lateral dimensions of the nanosheets, leading
to an exciton blue shift, an improved exciton peak sharpness and
background, and photoluminescence.

3.2 Introduction

As seen in Chapter 2, colloidal synthesis of MoSy (and in general of
TMDs) usually yields to nanosheets with variable thickness and lat-
eral sizes in the order of hundreds of nanometers.?3 157 173,222 While
the thickness-dependent quantum confinement effect is well-known
for TMDs, the raising of MoSs-based 2D quantum dots started the
interest on the effect of the lateral dimension on the band gap en-
ergy.166:223,224 Gimilar to QDs, the reduction of (lateral) size in 2D-
QDs yields to a blue shift of the PL energy due to a weak quantum
confinement effect on the lateral dimensions (Figure 3.1a).223,224
Such blue shift increases while decreasing the lateral size of the
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Figure 3.1: (a) Representation of a 2D confinement of excitons of Bohr radius
in a potential well of radius R. (b) Size dependent exciton energy shift of MoS,
2D-QDs measured in ambient (blue square) and vacuum (red circle) conditions.
Adapted from Ref. 223. (c) UV-Vis absorption (dot) and PL spectra (solid) of
the colloidal solutions of WSe, 2D-QDs. Adapted from Ref. 166. Copyright
2016 American Chemical Society.
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2D-QD, with small shifts in case of relatively large lateral sizes (Fig-
ure 3.1b) that become greater approaching the exciton Bohr radius
(Figure 3.1c), opening new perspectives in the band gap tunability of
TMDs. Here, we modify the synthesis protocol reported in Chapter
2 to reduce the lateral size of MoSy nanosheets and achieve a weak
lateral quantum effect. The resulting nanosheets displays lateral size
in the order of tens of nm, improved absorption excitonic features, a
lower background scattering and narrow photoluminescence.

3.3 Experimental Results

Materials. Molybdenum pentachloride (MoCls, 99.99%, Sigma-
Aldrich) and elemental sulfur (> 99.95%, Sigma-Aldrich) were used
without further purifications. 1-octadecene (ODE, Sigma-Aldrich)
and oleylamine (OLA, 80-90% Acros Organics) were purified and
stored in glovebox until further use.

Colloidal synthesis of lateral confined MoS3 . The synthesis is
performed under nitrogen using standard Schlenk line techniques. In
a 25 mL three-neck flask a solution of OLA (15 mL) and elemental
sulfur (0.13 mmol) is heat up to 300 °C. In the meantime, 0.065 mmol
of MoCls are sonicated in 3 mL of ODE until complete dissolution;
the solution is then injected into the hot S-OLA solution at 10 mL
h! using a syringe pump. After the injection, the reaction is cooled
down using a water bath and subsequently purified three times using
a mixture of toluene/isopropanol/acetone, hexane/isopropanol and
chloroform /isopropanol respectively, followed by centrifugation at
5000 rpm to collect the sample. The nanosheets are then redispersed
in chloroform and stored in a fridge until further use.
Characterization methods. Bright-field TEM images were ac-
quired on a JEOL JEM-1011 microscope operating at an accelerating
voltage of 100 kV. The samples were prepared by drop-casting of the
suspension onto ultrathin C/holey C/Cu TEM grids. Micro-Raman
data were acquired using a Renishaw inVia confocal Qontor instru-
ment. The samples were measured on a Si/SiO substrate with a
532 nm laser under a 50x magnification objective and 2400 1/mm
diffraction grating. The laser power did not exceed 1 mW to avoid
degradation of the samples. Low temperature was accomplished by
liquid nitrogen cooling, maintaining the temperature and pressure at
80K and 107® bar. Ultraviolet-Visible (UV-Vis) absorption spectra
of MoSy nanosheets dispersed in chloroform were recorded using a
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PerkinElmer Lambda 950 spectrometer using a 1 cm path length
quartz cuvette.

3.3.1 General Synthesis Protocol

Similar to the synthesis described in Chapter 2, the synthesis features
the slow injection of a MoCls-ODE solution in a hot solution of el-
emental S and OLA. While most of the colloidal protocol reported
in literature includes an high stoichiometric excess of sulfur,?® in our
synthesis we kept the exact molar ratio (2:1 S:Mo). The stoichiomet-
ric amount of sulfur is reported to influence the nanosheet size; in
fact an increase of S concentration translates in larger nanosheets.!4
In this case, the synthesis is performed using the OVAT approach on
the DOE-based protocol reported in Chapter 2.

3.3.2 Sample Characterization

a b
5 —
. ]
g ]
5 g
= 603 nm —
] 2
= 651 nm 2
o ]
3 =
<\\\\\\\,\‘||| R TR AR S s S N SRR
400 600 800 1000 360 380 400 420 440
Wavelength [nm] Raman shift [cm—1]
c

e S

et d

d: 11.45+ 4.89 nm

0 10 20 30 40
Lateral size [nm]

Figure 3.2: (a) UV-Vis absorption spectrum of the synthesized MoS, with
highlighted the A and B exciton positions. (b) E5; and A;; Raman modes of
the aforementioned sample. (c) Lateral size distribution of MoS, nanosheets.
d) TEM picture of the aforementioned sample (scalebar = 30 nm).
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The MoSs sample is characterized by UV-Vis absorption spectroscopy
(Figure 3.2a). Similar to what saw in Chapter 2, the spectrum dis-
plays two excitonic features associated to the 2H polytype, namely A
and B exciton, centred at 651 nm and 603 nm respectively, with the
A exciton position close to the band gap energy of monolayer MoS,.'?
A quick comparison with the exciton position of the DOE optimized
samples shows that in this case the exciton positions are blue shifted
of ~3 nm and ~1 nm for A and B exciton respectively. The two
excitons are characterized by a sharp spectral shape (FWHM of 37
nm and 26 nm for A and B exciton respectively), with values similar
to the FWHM of the DOE optimized sample. A closer look on the
background scattering (calculated as ratio between absorption value
at 750 nm and of the A exciton) reveals that the value of background
scattering is 0.21, almost 1/3 lower than the optimized MoSy sample.
This reduction in background translated to visually sharper peaks
in the UV-Vis spectrum; furthermore the background scattering is
correlated to lateral size dimension, suggesting a reduction of the
latter.

The Raman spectrum (Figure 3.2b) displays the two modes, i.e., E'og
and Ajz modes centred at 384.7 em™ and 405.2 cm™ respectively,
with a mode spacing of 20.5 cm™ indicating a mixture of mono- and
bilayer nanosheets.??® This is similar to the spacing reported for the
DOE optimized sample (20.8 cm™).

Using TEM we sized the standing edges of the nanosheets (Figure
3.2¢), finding an average size of 11.45 nm £+ 4.89 nm. MoSy
nanosheets obtained via exfoliation presents lateral sizes in the order
of hundreds of nm;?? small size colloidal MoSs quantum dots (QDs)
and nanosheets are present in literature, with values around 10-30
nm. 164226227 T4 further confirm the influence of the lateral size
on the A exciton position we synthesize and size different samples
obtained with the same S:Mo ratio (Figure 3.3, samples from A to
E), adding two samples from previous experimental work (samples F
and G). Samples A-C, and E are obtained with the protocol reported
in the Experimental Section; D is the sample studied in this work,
F is the MoSy sample discussed in Chapter 2 while sample G uses
a similar protocol as samples A-E, with 1 mL of ODE and a S:Mo
ratio of 3. The resulting data shows a clear red shift of the A exciton
with the lateral size. This possible weak confinement on the lateral
size have been already explored for MoSy QDs, showing an increase
in photoluminescence energy decreasing the QD size.?23:2%4

Finally, we collect the photoluminescence spectrum of the laterally
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Figure 3.4: Photoluminescence spectrum of lateral confined MoS, collected
at 80K.

confined MoSy at 80K (Figure 3.4). We collect the spectrum at low
temperature in order to suppress nonradiative recombination and
be reasonably sure to observe photoluminescence. The spectrum
is characterized by the presence of two different peaks, a (neutral)
exciton (labelled A) and a trion (an exciton featuring an additional
electron or hole labelled A™). We assigned the latter to a negative
trion and not to the B transition due to the not sufficient difference
in energy between the two photoemissions. Notably, in our sample
trion and neutral exciton emissions are well separated, while similar
samples shows a single peak generated by the overlapping of the two
emissions.??® The A and A~ are centred at 629 nm (1.97 eV) and 649
nm (1.91 eV) respectively. The difference between trion and neutral
exciton energy is the trion binding energy,??? 230 estimated to be ~60
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meV (the 10% of the A exciton binding energy?3!); however literature

reports values of 18-30 meV.%3:224:230 The FWHM of neutral exciton
and trion are 42 meV and 66 meV respectively, similar to what
reported in literature.?23:232 The FWHM here reported is lower than
the one of hBN encapsuled MoSs sample (~75 meV) discussed in
Chapter 2, suggesting a lower defect density.

3.4 Conclusions

In this chapter we explored the colloidal synthesis of laterally confined
MoS,, starting from the colloidal protocol discussed in chapter 2. Re-
ducing the S:Mo stoichiometric ratio to 2, we obtained semiconduct-
ing MoS, sample showing blue shifted and sharp excitonic features, a
lower background scattering, and sample composition of mono- and
bilayers, as determined by UV-Vis and Raman spectroscopy. Mor-
ever, via TEM imaging, we determined a lateral size between 10 and
20 nm. Further characterization via PL spectroscopy revealed pho-
toluminescence at 80K, composed by neatly separated neutral and
trion excitons, and an energy closed to the MoSs monolayer band gap
energy. This further development reinforces the idea of colloidal syn-
thesis as viable, scalable, and cost effective route on the production
of TMDs nanocrystals.



