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RESUMO

Dicalcogenetos de metais de transigao (do inglés, TMDs) bidimensionais (2D) sao semi-
condutores da familia dos materiais de van der Waals com um grande potencial para
serem aplicados na préxima geracao de dispositivos ultrafinos devido as suas notaveis
propriedades. Entre estas propriedades, eles demonstram respostas épticas singulares por
conta de suas fortes interacoes de muitos corpos, emissao de luz circularmente polarizada
com seletividade de vales e efeitos nao lineares. No entanto, essas propriedades podem ser
dramaticamente afetadas pelo surgimento de defeitos nesses materiais. Por conta disto,
existe uma grande preocupacao em caracterizar diferentes defeitos que comumente apare-
cem em TMDs 2D e também em desenvolver métodos para intencionalmente inserir novos
defeitos a fim de modificar ou gerar novas propriedades nesses materiais. Por exemplo, a
introducao de metais de transi¢cao spin polarizados como defeitos substitucionais pode
induzir um ordenamento ferromagnético a temperatura ambiente em TMDs, que é o caso
das monocamadas de WSy e WSe, dopadas com vanadio. Desse modo, é fundamental a
caracterizagao de como o vanadio afeta as propriedades Opticas desses materiais assim como
¢ de grande interesse o estudo de como suas propriedades Opticas e magnéticas se acoplam.
Além disso, apesar de defeitos que surgem nao intencionalmente em TMDs 2D terem sido
profundamente investigados nos tltimos anos, os estudos de suas respostas nano-épticas
ainda sao escassos, o que deve ser superado com o uso de técnicas Opticas de campo
préximo. Finalmente, em relagdo as interagoes de muitos corpos, enquanto fenémenos
excitonicos sao bem estudados, estados de alta densidade de portadores de cargas — que é
o caso do plasma de elétrons e buracos — ainda carecem de mais investigacao. Nessa tese
noés realizamos uma ampla caracterizagao de TMDs 2D e suas heteroestruturas focando
nesses pontos mencionados acima. Mais especificamente, nés realizamos medidas épticas
e magneto-Opticas para estudar monocamadas dopadas de TMDs, utilizamos técnicas
espectroscopicas amplificadas por sonda para investigar aspectos nanométricos de defeitos
em monocamadas de MoS, e empregamos 6ptica nao linear para provar TMDs 2D e
suas heteroestruturas em regimes de altas excitagoes. Nosso trabalho fornece importantes
contribui¢oes para um melhor entendimento sobre estados de defeito e de altas densidades

de carga em TMDs 2D, assim como ressalta as funcionalidades desses materiais.

Palavras-chave: Materiais 2D, TMDs, semicondutores magnéticos diluidos, exciton, plasma

de elétrons e buracos, 6ptica, Optica nao linear, magneto-optica, éptica de campo préximo.



ABSTRACT

Two-dimensional (2D) transition metal dichalcogenides (TMDs) are semiconducting van
der Waals materials with a great potential for the next generation of ultrathin devices
due to their singular properties. Among these properties, remarkable optical responses are
observed in 2D TMDs due to their strong many-body interactions, circular light emission
with valley selectivity and notable nonlinear effects. Nonetheless, these properties can
be dramatically affected by the emergence of defects in these materials. Therefore, there
is a great concern in characterizing the distinct defects that commonly appear in 2D
TMDs as well as in engineering novel defects in TMDs in order to tune or induce novel
desirable properties. For instance, the introduction of spin-polarized transition metal
atoms as substitutional defects in TMD monolayers can induce a room temperature
ferromagnetism on them, which is the case of V-doped WS, and WSe,; monolayers. Hence,
there is a fundamental necessity in characterizing the optical modifications caused by
the vanadium doping and a great interest in performing magneto-optical experiments to
study the coupling between the semiconducting and magnetic properties of these materials.
In addition, although unintentionally provoked defects have been deeply studied in 2D
TMDs over the past years, the investigation of their nano-optical responses are still very
scarce. Thus, near-field optical techniques play a major role to access these nanometric
optical features. Finally, regarding the many-body interactions in 2D TMDs, while their
excitonic effects are well-studied, a higher charge carrier density state consisted in an
ionized electron-hole plasma still lacks investigation. Here in this thesis we perform a
broadband optical characterization of 2D TMDs and their heterostructures focused on these
mentioned opened questions. More specifically, we carried out optical and magneto-optical
measurements to study doped TMD monolayers, tip-enhanced optical spectroscopies
to investigate nanoscale aspects of defects in MoS,; monolayers and nonlinear optical
techniques to probe 2D TMDs and their heterostructures in higher excitation regimes.
Our work provides relevant steps toward the understanding of fundamental aspects of
defective and high density states in 2D TMDs as well as shed light in novel functionalities

for these materials.

Keywords: 2D materials, TMDs, dilute magnetic semiconductors, exciton, electron-hole

plasma, optics, nonlinear optics, magneto-optics, near-field optics.
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circularly polarized components. . . . . . . . ... ..o
Figure 5.3 — Schematic illustration of the nonlinear imaging microscopy
setup. For the nonlinear imaging experiments we used a pulsed laser
to excite the sample. We used two pulsed laser lines, the signal beam
tunable from 750 to 950 nm and a fixed 1064 nm beam. For this setup,
the laser beams are focused on the sample by an objective lens and the
backscattered signal is collected by the same objective and directed to a
PMT for its detection. A set of galvanometric mirrors are used to scan
the samples with the laser beams and perform the nonlinear imaging

experiments. . . . .. .. L e e e



Figure 5.4 -

Figure 5.5 -

Figure 6.1 -

Figure 6.2 —

Figure 6.3 -

Schematic illustration of the polarization-resolved SHG imag-
ing setup. For the polarization-resolved SHG imaging experiments
we used the tunable pulsed laser beam (750 to 950 nm) to excite the
sample. For this setup, the laser beam is focused on the sample by an
objective lens and the backscattered signal is collected by the same
objective and directed to a PMT for its detection. A half-wave plate
and an analyzer are used to control the linearly polarized excitation
and select the detected polarization. . . . . . .. .. ... ... ....
Schematic illustration of the two-pulse excitation correlation
setup. For the two-pulse excitation correlation experiments we used
the tunable pulsed laser beam (700 to 980 nm) to excite the sample.
For this setup, the laser beam pass through a polarized beam splitter
to separate the laser beam in two pulses with the same fluence and
crossed polarizations. In the sequence, the laser pulses are focused on
the sample by an objective lens and the backscattered signal is collected
by the same objective and directed to an APD for its detection. A delay
line stage is used to control the pulses temporal delay. . . . . . . . ..
a-d Normalized PL spectra for a pristine (a) and 0.4 at% (b), 2.0 at% (c)
and 8.0 at% (d) vanadium doped WSy monolayers for distinct pump powers.
All spectra were taken with an excitation wavelength of 561 nm and are
normalized by the higher energy peak maximum. e-h Power-dependent PL
intensity showing a linear power dependence for the pristine WSy peak and
V-doped WSy higher energy peaks (P2) and a sublinear dependence for the
V-doped WSy lower energy peaks (P1). . . . . . . .. ... ... ... ..
a-c FWM resonant profile (black squares) and its Gaussian fits (red line)
together with the PL spectra (dashed brown line) for the pristine (a), 0.4
at% (b) and 2.0 at% (c) vanadium doped WSy monolayers. The FWM
resonances align with the higher energy PL peak for the V-doped samples.
d-f FWM energy diagrams for resonant (d), non-resonant (e), and forbidden
(f) conditions. The colored arrows correspond to the photons of the FWM
process as described by Equation 6.1. The black lines are associated with
occupied states, the gray lines with unoccupied states and the dashed line
with the Fermi level. . . . . . . . . . . . . ..o
a-d Raman spectra for pristine WSy (a) and 0.4 at% (b), 2 at% (c), and
8 at% (d) vanadium doped WS2 monolayers under 14 different excitation
energies. The excitation wavelengths are on the right side of each spectrum
of the 8 at% V-doped WSy monolayer (d). All spectra were normalized by
the silicon peak intensity considering its Raman cross section for each laser