4

Colloidal Synthesis of Tungsten
Disulfide and Diselenide Nanosheets
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4.1 Prologue

While in the previous chapters we explored the colloidal synthesis of
MoSs and MoSes, here we explore the colloidal synthesis of WSes.
Starting from the work of the master student Diem Van Hamme on
the colloidal synthesis of WSs nanosheets, we develop a synthesis pro-
tocol for the colloidal synthesis of WSes with monolayer thickness. In
the first part are shortly reported the findings on the DOE optimiza-
tion of WSs synthesis, while in the second part will be discussed the
synthesis of WSes nanosheets. For a more complete discussion about
the results of the DOE optimization of WSs synthesis, please refer
to the article "A colloidal Toute to semiconducting tungsten disulfide
nanosheets with monolayer thickness”, Nanoscale, 2022, 14, 15859-
15868.%%%

4.2 Introduction

Tungsten-based TMDs possess have arise the interests of research
community due similar properties compared to Mo-based TMDs. The
larger (and heavier) metal atom gives to WXy (X = S, Se, Te) pecu-
liar properties, such as smaller effective electron and hole masses?34
(making WSy the first TMD achieving population inversion)?> and
stronger spin-orbit coupling compared to the Mo counterpart (426
meV for WSs and 148 meV for MoSsy respectively), making it and a
potential candidate as laser gain material®3® and for spin field-effect
transistors.36 The large metal radius influences longitudinal acoustic
phonon limited electron mobility; calculation have shown that WSs
possess high electron mobility compared to MoSy (1100 cm? V-1 gt
and 340 cm? V! s respectively),23” essential for applications in-
volving logic devices (such as transistors). The colloidal synthesis
of tungsten-based TMDs have been characterized by the difficulty
of obtaining the semiconducting polytype. Only in 2014 the colloidal
synthesis of WS, reached a breakthrough when Mahler et al. reported
the synthesis of semiconductor WS, via colloidal route.??? This have
been possible via activation of the tungsten precursor using oleic acid
(OA) and hexamethyldisilazane (HMDS), (similarly to what seen in
the synthesis of GeS and GeSe)?3® which coordinate the tungsten
precursor, ultimately lowering the activation energy for the semicon-
ductor polytype formation.??? This protocol ultimately yielded in
2021 the publication of an article of the micro-photoluminescence of
colloidal WSs nanosheets.?® At the same time, WSes have been
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subject of different investigations due to the similarities with WSs
properties. 239241 WSes can be found as 1T (metallic) or 2H (semi-
conducting) polytype; the semiconductor displays an indirect band
gap of 1.20 eV as bulk and a direct band gap of 1.65 eV as mono-
layer,!'® a phonon-limited carrier mobility of 705 cm? V! 571,237 and
a spin-orbit coupling of 0.46 eV; making it suitable for different ap-
plications such as photodetectors,?*? field-effect transistors,?*3 and
spintronics.?44
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4.3 Experimental Results

Materials. Elemental selenium (> 99.99%, Strem Chemicals),
elemental sulfur (>99.95%, Sigma-Aldrich), tungsten hexachloride
(WClg, > 99.9%, Sigma-Aldrich), hexamethyldisilazane (HMDS,
> 99.9%, Sigma-Aldrich) were used without further purifications.
Oleylamine (OLA, 80%-90%, Acros Organics), 1-octadecene (ODE,
90%, Alfa Aesar), oleic acid (OA, 90%, Sigma-Aldrich), were purified
and stored in glovebox until used.

General DOE 2H-WS, synthesis. The synthesis is performed
under nitrogen using standard Schlenk line techniques. All amounts
and temperatures are reported in Table 4.1. In the typical synthesis,
0.028 mmol WClg is dispersed in 1 mL anhydrous ODE and OA
while, in a second vial, elemental sulfur in 15 mL of anhydrous OLA
is mixed together; both solutions are then sonicated for 20 min until
complete dissolution. The sulfur precursor is transferred into a 25 mL
three neck flask and heated up to the selected temperature. Subse-
quently, 0.2 mL of HMDS is added to the tungsten precursor solution;
the final solution is then injected into the hot S-OLA solution at a
selected injection speed using a syringe pump. The reaction mixture
is held at the selected temperature during the injection, and after
that, it is rapidly cooled down to room temperature. The product
is purified three times using a mixture of toluene/isopropanol/ace-
tone, hexane/isopropanol and chloroform/isopropanol, respectively,
followed by centrifugation at 5000 rpm to collect the sample. The
nanosheets are finally dispersed in chloroform and stored in a fridge
until further use.

Monolayer-optimized 2H-WSs; nanosheet synthesis. The
synthesis is performed under nitrogen using standard Schlenk line
techniques. In the typical synthesis, 0.028 mmol WClg is dispersed
in 1 mL anhydrous ODE and 0.160 mL of OA while, in a second
vial, 0.106 mmol of elemental sulfur in 15 mL of anhydrous OLA is
mixed together; both solutions are then sonicated for 20 min until
complete dissolution. The sulfur precursor is transferred into a 25
mL three neck flask and heated up to 320 °C. Subsequently, 0.2
mL of HMDS is added to the tungsten precursor solution; the final
solution is then injected into the hot S-OLA solution at 8 mL h!
using a syringe pump. The reaction mixture is held at the selected
temperature during the injection and after that, it is rapidly cooled
down to room temperature. The product is purified three times using
a mixture of toluene/isopropanol/acetone, hexane/isopropanol and
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chloroform /isopropanol, respectively, followed by centrifugation at
5000 rpm to collect the sample. The nanosheets are finally dispersed
in chloroform and stored in the fridge until further use.

Background-optimized 2H-WSs nanosheet synthesis. The
synthesis is performed under nitrogen using standard Schlenk line
techniques. In the typical synthesis, 0.028 mmol WClg is dispersed
in 1 mL anhydrous ODE and 0.240 mL of OA while, in a second
vial, 0.106 mmol of elemental sulfur in 15 mL of anhydrous OLA is
mixed together; both solutions are then sonicated for 20 min until
complete dissolution. The sulfur precursor is transferred into a 25
ml three neck flask and heated up to 310 °C. Subsequently, 0.2
mL of HMDS is added to the tungsten precursor solution; the final
solution is then injected into the hot S-OLA solution at 2 mL h'
using a syringe pump. The reaction mixture is held at the selected
temperature during the injection and after that, it is rapidly cooled
down to room temperature. The product is purified three times using
a mixture of toluene/isopropanol/acetone, hexane/isopropanol and
chloroform /isopropanol, respectively, followed by centrifugation at
5000 rpm to collect the sample. The nanosheets are finally dispersed
in chloroform and stored in the fridge until further use.

Optimized 2H-WSes Nanosheets Synthesis. The synthesis is
performed under nitrogen using standard Schlenk line techniques.
0.02 mmol WClg dispersed in 3 mL anhydrous ODE and 0.24 mL
of OA while, in a second vial, elemental selenium (0.044 mmol) in
15 mL of anhydrous OLA are mixed together; both solution are then
sonicated for 40 min until complete dissolution. The selenium precur-
sor is transferred into a 25 mL three neck flask and heated up at 315
°C. Subsequently, 0.2 mL of HMDS is added to the tungsten precur-
sor solution; this final solution is then injected into the hot Se-OLA
solution at a 7.5 mL h™! using a syringe pump. The reaction mixture
is held at the selected temperature during all the injection; after it
is rapidly cooled to room temperature. The product is purified as
described above. The nanosheets are finally dispersed in chloroform
and stored in the fridge until further use.

Characterization methods. Bright-field TEM images were ac-
quired on a JEOL JEM-1011 microscope operating at an accelerating
voltage of 100 kV. The samples were prepared by drop-casting of the
suspension onto ultrathin C/holey C/Cu TEM grids. High-resolution
TEM images were acquired on a JEOL JEM-2200FS operating at an
acceleration voltage of 200 kV. The samples were prepared by drop-
casting of the suspension onto ultrathin C/holey C/Cu TEM grids.
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Micro-Raman data were acquired using a Renishaw inVia confocal
Qontor instrument. The samples were measured on a SiOg/Si sub-
strate with a 532 nm laser under a 50x magnification objective and
2400 1/mm diffraction grating. The laser power did not exceed 1 mW
to avoid degradation of the samples. Ultraviolet-Visible (UV-Vis)
absorption spectra of WXy nanosheets dispersed in chloroform were
recorded using a PerkinElmer Lambda 950 spectrometer using a 1 cm
path length quartz cuvette. X-ray photoelectron spectroscopy (XPS)
measurements were recorded on a Kratos Axis UltraDLD spectrom-
eter using a monochromatic Al-K, source operated at 20 mA and
15 kV. High resolution spectra are acquired at pass energy of 10 eV,
energy step of 0.1 eV and take-off angle of 0 degrees with respect
to sample normal direction. The analysis area is 300 x 700 micron.
The samples are prepared by dropcasting the solutions onto a freshly
cleaved highly oriented pyrolytic graphite (HOPG) and the energy
scale is calibrated on W 4f7 5 peak of WO3, set at 35.8 eV. The fit-

ting was done with the CasaXPS software.?4°

4.3.1 Colloidal Synthesis Protocol

The colloidal synthesis protocol is similar to the one reported by
Frauendorf et al.?°® The synthesis features the slow injection of a
solution containing tungsten hexachloride (WClg), OA and HMDS
in a hot solution of OLA and elemental Se. Both OA and HMDS,
according to Mahler et al. are necessary in order to obtain the semi-
conducting polytype.??? The OA and HMDS used are based on the
work of the master student Diem Van Hamme on the optimization of
the colloidal synthesis of WSa. In the following sections are briefly
reported the findings of the DSD optimization and the results of this
work.