Line. . . . o e e e e



Figure 6.4 -

Figure 6.5 —

Figure 6.6 —

Figure 6.7 —

a Raman spectra of a pristine WSy monolayer for 521 nm laser excitation. The
peak positions and some of the Raman modes are assigned. The Lorentzian
peak fits of selected Raman modes are shown in different colors below the
spectra. b-e Raman excitation profiles of the A1, Raman mode (highlighted
in pink in (a)) for the (b) pristine, (c) 0.4 at%, (d) 2 at%, and (e) 8 at%

V-doped WSs monolayers. The solid red curves show the fits to Equation 6.2.

a-d Second-harmonic generation intensity profile in the C exciton energy
range for the (a) pristine, (b) 0.4 at%, (c) 2 at%, and (d) 8 at% V-doped WSs
monolayers. The SHG resonance with the C exciton transition is represented
in the inset scheme in (d). A similar C exciton energy for all samples can be
noted. . . ... L e
Summary of Py, Pa, B exciton (Xp) and C exciton (X¢) energies for WSs
monolayers with respect to their vanadium doping concentration measured
by PL, resonant FWM, resonant Raman, absorption (differential reflectance)
and resonant SHG measurements. The shadowed areas are guide to the eyes.
Transition energies with largest dipole moments in V-doped WSy (1 vanadium
in a 5 x 5 supercell). The dashed line shows the calculated A, B exciton
energies in pristine WS,. The extensions to U > 5 eV are drawn schematically
following the trend from the plot. Valley degeneracy breaking is non-negligible
even without a Hubbard U correction for vanadium. The bandstructure and
consequently the optical properties are sensitive to the value of U. As the
Hubbard U increases, the transitions associated with spin-up states redshift
while those associated with spin-down states are relatively insensitive to the
Hubbard U. The rectangles highlight four possible scenarios to explain the
~ 0.13 eV energy difference between the P1 and Py peaks. Adapted from:
(337). o e
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Figure 6.8 — a Band structure of V-doped WSy with U ~ 3 eV for vanadium. For each
state, a circle is plotted with size proportional to the projection onto the
vanadium d,2 orbital and color indicating the spin (red—up, blue-down). The
vanadium defect state in the conduction band, mainly with d,» character, has
spin up and hybridizes with the spin-up conduction band minimum. As the
Hubbard U increases, these two spin-up states decrease in energy, while the
spin-down defect states remain far away from the conduction band edge. b
Band structure and transition dipole moments of V-doped WSs with U ~ 3
eV for vanadium. The energy of transitions at K with the largest transition
dipole moments are 1.34, 1.69 and 1.87 eV. The energy of transitions at
—K with the largest transition dipole moments are 1.53, 1.70 and 2.08 eV.
c-d Schematic illustration of band structure and optical transitions close to
the pristine A exciton energy for the pristine and V-doped WSy monolayers
with U ~ 3 eV for vanadium. The pristine sample presents its degenerate
A exciton recombination at K and —K valleys (c), while the V-doped WS,
monolayer displays valley degeneracy breaking with the valence band minima
below and above the Fermi level at K and —K, respectively, showing the
presence of free holes at the —K valley. The black bands are associated with
P, or Py optical transitions, while the gray bands are not related to them.
Adapted from: (337). . . .. ..o

Figure 6.9 — Optical characterization of CVD grown pristine and 4% V-doped
WSe; monolayers. a,b Room temperature PL spectra of pristine (a) and
4% V-doped (b) WSez monolayers for a 561 nm excitation. The red curves
display the cumulative fit of the experimental data (in black). The dashed
lines are related to the exciton, trion and defect peaks of the fit. ¢,d Power
dependence of the PL peaks intensity for the pristine (c) and 4% V-doped
(d) WSey monolayers. The exciton and trion peaks show a linear power
dependence, while the defect peak shows a sublinear dependence. e Raman
spectra of pristine and 4% V-doped WSes monolayers for a 514 nm excitation.
The inset highlights the E%g, Al ¢ and 2LA Raman modes. f,g Raman spectra
for distinct visible laser lines of pristine (f) and 4% V-doped (g) WSesy
monolayers. . . . . . .. ... e e e e e e