4.3.2 DSD modelling on WS, colloidal synthesis

The results reported in this section have been obtained, under my su-
pervision, by the master student Diem Van Hamme during her master
thesis project and have been used as starting point for the synthesis
of WSesy nanosheets. The colloidal protocol of WS, is similar to what
reported for the WSes synthesis, with the use of elemental sulfur in-
stead of selenium. For a more complete discussion about the results
of this work, please refer to the original work.?33
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Figure 4.1: Absorption spectra of synthesized WS, with (green) and without
(red) OA and HMDS. The labels A and B indicates the exciton peaks arising
from the K point of the Brillouin zone.

4.3.2.1 Definitive Screening Design

For the application of the DSD design (see section 2.2.1 for details
on the design) on the WSy synthesis we selected the following fac-
tors: reaction temperature, precursor injection rate, S/W and OA/
W molar ratio. The reaction time is not taken into account explic-
itly but embedded in the injection rate parameter, (i.e., reaction is
stopped at the end of the precursor injection). The first three factors
are chosen as they may impact the WSy nanosheet growth and the
final crystal phase.!6%246 The OA/W ratio, is necessary to achieve
the desired polytype.??? Tungsten concentration, ODE and OLA vol-
ume and HMDS/W ratio are kept fixed. The total number of runs
used in this DSD analysis are 13, the minimum amount required to
avoid performance degradation. The full list of experimental runs is
reported in Table 4.1
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Table 4.1: Input factor X; (i = [1, 4]) and responses Y retrieved from the DOE
experiments. used in the DSD. X; = Reaction temperature, X, = Injection
rate, X3 = S/W molecular ratio, and X; = OA/W molecular ratio. Y; = A

exciton position, Y, = A exciton linewidth, and Y3 = Background Absorption.

Run No. ! Xz X3 X, iy, Y
[’C]  [mL-h] [nm]
1 320 8 4 30 6105 0.95 045
2 320 2 6 30 6154 1.0l 0.35
3 320 8 8 10 6089 0093 0.55
4 315 8 8 30 6088 092 0.52
5 310 2 4 30 609.0 0.97 0.0
6 310 8 4 20 611.3 0.96 0.50
7 315 5 6 20 611.2 095 043
8 315 2 4 10 6154 0.98 0.40
9 310 8 6 10 6108 0.92 0.64
10 320 5 4 10 6129 1.00 0.39
11 320 2 8 20 6159 1.0l 0.36
12 310 5 8 30 6119 098 0.46
13 310 2 8 10 609.3 094 0.56

A typical 2H-WS, absorption spectrum is characterized by the pres-
ence of the A and B exciton features (Figure 4.1) that arises from
the transition from the K point in the Brillouin zone from the valence
to the conduction band. For this design we select the same metrics
used for the MoSs optimization discussed in Chapter 2, i.e., the A
exciton peak wavelength AA is obtained via second-derivative analy-
sis while its linewidth is evaluated indirectly by calculating the ratio
between the maximum peak absorbance and the absorbance of the lo-
cal minimum at the high energy side of the exciton. The background
absorption/scattering is quantified by dividing the absorbance at 790
nm by the absorbance at A exciton position. In Table 4.1 we report
the factors of all the DOE runs and the relative responses. In order to
avoid model overfitting, we decided to minimize the Bayesian Infor-
mation Criterion (BIC),?47 keeping at the same time a low corrected
Akaike Information Criterion (AICc).248
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4.3.2.2 A exciton position modelling

For the DSD analysis of the A exciton position AA we excluded the
results of run no. 12 as it was listed as an outlier. We identified four
different input factors as statistically relevant: the reaction tempera-
ture (X1), injection rate (X2), as well as their combination X - Xo,
and the product X9 - X4 of injection rate and OA/W ratio (X4).
The p-values associated to the single factors are reported in Table
4.2.
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Table 4.2: Associated p-values of the main factors interaction as well as two-
factor interactions for A exciton positions.

Factors p-value

X1 - X9 Reaction temperature - Injection rate  0.0001

Xo Injection rate 0.0001
X1 Reaction temperature 0.00019
X9 - X4 Injection rate - OA/W ratio 0.00025
X4 OA/W ratio 0.16234

As the two-factor product Xso - X4 is statistically relevant, DSD
includes also X4 in the prediction expression, which reads as fol-
lows:

M= 61133+ 0871 (L3100 o (()(23_5))
_0171- ((‘)(41:)20)) ~16- ((X1 —5315)) . ((X23— 5)) @)
(X2 —5), (X4—20)

+09- () ()

This expression yields the spectral position of the A exciton as a func-
tion of the input parameters X;, expressed as the difference between
the parameter value and the mean value of the range used in the
DSD (see Table 2.1), normalized to half the width of the respective
range (as 3 values are taken per range, see Table 2.1). As such, the
prefactor (e.g. 0.871 for factor X i), immediately shows the impact
of each factor, with larger values indicating a stronger effect. Hence,
equation (4.1) can give insight into the influence of the different fac-
tors on the spectral position of the A exciton. This is visualized using
a contour plot that include the effect on the A exciton position of
the factors found statistically relevant (Figure 4.2). For instance, de-
creasing the reaction temperature (X, panel a) leads to a blue shift
(i.e., shift towards shorter wavelength) of the A exciton absorption
peak, independent of the injection rate (panel a) and at medium to
high concentration of OA (panel b) compared to W. However, another
region of blue shifted exciton absorption is found combining high re-
action temperature and high injection rate (panel a); the same type of
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region can be found having high injection rate and low OA concentra-
tion compared to W. Both may be due to an increased nucleation rate
induced by the larger precursor concentrations and higher tempera-
ture, limiting further growth into multilayers. As X4 is associated
with a small prefactor of 0.171, and was deemed not statistically rel-
evant, we omit it from a further discussion. Surprisingly, S/W ratio
seems to not have any statistically relevant effect on the A exciton
position.

30 — A exciton

. position
615.0
614.4
613.8
613.2
612.6
612.0
611.4
610.8
610.2
609.6
609.0

Figure 4.2: Contour plot of peak sharpness variation with reaction tempera-
ture, injection rate, and S/W ratio.



TUNGSTEN DISULFIDE AND DISELENIDE SYNTHESIS 77

4.3.2.3 A exciton sharpness modelling

The same procedure is then applied for the exciton sharpness and
absorption background models, discarding run no. 12 as it is iden-
tified as an outlier. The exciton sharpness model counts six factors,
consisting in three main factors (injection rate, reaction temperature
and S/W ratio), one two-factors interaction (reaction temperature -
injection rate), and two quadratic interactions (reaction temperature
- reaction temperature and S/W ratio - S/W ratio). The prediction
expression is reported in Equation 4.2, while the associated p-values
are reported in Table 4.3.

Table 4.3: Factors interactions and relative p-values for A exciton sharpness

model.
Factors p-values
X9 Injection rate 0.00010
X1 Reaction temperature 0.00083
X1 Xo Reaction temperature - Injection rate 0.00172
X3 S/W ratio 0.00210
X1 X3-X4 Reaction T - Reaction T 0.03209
X3 X3 S/W . S/W 0.03560
X1 —315 Xo—5
S = 0.940 + 0.0157 - ((15)) —0.0228 - (@)
X3—6 X, —315 X7 —315
—0.0128-((32))—1—0.0128-(( ! - )).(( ! - ))
X, —315 Xo—5
(X5-6), (X3-6)

+0.0141 - (FE20) - (2

The contour plot of the peak sharpness is shown in Figure 4.3. Sharper
peaks are obtained at low injection rate (X2) and high temperature
(X1) (panel a), almost independently of S concentration compared to
W (X3, panel b). A region of high sharpness is found to be, at low
injection rates, almost independent of the S/W ratio (panel c¢). This
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Figure 4.3: Contour plot of peak sharpness variation with reaction tempera-
ture, injection rate, and S/W ratio.

may be explained by the longer reaction time associated to a lower
injection rate, as well as the energy provided by the high temperature
to overcome the barrier energy between the 1T and 2H phase.
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4.3.3 Background scattering modelling

As last, we analyzed the background absorption. The model counts
a total of 7 factors, featuring 4 main factor interaction (injection
rate, reaction temperature, OA/W, S/W), 2 two-factor interaction
(reaction temperature - OA/W and OA/W - S/W), and 1 quadratic
interaction (OA/W - OA/W). The prediction expression is reported
in Equation 4.3, while the associated p-values are reported in Table
4.4.

Table 4.4: Factors interactions and relative p-value for background scattering

model.
Factors p-values
Xo Injection rate 0.00002
X4 Reaction temperature 0.00006
X4 OA/W ratio 0.00015
X3 S/W ratio 0.00027

X4 Xy OA/W - OA/W 0.00367
X1 - X4 Reaction T- OA/W  0.00473
X4 X3 OA/W - S/W 0.01122

(X1 —315) (X4 — 20)
10

(X3 —6)

B =0.432 — 0.0445 - ( ) —0.0364 - (

(X2 —5)

)

+0.0595 - ( )

) +0.0317 - (

(X1 — 315)) . <(X4 — 20))
5 10 (4.3)
(X4 —20), (X4 —20)
10 ) 10 )
(Xy—20), (X3 6)
o) )

+0.0212 - (

+0.0406 - (

—0.0172 - (

The background scattering showed in Figure 4.4 features, in this case
all the factors involved in the synthesis, as they are listed as sta-
tistically relevant. Low background scattering regions are charac-
terized by high reaction temperature and low injection rate (panel
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Figure 4.4: Contour plot of background scattering variation with reaction
temperature, injection rate, S/W ratio, and OA/W ratio.

a), independently of S/W and OA/W ratios (panel b and ¢ respec-
tively).
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4.3.3.1 Testing the prediction models

Confronting all the contour plots for the different responses, it is clear
that finding common reaction conditions for all three responses is not
trivial. Furthermore, single responses can have more than one op-
timal region, making complicated the selection of single values. For
this reason we decide to combined the prediction models for the three
different responses to obtain experimental conditions that leads, in
order of importance, to the lowest A exciton position, a sharp exciton
feature, and a reduced background absorption. This order of impor-
tance has been chosen considering, as explicated before, the meaning
of these metrics. The prediction model suggested the following reac-
tion conditions: reaction temperature of 320 °C, injection rate of 8
mL h™!, S/W ratio of 4, and OA/W ratio of 20. The synthesis is car-
ried out and the experimental responses are compared to the model
prediction (Table 4.5).

Table 4.5: Comparison between predicted and experimental responses of A

exciton position optimized sample.

A exciton ) )
. A exciton Background absorption
position
peak sharpness parameter
[nm|
Predicted results 609.4 0.957 0.415
Experimental results 609.7 0.949 0.512

The experimental values are in good agreement with the prediction
model, with A exciton position and sharpness near to a perfect
match; the largest discrepancy concerns the background absorption
parameter.
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Figure 4.5: a). UV-Vis absorption spectrum of A exciton positon optimized
sample with highlighted the A and B exciton positions. b). Raman spectrum
(excitation source: 532 nm) of the aforementioned sample with the 2LA(M),
Else, and Ajz modes components. c). HR-TEM image of the aforementioned
sample with highlighted the edges of the nanosheeets. d) Magnification of panel
c with highlighted the distance between the single sheets.

The A exciton absorption peak is center at 609.7 nm with a calculated
sharpness of 0.949 and a background absorption parameter of 0.512.
Our sample shows an A and B exciton positions centered at 609.7 nm
and 513.6 nm respectively (Figure 4.5a); the A exciton value is similar
to what already reported for colloidal monolayer WS,298:222:249 while
our sample shows a blue shifted B exciton compared to analogue sam-
ples. The splitting energy between the two exciton (as a consequence
of the strong spin-orbit coupling in W atoms3”) is 96.1 nm (~387
meV), in line to what observed in CVD??Y as well as colloidal WSy
nanosheets.20®

Trying to determining the best combination of factors, we found a
second suitable optimization synthesis that can yield to blue shifted
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A exciton, sharp peak and lower background absorption. As stated
before, this is not unusual, since the contour plots shows the existence
of more of one possible region with optimal responses. In this opti-
mization, however, we focused on the reduction of the background
absorption scattering. This is correlated to the nanosheet size as well
as the metallic (1T) WSy spectral contribution to the overall absorp-
tion spectrum. We followed these experimental conditions: reaction
temperature of 310 °C, injection rate of 2 mL h™', S/W ratio of 4,
and OA /W ratio of 30. The synthesis is carried out as the precedent
and the comparison between predicted and experimental responses
are reported in Table 4.6.
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Figure 4.6: a). UV-Vis absorption spectrum of background optimized sample
with highlighted the A and B exciton positions. b). Raman spectrum (excitation
source: 532 nm) of the aforementioned sample with the 2LA(M), E'og, and Ay,
modes components. c). HR-TEM image of the aforementioned sample with
highlighted the edges of the nanosheeets. d) Magnification of panel ¢ with
highlighted the distance between the single sheets.
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Table 4.6: Comparison between predicted and experimental responses of back-

ground optimized sample.

A exciton A exciton Background absorption
position [nm| peak sharpness parameter
Predicted results 609.0 0.971 0.385
Experimental results 608.3 1.003 0.385

As the exciton-optimized WSy, the background-optimized shows in
the UV-Vis absorption spectrum the presence of the A and B exci-
ton peaks, centered at 608.3 nm and 513.8 nm respectively (Figure
4.6a). Furthermore, their position is slightly blueshifted compared to
the previous sample; however this can be attributed to the reduced
background contribution on the overall spectrum.
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Figure 4.7: XPS spectra of W 4f and W 5p (a) and S 2p (b) core levels of A
exciton-optimized WS, nanosheets. XPS spectra of W 4f and W 5p (c) and S
2p (d) core levels of background-optimized WS, nanosheets.

In order to elucidate this difference in background contribution, we
performed XPS on the samples over the energy regions typical of W
4f and S 2p peaks (Figure 4.7a—c). In both, we observed the pres-
ence of W signals (Figure 4.7a—c) attributable to both the 2H (32.9
eV and 35.1 eV)?22:251 and 1T (31.8 eV and 33.9 eV)??%25! polytypes
as well as the signals associated with WOs3 (centered at 35.8 eV and
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38.0 eV)??2 traceable back to a condensation reaction between OA
and OLA.?%? In Figure 4.7b and d we report the S 2p signals of WSs,
finding signals associated with 2H (162.5 eV and 163.7 eV) and 1T
polytypes (161.5 eV and 162.7 eV) and S 2p signals associated with
thiol species.??32%4 A low binding energy S 2p doublet is also present
(components at 160.8 eV and 162.0 €V) in both samples; its position
matches the one of the other metal sulfides. However, since we did
not observe any trace of contamination in the investigated samples,
we tentatively assign this doublet to under-coordinated S, in analogy
to what has been reported for defective graphene in the literature.??
Interestingly, while we observed the same types of signals for both
samples in the W and S regions, we can conclude that the second op-
timized sample, synthesized at lower temperature, yields a noticeable
decreased contribution of the 1T polytype, as the relative intensities of
the associated W 4f and S 2p peaks are lower. Hence, even if we were
not able to fully suppress the formation of the 1T polytype, it is clear
that, while a monolayer of WSy can be formed under both optimized
conditions (at both high and low temperature), only the synthesis at
a lower temperature yields a sample with reduced formation of the
1T polytype. This is also translated into a lower contribution of the
metallic phase to the overall absorption spectrum, yielding reduced
background scattering and sharper excitonic features compared to
the exciton optimized sample. The two polytypes are separated by
an energy barrier of 490 meV,2%% confirming that a higher tempera-
ture favors an increase of the metallic polytype in the ensemble, and
syntheses that aim to obtain WSs in monolayer form and in the 2H
semiconducting polytype should be performed at lower temperature.
Such a decrease in metallic polytype may be justified by the different
reaction times for the two samples. In fact, the reaction time of the
background optimized sample is four times longer than the A exci-
ton optimized sample, yielding a greater metallic-to-semiconducting
conversion compared to the A exciton optimized sample.
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4.3.4 WSe, Synthesis

Starting from the findings discussed in the previous section, we then
translate the synthesis of WS; into its selenide counterpart, changing
the chalcogen source and adapting the reaction parameters.
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Figure 4.8: (a) UV-Vis absorption spectrum of WSe; sample with highlighted
the A and B exciton positions. (b). Raman spectrum (excitation source: 532
nm) of the aforementioned sample with the 2LA(M), Elzg, and A;; modes
components and the B!,, mode region. (c). Bright-field TEM image of the
aforementioned sample.

As expected by a semiconductor TMDs, the UV-Vis absorption spec-
trum displays the presence of the excitons A and B, centered at 732
nm and 595 nm respectively (Figure 4.8a) with an difference of 137
nm (~ 395 meV). This energy gap between A and B exciton is greater
than what saw for MoSes sample in Chapter 2 and, as said in Section
1.2.3, it depends on the strong spin-orbit coupling of tungsten atoms.
CVD and mechanically exfoliated monolayer samples displays simi-
lar values, with A and B exciton positions of ~747 nm and 602 nm
respectively and an A-B splitting of ~400 meV.46:257 Raman spec-
troscopy is used to determine sample thickness. WSey displays the
typical modes associated to semiconductor polytype, such as 2LA (M)
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(second-order longitudinal acoustic Raman mode), E12g, and Agg.
As seen for MoSesy these modes are thickness dependent; moreover a
fourth mode, Blgg mode is present only for multilayer samples.258 260
In a monolayer WSes the two modes Elgg and A1, overlap in a single
mode centered at 250 cm™, starting then diverging while increasing
the number of layers?®® while the 2LA(M) mode shows a ~5 cm™
shift towards higher wavenumbers decreasing the layer number; with
a Raman shift of ~261 cm™! in a monolayer.?%®

In our sample we found the Elzg, and A, overlapped in a single mode
centered at 249.8 cm™!, and the 2LA(M) mode at 260.1 cm™ (Figure
4.8b). A close look on the 290 cm™-320 cm™ region reveals a small
peak centered at 302 cm™' that can’t be assigned to the 312g mode;
this mode in fact shows up in bilayers at ~ 308.5 cm™, shifting then
to higher wavenumbers increasing the layer number.??® As a result,
it is possible to confirm the monolayer nature of the sample. We
then explore the sample morphology via TEM imaging (Figure 4.8¢c)
revealing a nanoflower shape, similar to what found in literature for
colloidal WSes.239:240 The last characterization is XPS to determine
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Figure 4.9: XPS spectra of W (a) and Se (b) core levels of WSe;, nanoflowers.

the presence of oxides and metallic polytype. We found the presence
of W signals (Figure 4.9a) associated to either 2H (32.9 eV and 35.1
eV)222251 and 1T (31.8 eV and 33.9 eV)*2225! polytype as well as
signals associated to WOj3 (centered at 35.8 eV and 38.0 eV).222 The
presence of WOg3 can be traced back to a condensation reaction be-
tween OA and OLA; reactions involving metal halides and OLA-OA
have been used in the synthesis of metal oxide nanocrystals.?>?> The
Se (Figure 4.9b) region shows signals associated to 2H (54.3 eV and
55.1 V)26 as well as 1T (55.3 eV and 56.1 ¢V)?0? while the light
blue signals centered at 53.5 eV and 54.4 eV can be associated to
selenides?®3 as well as WSes species.?64
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4.4 Conclusions

In this chapter we have explored the colloidal synthesis of WSs and
WSes nanosheets. Starting from the WSs colloidal synthesis protocol
and using the previous knowledge obtained by the work of the master
student Diem Van Hamme on the optimization of the colloidal syn-
thesis of WSy nanosheets, we translated the protocol on the synthesis
of WSes nanosheets. Using UV-Vis absorption spectroscopy, Raman
spectroscopy, and TEM, we demonstrated the successful synthesis of
semiconducting WSes with monolayer thickness. We explored the
sample composition via XPS spectroscopy, finding out the presence
of oxides as well as metallic polytype in the sample, which presence
ultimately quenches its photoluminescence. Undoubtedly, the syn-
thetic protocol requires further optimization towards either oxides
and metallic polytype reduction, nevertheless this can be considered
a valuable first step on a colloidal synthesis of monolayer WSes.
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5.1 Prologue

In this chapter we will explore some preliminary results on the col-
loidal synthesis of MSySes.z) (M = Mo, W) alloys and heterostruc-
tures. As preliminary results, the main focus is on the synthesis itself,
without any further step towards composition and thickness optimiza-
tion. The use of colloidal synthesis opens a cheap way for the produc-
tion of MSySe(s.,) alloys and heterostructures.

5.2 Introduction

As discussed in Section 1.2.6, TMDs properties can be tailored in
different ways, such as doping, lateral and thickness quantum con-
finement, and strain engineering. Alloying is a common approach
used to tailor material properties, with their composition determining
electron band structure and properties. For instance, the continuous
insertion of Se in MoSs results in a continuous shift of the band gap
energy from 1.90 eV to 1.58 eV for pristine MoSe; and from 2.0 eV
to 1.65 eV for W-based TMDs.8%85 Similar effect is observed in the
SOC energy, that monotonically increases from ~140 meV for pristine
MoSs to ~220 meV for pristine MoSe.26% As a result, MSySe(o.y) al-
loys often displays superior qualities compared to their pristine coun-
terparts, such as valley polarization at room temperature,?%® superior
quality towards HER reactions®® or photodetectors with superlinear
dependence on light intensity.%?

Heterostructures are another common way to combine different ma-
terial properties in a single system. As mentioned in pag. 14 of the
introduction, heterostructures are classified according to the relative
band alignment of the constituent materials (Type I, quasi-Type-11
and Type II) and on the type of heterojunction adopted (lateral or
vertical heterostructure). According to the heterostructure typology,
MoSy/MoSey heterostructure is found to be Type-II in vertical het-
erostructures?%6-270 and Type-I in lateral heterostructures;?"%272 sim-
ilar band alignment behavior has been found for MoSs/WSey lateral
and vertical heterostructures.2’3 27 Moreover, vertical heterostruc-
ture band gap transition often shifts from direct to indirect due to
stacking effect.2”® Such Type-II systems are characterized by the for-
mation of interlayer excitons with radiative and valley longer than
for intralayer excitons,?6% 277278 making them suitable for optoelec-
tronic applications.?”%27 Here we explore the colloidal synthesis of
MoSxSe(o.x) and WSySe(y.y) starting from the protocols showed in
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Chapter 2 and Chapter 4. Moreover, here we also report some tenta-
tive of MoSea/MoSs lateral heterostructures.
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5.3 MSSe2.x) (M = Mo, W) alloy

5.3.1 Experimental Section

Materials. Molybdenum pentachloride (MoCls, 99.99%, Sigma-
Aldrich), tungsten hexachloride (WClg, > 99.9%, Sigma-Aldrich),
elemental sulfur (> 99.95%, Sigma-Aldrich) and selenium (>
99.99%, Strem Chemicals), chloroform, and hexamethyldisilazane
(HMDS, > 99.9%, Sigma-Aldrich) are used without any purifica-
tion. 1l-octadecene (ODE, Sigma-Aldrich), oleic acid (OA, 90%,
Sigma-Aldrich), and oleylamine (OLA, 80-90% Acros Organics) are
dried using calcium hydride, distilled and stored under nitrogen until
further use.

Colloidal Synthesis of MoSxSe(;.y) alloy. The synthesis is
performed under nitrogen using standard Schlenk line techniques. In
a 25 ml three-neck flask, a solution of OLA (15 mL), sulfur (10 mg)
and selenium (30 mg) is heated up to 290 °C and a solution of MoCls
in ODE (0.021 g in 1 mL, sonicated until complete dissolution) is
injected at 9 mL h™' using a syringe pump. After the injection,
the solution is cooled using a water bath. The product is purified
three times using a mixture of toluene/isopropanol/acetone, hex-
ane/isopropanol and chloroform /isopropanol respectively, followed
by centrifugation at 5000 rpm to collect the sample. The nanosheets
are finally dispersed in chloroform and stored in the fridge until
further use.

Colloidal Synthesis of WSxSe(;.y) alloy. The synthesis is
performed under nitrogen using standard Schlenk line techniques. 12
mg of WClg are dispersed in 3 mL anhydrous ODE and 0.24 mL of
OA while, in a second vial, elemental sulfur (1.6 mg) and selenium
(3.3 mg) in 15 mL of anhydrous OLA are mixed together; both
solution are then sonicated for 40 min until complete dissolution.
The selenium precursor is transferred into a 25 mL three neck flask
and heated up at 320 °C. Subsequently, 0.2 mL of HMDS is added
to the tungsten precursor solution; this final solution is then injected
into the hot S-OLA solution at a 13 mL h™! using a syringe pump.
The reaction mixture is held at the selected temperature during
all the injection; after it is rapidly cooled to room temperature.
The product is purified three times using a mixture of toluene/iso-
propanol /acetone, hexane/isopropanol and chloroform /isopropanol
respectively, followed by centrifugation at 5000 rpm to collect the
sample. The nanosheets are finally dispersed in chloroform and
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stored in the fridge until further use.

Characterization methods. Bright-field TEM images were ac-
quired on a JEOL JEM-1011 microscope operating at an accelerating
voltage of 100 kV (for MoS;Se(s.)) and on a JEOL JEM-2200FS
transmission electron microscope operating at an accelerating
voltage of 200 kV (for WSiSe(s.)). The samples were prepared
by drop-casting of the suspension onto ultrathin C/holey C/Cu
TEM grids. Raman spectra were collected with a Bruker Optics
‘Senterra’ dispersive Raman spectrometer. The spectrometer is
coupled to an Olympus BX51 microscope and to a thermoelectrically
cooled charge coupled device (CCD) detector, operating at -65
°C. The point measurements were conducted on dried droplets on
glass slides and by using the 532 nm laser of the Raman system.
The experimental conditions selected were: 5 accumulations of 10
seconds, 3-5 cm™! spectral resolution, 60-1560 cm™' spectral range
(40-1540 cm™ for WSkSe(a.x)), 50 pm pinhole-type aperture, x50
(NA: 0.75) magnification objective (corresponding to a less than 4
nm spot size) and a 0.20 % laser power (corresponding approx. to
0.12 mW). Ultraviolet-Visible (UV-Vis) absorption spectra of the
alloyed nanosheets in chloroform were recorded using a PerkinElmer
Lambda 950 spectrometer with a 1 cm path length quartz cuvette.

5.3.2 MoS,Se(.x) alloy

5.3.2.1 Sample Characterization

The UV-Vis spectrum of MoSxSe(s.y) (Figure 5.1a) reveals a spec-
tral shape similar to MoSes (see Chapter 2), with the presence of
the two excitonic features associated to the A and B optical transi-
tions located at 765 nm and 682 nm respectively. A comparison with
monolayer MoSey spectrum (Figure 5.1b) shows a blue shift of 19
nm and 17 nm respectively; this is associated to the presence of S in

the structure.8? The analysis of the Raman spectrum of MoSxSe(o.x)
reveals in the region 200 cm™-300 cm™ the presence of two Raman
modes associated to alloyed MoSxSe(y.y), located at 229 cm™! and 252
cm ! respectively. These two modes derives from the splitting of the
A1z mode of MoSey due to the different environment around the Mo
atoms,®80 which distance decreases while increasing the composi-
tion in Se (Figure 5.2). While in MoSey the A, mode splits with
the presence of S, in MoSy the two modes Elgg and A, spacing in-
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Figure 5.1: (a) UV-Vis absorption spectrum of MoS,Se(,.,) alloy. (b) Compar-
ison with MoSe, UV-Vis spectrum. (c) Raman spectrum of MoS,Se(,.y) alloy.
(d) TEM image of the aforementioned sample.

creases due to lattice distortion and strain effect generated by the
larger Se atomic radius compared to S atomic radius.®>%! The sam-
ple is further analyze via TEM imaging, to assess the morphology
of the sample. The sample displays nanoflower morphology, similar
to what seen for MoSes nanocrystals, in accordance with the Raman
spectrum, suggesting a high composition is Se.
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Figure 5.2: (a) Evolution of Raman spectrum with S:Se ratio in MoS,Se(2.,).
(b) Evolution of Raman modes position with Se composition. Adapted from
Ref. 86. Copyright 2015 American Chemical Society.

5.3.3 WS,Se(2.x) alloy

5.3.3.1 Sample Characterization

In Figure 5.3a is reported the UV-Vis spectrum of WSySe(y.y) alloy.
The sample is characterized by the presence of A and B excitons, lo-
cated at 690 nm and 565 nm respectively. The exciton energies are
blue shifted of 42 nm and 30 nm respectively compared to the mono-
layer WSey sample discussed in Chapter 4, suggesting the presence of
S into the structure, similarly to what observed for analogue colloidal
samples in literature.” 87

Further characterization by Raman spectroscopy reveals the presence
of a single Aj; Raman mode located at 257 cm™! (assigned to W-Se
modes, green region of the spectrum) an Ely, and A1y mode located
at 354 cm™! and 406.5 cm™ respectively (assigned to W-S modes, yel-
low region of the spectrum) and another A;, mode located at 380
cm assigned to a S-W-Se mode; this is consistent with monolayer
CVD?89282 and colloidal™ samples reported in literature. Unfortu-
nately, no study on the Raman variation with thickness is present in
literature, making not possible to estimate sample thickness.
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Figure 5.3: (a) UV-Vis absorption spectrum of WS,Se(,.4) sample with high-
light the two excitons. (b) Raman spectrum of the aforementioned sample with
in green the spectral region associated to WSe; and in yellow the spectral re-
gion associated to WS, modes. (c) TEM image of the aforementioned sample.

5.4 MoS,; /MoSe, heterostructure

5.4.1 Experimental Section

Materials. Molybdenum pentachloride (MoCls, 99.99%, Sigma-
Aldrich), elemental sulfur (> 99.95%, Sigma-Aldrich), and selenium
(> 99.99%, Strem Chemicals) and chloroform are used without any
purification. 1-octadecene (ODE, Sigma-Aldrich), and oleylamine
(OLA, 80-90% Acros Organics) are dried using calcium hydride,
distilled and stored under nitrogen until further use.

Part I. Colloidal Synthesis of MoSes. The synthesis is performed
under nitrogen using standard Schlenk line techniques. In a 25 ml
three-neck flask, a solution of OLA (7 mL) and selenium (10 mg)
is heated up to 260 °C and a solution of MoCls in ODE (18 mg in
1 mL, sonicated until complete dissolution) is injected at 6 mL h!
using a syringe pump. After the injection, the solution is cooled
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using a water bath.

Part II. Colloidal Synthesis of MoSez/MoSs heterostruc-
ture. To the raw product of Part I, a solution of OLA (7 mL)
and sulfur (4 mg) is added in the flask; the resulting solution is
heated up to 280 °C and a solution of MoCls in ODE (18 mg in 3
mL, sonicated until complete dissolution) is injected at 30 mL h'
using a syringe pump. After the injection, the flask is cooled down
using a water bath and the product is purified three times using
a mixture of toluene/isopropanol/acetone, hexane/isopropanol and
chloroform /isopropanol respectively, followed by centrifugation at
5000 rpm to collect the sample. The nanosheets are finally dispersed
in chloroform and stored in the fridge until further use.
Characterization methods. Bright-field TEM images were ac-
quired on a JEOL JEM-1011 microscope operating at an accelerating
voltage of 100 kV. Energy-dispersive X-ray spectroscopy (EDS) was
carried out with a JEOL EX 24065 JGP. The samples were prepared
by drop-casting of the suspension onto ultrathin C/holey C/Cu
TEM grids. Raman spectra were collected with a Bruker Optics
‘Senterra’ dispersive Raman spectrometer. The spectrometer is
coupled to an Olympus BX51 microscope and to a thermoelectrically
cooled charge coupled device (CCD) detector, operating at -65
°C. The point measurements were conducted on dried droplets on
glass slides and by using the 532 nm laser of the Raman system.
The experimental conditions selected were: 5 accumulations of 10
seconds, 3-5 cm™! spectral resolution, 60-1560 cm™' spectral range,
50 pm pinhole-type aperture, x50 (NA: 0.75) magnification objective
(corresponding to a less than 4 pm spot size) and a 0.20 % laser
power (corresponding approx. to 0.12 mW). Ultraviolet-Visible
(UV-Vis) absorption spectra of the nanosheets in chloroform were
recorded using a PerkinElmer Lambda 950 spectrometer with a 1 cm
path length quartz cuvette.

5.4.1.1 Colloidal Synthesis Protocol

The synthesis strategy consist in the combination of the protocols
reported in Chapter 2, divided in two different steps: I) the synthesis
of MoSes, followed by (II) the synthesis of MoSs. A similar approach
have been recently published by Hwang et al. on the synthesis of
MoSes /WSes heterostructures.?®
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Figure 5.4: (a) UV-Vis absorption spectrum of MoS,/MoSe; heterostructure.
Inset: second derivative of the 600-850 nm region of the spectrum. (b) Raman
spectrum of the aforementioned sample, with in cyan the MoSe; region and in
light blue the MoS; region of the spectrum. (c) TEM image of MoS,/MoSe;
heterostructure.

5.4.1.2 Sample Characterization

The UV-Vis spectrum of the sample displays the presence of 3 differ-
ent excitonic features, located at 802 nm, 701 nm, and 632 nm (Figure
5.4a). These features are clearly visible in the second derivative of the
UV-Vis absorption spectrum (Figure 5.4a, inset); the first two peaks
(802 nm and 701 nm) can be associated to the A and B exciton of
MoSe; while the 632 nm can be associated to a red shifted MoSy B
exciton. Ideally, a perfect heterostructure should shows the features
associated to each component,?®37285 however the colloidal protocol
can lead to some degree of alloying in both components.

The Raman spectrum (Figure 5.4b) features the modes of both ma-
terials, as reported in literature for CVD MoSes/MoSs heterostruc-
tures.?8:269,286,287  The cyan region of the spectrum (associated to
MoSes) displays the A, and Elgg modes, centred at 239.5 cm™! and
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287.5 cm! respectively. The lack of Ay, splitting suggest a pure
MoSes component and not an alloy. The light blue region (associated
to MoSs) reveals the presence of a weak mode at 403 cm™, assigned
to the A1z mode. The lack of Elgg mode and the low intensity of A,
modes suggest the presence of an high defective MoSs nanosheet.!%%
To visualize the sample composition we performed energy-dispersive

200 nm

Figure 5.5: Energy-dispersive X-ray spectroscopy of MoSe,/MoS; heterostruc-
ture. (a) Bright-field TEM image of MoSe;/MoS; heterostructure (scalebar:
100 nm). (b) sulfur composition of the selected spot. (c) selenium composi-
tion of the selected spot. (d) Overlap of the regions showed in figure b and ¢
(scalebar: 200 nm)

X-ray spectroscopy (EDX or EDS) mapping on the sample (Figure
5.5). This technique is based on the emission of a characteristic x-
Ray from the element after being irradiated with high-energy elec-
trons. When irradiated, an inner-shell electron from the atoms is
removed, leaving a vacancy that is filled by an outer-shell electron.
This electron transition causes an energy emission (X-rays in this
case) which energy is characteristic of the atom, permitting a map-
ping of the composition of the sample. In Figure 5.5a is reported
the bright-field TEM image of the sample, while in Figure 5.5b and
¢ the EDS mapping of the same spot. The mapping shows that S
is distributed across all over the sample while Se is mostly concen-
trated in the regions where nanoflowers are present; the mapping in
combination with Raman modes shape suggests the presence of an
heterostructure rather than an alloyed sample.
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5.4.2 Conclusions

In this chapter we preliminary explored the colloidal synthesis of
MSiSeo.x) (M = Mo, W) alloys and MoSez/MoSy heterostructure.
In the case of MSxSe(y.y) alloys, using the pre-existent colloidal proto-
cols for MoSs and WSes synthesis and adding a second chalcogenide,
we obtained the alloyed materials. Using UV-Vis and Raman spec-
troscopy, we confirmed the semiconducting nature of both samples,
with the absorption spectrum displaying the typical excitonic features
expected for the semiconducting polytype, with energies in between
MoSs and MoSes (for MSXSe(Q_X)) band gaps and between WSy and
WSez band gaps for WSxSe(y ), as expected for alloyed samples. In
addition, the presence of the two Raman modes for MoS,Se(o.y) (de-
rived from the splitting of the A, mode of MoSey due to the S doping)
and both modes from the sulfide and selenide species for WSxSe(o.y)
confirms this attribution. Moreover, we preliminary explored the col-
loidal synthesis of MoSes/MoSy heterostructure, combining the syn-
thesis protocols of the pristine materials reported in Chapter 2. Using
UV-Vis absorption and Raman spectroscopy we confirmed the pres-
ence of pristine MoSg and MoSes in the sample with the appropriate
semiconducting polytype. The absorption spectrum showed the pres-
ence of three different excitonic features, ascribed to MoS9 and MoSe,
while the Raman spectrum displayed the modes associated to the
pristine materials, excluding the presence of alloys. Via EDX map-
ping we found the presence of overlapping regions covered by the two
chalcogenide species, suggesting a vertical heterostructured material.
Despite the early stages of the research, these results suggest how the
colloidal synthesis can be, in a long run, a cheap and valid alternative
on the production of alloyed and heterostructured nanocrystals.
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102 CHAPTER 6

6.1 General Conclusions

While the role of TMDs in technological application is consolidated,
the development of a suitable colloidal protocol for the synthesis of
such materials is still in early stage. The leitmotif of this thesis is the
exploration of the colloidal synthesis of G6-TMDs, starting from the
colloidal synthesis of MoSy. The development of a suitable protocol,
using the Design Of Experiment approach, yielded to a deeper under-
standing on the dynamics involved in the synthesis, such as effect of
temperature, injection rate, chalcogen precursor, ligand volume, de-
gassing time and degassing temperature on the final properties (and
quality) of the nanocrystal, maintaining to a low number of experi-
mental work required. Using such knowledge we ultimately developed
an optimized protocol for the synthesis of MoSs nanosheets charac-
terized by exciton energy close to monolayer band gap and a sample
thickness composition of mono- and bilayer nanosheets. The transla-
tion of this protocol to the selenide counterpart yet yielded to MoSes
nanosheets characterized by excitons energy close to monolayer band
gap and monolayer thickness. Moreover, the analysis of MoSs and
MoSes photoluminescence (after hBN encapsulation) at cryogenic and
room temperature displayed the presence, for both materials, of an
exciton emission centred at 1.96 eV and 1.68 eV respectively (in line
with what expected for mono- and bilayer nanosheets) characterized
by a progressive red shift in energy and line width broadening going
from 4 K to 295 K, with MoSey displaying smaller FWHM compared
to MoSs sample.

Using such protocols as new starting point on our research, we tried
to further optimize the synthesis of MoSs nanosheets towards the re-
duction of the lateral dimensions. We simplify the protocol removing
the degassing stage and decreasing the S:Mo stoichiometric ratio of
the reaction to 2. The resulting nanosheets displayed a lateral size of
11.45 nm 4+ 4.89 nm, as visible from the small background scatter-
ing in the UV-Vis absorption spectrum, and, similarly to the DOE
optimized MoSy, mono- and bilayer nanosheets composition. The ab-
sorption spectrum features both A and B excitons, located at 651 nm
and 603 nm respectively, are close to what expected for monolayer
MoSs nanosheets; moreover the comparison with similar samples re-
veals the presence of a clear trend between lateral size and A exciton
position. The nanosheets displayed photoluminescence at 80 K, char-
acterized by a resolved trion and a neutral exciton emission centred
at 1.91 eV and 1.97 ¢V, and a FWHM of 66 meV and 42 meV re-
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spectively, suggesting a lower defect density compared to the DOE
optimized MoS, nanosheets.

These results led us on landing on tungsten-based TMDs. We pro-
ceed on exploring the synthesis and optimization of WSy and WSes
nanosheets, in a similar way done for MoSy and MoSey samples. The
DOE optimization done by the master student Diem Van Hamme on
the colloidal synthesis of WSy nanosheets provided valuable known-
how for the subsequent colloidal synthesis of WSes nanosheets. Start-
ing from the DOE-optimized WSs protocol, we were able to synthe-
size WSes nanosheets characterized by A and B exciton features in
the UV-Vis absorption spectrum centred at 732 nm and 595 nm, close
to what expected for monolayer WSey nanosheets, and a monolayer
thickness. The lack of photoluminescence was investigated by XPS,
that revealed the presence of metallic phase as well as oxides. Once
again, the colloidal method have been proved to be a suitable method
for the production of TMDs. As last part of our journey, we dove
into TMDs alloys and heterostructures. Using the optimized protocol
developed for Mo- and W-based TMDs, we moved from the pristine
materials to their alloys. The two alloys, MoSxSes.x and WSySeo ,
obtained adding elemental selenium to the sulfide protocols, displayed
the expected characteristics from such materials, such as exciton en-
ergies in between monolayer MoSs and MoSe; nanosheets, and the
presence of specific Raman modes (splitted Aj, mode for MoSySes.«
and sulfide and selenide modes for WS¢Ses ). The last chapter of
the story is the synthesis of MoSey/MoSs heterostructure, obtained
combining the two protocols discussed at the beginning. Such combi-
nation resulted in a sample displaying the characteristics of both ma-
terials, such as different sets of excitonic features and Raman modes
associated to MoSy and MoSes nanosheets, with confirmation via EDS
of the presence of an heterostructured material.

To summarize, the flexibility of colloidal synthesis, assisted by the
Design Of Experiment approach, allowed us to (almost) explore the
synthesis of the entire G6-TMDs family. The potential of this syn-
thetic pathway on TMD synthesis ultimately explains the interest of
the scientific community and the great efforts made on finally under-
standing (and exploiting) such synthesis method.
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6.2 Perspectives - What’s next?

After having confirmed the validity of the colloidal synthesis as pro-
duction method for TMDs, the next step is to focus on further opti-
mization and tuning of their properties. In the following sections we
will discuss outlook and perspectives on such materials, focusing on
suitable topics for future research work.

6.2.1 Further synthesis optimization via DOE

The optimization of MoSs synthesis has displayed the potential of
the DOE application on chemical synthesis. The application of such
approach on WSey and alloys/heterostructures synthesis can be cer-
tainly beneficial, yielding to a deeper understanding on the effect of
the synthesis parameters on sample quality and properties, reducing
at the same time the amount of experimental work required for the
optimization. The same approach can be applied on the already opti-
mized MoSy and MoSes nanocrystals, centering the DSD framework
on the already optimized protocol, to explore the surroundings of the
reactions space and find new synthesis conditions that can further
improve the material qualities.

6.2.2 Chemical doping to enhance photolumines-
cence

As introduced in Section 1.2.5, TMDs photoluminescence can be
tuned via chemical doping, used to passivate the trap states and
reduce the nonradiative recombination, ultimately making possible
a near-unity quantum yield in MoS,.%* Despite this simple concept,
the execution is not trivial (due to the presence of capping ligands
on the nanocrystal), thus requiring extensive work on finding a
suitable approach on the doping. Literature reports already several
different doping protocols with different dopant molecules, however
such procedures are often applied on exfoliated or CVD-made
TMDs.05 71, 72,288,289 Tpjitja] trials have been done, post-synthesis,
using F4TCNQ dissolved in toluene and dropcasted on deposited
MoS5.” Despite the promising results on exfoliated MoSsy reported
in literature, no photoluminescence enhancement has been detected.
Nevertheless, a study on the implementation of a doping protocol on
the colloidal synthesis of TMDs would be beneficial, opening multiple
pathways on colloidal TMDs optoelectronic applications.



CONCLUSIONS AND PERSPECTIVES 105

6.2.3 TMDs colloidal heterostructures

As saw in Chapter 5 and already reported from Hwang et al.,%® col-

loidal synthesis can provide a valid pathway for the synthesis of het-
erostructures, although limited to a core-shell-like structure. While
the state-of-the art of such structures involves production techniques
as CVD (capable to provide either lateral or vertical heterostructures)
or ez-situ vertical stacking,'0%2% few trials are present in literature
regarding in situ colloidal heterostructures. A DOE study on the
synthesis of heterostructure may be possible, optimizing either both
stages (core and crown synthesis) or only the crowning stage. In
the latter case, a DOE study towards the optimal conditions where
a crown can be grown avoiding co-nucleation, retaining at the same
time the semiconducting polytype would be beneficial. The factors
to include into such design would be the same explored in Chapter 2,
adding the concentration of the cores to the factor list. To evaluate
the results of such studies, possible metrics that may be used are EDS
mapping on single nanocrystals as well as the change in PL; in fact a
Type II structure is characterized by a red shifted emission compared
to the pristine components as well as by a longer emission lifetime.
Overall, further studies on this direction may be beneficial, leading
to cheaper and easier way to produce heterostructured materials and
boost their technological use.

6.2.4 Extension of the laterally-confined 2D TMDs li-
brary

The exploration of the synthesis of laterally-confined MoSs in Chap-
ter 3 showed that reduced lateral dimensions yielded to a general
improvement of the optoelectronic properties, with the aforemen-
tioned sample displaying narrow excitons, lower background scatter-
ing and, more importantly, photoluminescence properties character-
ized by well-resolved trion and neutral exciton emissions. Such results,
in addition to the exploratory results reported in literature, makes in-
teresting to further develop efficient strategies to control the lateral
dimensions of the nanosheets, as well as expanding such studies to
the entire TMDs library.
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6.3 Scientific output

Peer reviewed articles
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English Summary

—Summary in English—

Transition metal dichalcogenides (TMDs) are a class of 2D materials
characterized by a layered structure, where each single layer is
formed by a transition metal plane sandwiched between two planes of
chalcogen atoms. These single layers can stack on top of each other
via Van der Waals interactions, with the stacking order determining
the polytype: 1T, metallic or 2H, semiconducting. In the latter
case, the number of layers determines the material properties: an
odd-number of layers translates in broken inversion symmetry,
while a reduction of layer number yields to an increase of band gap
energy. Monolayer thickness is associated to a conversion of the band
gap transition from indirect to direct, resulting in the emerging of
photoluminescence. Colloidal synthesis is becoming, among chemical
vapor deposition, liquid-phase and mechanical exfoliation one of
the main techniques used in the production of TMDs, due to its
flexibility, tunability, and low production cost.

We started in Chapter 2 with the optimization of the colloidal syn-
thesis of MoSy nanosheets using the Design Of Experiment (DOE)
approach, a statistical method used to investigate the correlation
between the factors involved in a process and the outcome of the
process itself, using a set of controlled experiments. The evaluation
of the factors involved in the synthesis in correlation with the
opto-electronic properties of MoSy nanosheets led to an optimized
protocol used as starting point for the final protocol. Such protocol
provided nanosheets with mono- and bilayer thickness, and exciton
energy close to monolayer MoSs band gap energy. The extention of
the protocol MoSes yielded to nanosheets with monolayer thickness
and exciton energy slightly blue shifted compared to monolayer
MoSey nanosheets reported in literature. Both materials displayed
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photoluminescent properties at cryogenic and room temperature,
centred at 1.96 eV and 1.67 eV for MoSs and MoSes nanosheets
respectively and a FWHM (after hBN encapsulation) of 76 meV and
38.6 meV respectively.

The synthesis protocol of MoSs is refined In Chapter 3, to reduce
the lateral size of the nanosheets. The reduction of the S:Mo ratio to
2 led to MoSy nanosheets having mono- and bilayer thickness, with
lateral size of 11.45 nm 4+4.89 nm and exciton energy close to earlier
reported monolayer MoSs. Photoluminescence spectroscopy reveals
photoluminescence at 80 K, formed by trion and neutral exciton
centred at 1.91 eV and 1.97 ¢V and with FWHM of 66 meV and 42
meV respectively, without any encapsulation.

These results justified the shift in topic from molybdenum-based
TMDs to tungsten-based TMDs. Chapter 4 report the synthesis
optimization of WSes nanosheeets, using the results of the master
student Diem Van Hamme on the optimization of WSs as starting
point. The UV-Vis spectrum of the sample featured the A and B
excitons with energy close to monolayer WSes nanosheets and a
monolayer thickness. XPS analysis on the nanosheets showed the
presence of metallic polytype and oxide species, justifying the lack of
photoluminescence from the sample.

The synthesis of molybdenum- and tungsten-based alloys, and
MoSs /MoSes heterostructure is addressed in Chapter 5. The alloys
synthesis is based on the corresponding sulfide protocols, adding
elemental selenium as second chalcogen source. The resulting alloys,
MoSxSe(.x) and WSy Se(z.y displayed in the UV-Vis absorption spec-
trum the typical two excitons, with energies in between the pristine
selenide and sulfide monolayer samples. Raman spectroscopy re-
vealed the presence of the characteristic Ajg splitting for MoSxSe(.y)
alloy and the presence of both sulfide and selenide Raman modes for
WSySe(z.x) alloy, confirming the alloyed nature of the sample. The
MoSy/MoSey heterostructure is obtained combined the MoS; and
MoSey protocols in a two-step synthesis, firstly synthesizing MoSes
and then starting in the same reaction medium the MoSs synthesis.
The so-obtained heterostructure is characterized by three different
excitonic features in the UV-Vis absorption spectrum, associated to
MoSes and MoSs species. The Raman spectrum displayed by the
sample si composed by the single modes associated to pristine MoSes
and MoSy nanosheets; with the clear absence of modes associated
to alloyed material. The sample composition mapping, via EDS,
revealed the presence of discrete regions in composition, supporting
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the assignation to an heterostructured sample.
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—Summary in Dutch—

Transitiemetaaldichalcogeniden (TMDs) zijn een klasse van 2D-
materialen die gekenmerkt worden door een gelaagde structuur,
waarbij elke enkele laag wordt gevormd door een transitiemetaal-
vlak tussen twee vlakken van chalcogenideatomen. Deze enkele
lagen kunnen op elkaar stapelen via Van der Waals interacties,
waarbij de stapelvolgorde het polytype bepaalt: 1T, metallisch of
2H, halfgeleidend. In het laatste geval bepaalt het aantal lagen
de materiaaleigenschappen: een oneven aantal lagen vertaalt zich
in een gebroken inversiesymmetrie, terwijl een vermindering van
het aantal lagen leidt tot een toename van de bandkloofenergie.
Monolaagdikte wordt geassocieerd met een omzetting van de band-
kloofovergang van indirect naar direct, wat resulteert in het ontstaan
van fotoluminescentie. Colloidale synthese wordt, naast chemische
dampdepositie, vloeibare fase en mechanische exfoliatie, één van
de belangrijkste technieken voor de productie van TMD'’s, vanwege
de flexibiliteit, de afstembaarheid en de lage productiekosten. In
hoofdstuk 2 zijn we begonnen met de optimalisatie van de colloidale
synthese van nanoplaatjes met behulp van de Design Of Experiment
(DOE) methode, een statistische methode die wordt gebruikt om
de correlatie te onderzoeken tussen de factoren die een rol spelen in
een proces en de uitkomst van het proces zelf, met behulp van een
reeks gecontroleerde experimenten. De evaluatie van de factoren die
betrokken zijn bij de synthese in correlatie met de opto-elektronische
eigenschappen van nanoplaatjes leidde tot een geoptimaliseerd
protocol gebruikt als uitgangspunt voor het uiteindelijke protocol.
Dit protocol leverde nanoplaatjes op met een mono- en bilaagdikte,
en een excitonenergie dicht bij de bandkloofenergie van monolaag
MoS;. De uitbreiding van het protocol leverde MoSes nanoplaatjes
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op met monolaag dikte en exciton energie enigszins verschoven naar
het blauw ten opzichte van monolaag MoSes nanoplaatjes beschreven
in de literatuur. Beide materialen vertoonden fotoluminescente
eigenschappen bij cryogene- en kamertemperatuur, gecentreerd bij
1.96 eV en 1.67 eV voor respectievelijk MoSs en MoSey nanoplaatjes
en een volle breedte op halve hoogte (VBHH) (na hBN inkapseling)
van 76 meV en 38.6 meV respectievelijk. Het syntheseprotocol van
MoSy is verfijnd in hoofdstuk 3, om de laterale grootte van de
nanoplaatjes te verkleinen. De reductie van de S:Mo verhouding tot
2 leidde tot MoSo nanoplaatjes met mono- en bilaagdikte, met een
laterale grootte van 11.45 nm + 4.89 nm en excitonenergie dicht bij
eerder beschreven monolaag MoSs. Fotoluminescentie spectroscopie
onthult fotoluminescentie bij 80 K, gevormd door trion en neutraal
excitonen gecentreerd bij 1.91 ¢V en 1.97 eV en met VBHH van 66
meV en 42 meV respectievelijk, zonder enige hBN inkapseling.

Deze resultaten rechtvaardigen de verschuiving in onderwerp van
TMD’s op molybdeenbasis naar TMD’s op wolfraambasis. In het
hoofdstuk WSey wordt verslag gegeven over de optimalisatie van
de synthese van WSes- nanoplaatjes, waarbij de resultaten van de
masterstudent Diem Van Hamme over de optimalisatie van WSg
als uitgangspunt zijn genomen. Het UV-Vis spectrum van het
monster toonde de A en B excitonen met energie dicht bij monolaag
WSe, nanoplaatjes en een monolaag dikte. X-stralen photoelektron
spectroscopie analyse van de nanoplaatjes toonde de aanwezigheid
van metallische polytypes en oxidesoorten, wat het ontbreken van
fotoluminescentie van het monster rechtvaardigt. De synthese van
molybdeen- en wolfraam-gebaseerde legeringen en MoSs/MoSesy
heterostructuren wordt behandeld in hoofdstuk 5. De synthese van
de legeringen is gebaseerd op de overeenkomstige sulfideprotocollen,
met toevoeging van elementair selenium als tweede chalcogenidebron.
De resulterende legeringen, MoSxSe(s.) en WSxSe(s.y) vertoonden
in het UV-Vis absorptiespectrum de typische twee excitonen, met
energieén tussen de zuivere selenide en sulfide monolaag monsters.
Raman spectroscopie toonde de aanwezigheid aan van de karakte-
risticke Aj, -splitsing voor de MoSs-legering en de aanwezigheid
van zowel sulfide- als selenide- Raman-modi voor de WSSe-legering,
wat de gelegeerde aard van het monster bevestigt. De MoSs/MoSesy
heterostructuur wordt verkregen door combinatie van de MoSs en
MoSes protocollen in een twee-staps synthese, eerst synthetiseren van
MoSs, en vervolgens in hetzelfde reactiemedium de MoSes synthese
te beginnen. De aldus verkregen heterostructuur wordt gekarakteri-
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seerd door drie verschillende excitonische kenmerken in het UV-Vis
absorptiespectrum, geassocieerd met MoSes en MoSs soorten. Het
Raman spectrum van het monster is opgebouwd uit enkele modi
die geassocieerd zijn met zuivere MoSes en MoSs nanoplaatjes,
met de duidelijke afwezigheid van modi die geassocieerd zijn met
gelegeerd materiaal. Het in kaart brengen van de samenstelling van
het monster via energie-dispersieve X-stralen spectroscopie, onthulde
de aanwezigheid van afgebakende regio’s in samenstelling, wat de
toewijzing van heterostructuur aan het monster ondersteunt.