Figure 6.10-Raman and FWM resonant profiles of pristine and V-doped WSe,
monolayers. a,b REPs of pristine (a) and 4% V-doped (b) WSe, monolayers.
The scattered experimental data (in black) were fitted by the Raman equation
6.2 (red curve). c,d Resonant FWM intensity profile for the pristine (c) and
4% V-doped (d) WSes monolayers. The FWM data were fitted by 2 Gaussian
peaks, which are related to exction and trion for the pristine sample and

trion and defect mid gap state for the V-doped sample. . . . . . . . . . ..



Figure 6.11-Low temperature magneto-PL measurements for a 4% V-doped
‘WSey; monolayer. a,b Normalized PL spectra of a 4% V-doped WSesy
monolayer performed with linear polarized excitation and o detection for
distinct external magnetic fields ranging from —9 to 9 T and at 4 K. The
PL spectra present a major contribution from the X, recombination, a lower
energy emission related to the Xy, peak and a minor signal related to the X
peak. A remarkable shift in the Xy peak is observed by varying the external
magnetic field from —9 to 9 T. This feature is well noticed in (b), in which
the intensity axis is plotted in log-scale. ¢,d Normalized 2D plot of the 181
PL spectra ranging from —9 to 9 T with steps of 0.1 T for o (c¢) and o_
(d) detections. e Magnetic field dependence of the Xy peak energy for o
and o_ detections. The energy values were extracted from the fitting of the
PL spectra. f Valley Zeeman splitting associated with the Xy, peak, showing
a giant g factor calculated from the linear fit shown inred. . . . . . . . ..

Figure 6.12-Trion valley Zeeman splitting of pristine and 4% V-doped WSe,
monolayers. a,b Magnetic field dependence of the X peak energy for o
and o_ detections of pristine (a) and 4% V-doped (b) WSes monolayers. The
energy values were extracted from the fitting of the PL spectra. c,d Valley
Zeeman splitting associated with the X peak of pristine (c) and 4% V-doped
(d) WSey monolayers. The doped samples presented an enhanced g-factor
value of —5.2 with respect to the —3.2 g-factor of the pristine monolayer.
The g-factors were calculated from the linear fit presented in red. . . . . . .

Figure 6.13—a Power dependent PL spectra at 4 K for an aged WSy monolayer showing
free exciton and defect-bound exciton peaks. PL spectra are normalized
by the intensity of the free exciton peak. b PL energy (top graph) and
intensity (bottom graph) dependencies on the incident power for both defect
and exciton PL peaks. ¢ Temperature dependent PL spectra for a 100 uW
incident power. All measurements were performed with a 532 nm laser. d
XPS spectrum of W 4d and S 2s core-level peaks. The W 4d displays two
W 4d5/5 and W 4d3/, doublets associated to W of the main WS, structure
(blue fitted peaks) and to W at defect sites (orange fitted peaks). . . . . . .



Figure 6.14—a,b PL spectra of an aged WS monolayer for a linearly polarized excitation

and o (a) and o~ (b) detections with external magnetic fields of —9, 0
and 9 T. ¢,d PL intensity 2D plots of an aged WS monolayer for a linearly
polarized excitation and o™ (a) and o~ (b) detections with external magnetic
fields ranging from —9 to 9 T. The spectra in (a-d) are normalized by the
free exciton peak intensity to highlight the intensity and energy modifications
in the defect-bound exciton peak. e,f Exciton (e) and defect-bound (f) PL
peak energies with respect to the magnetic field and their respective valley

Zeeman splitting (g,h) showing g-factors of —3.6 (g) and —25.0 (h). All

measurements were carried out at 4 K and with an incident power of 100 xW.124

Figure 6.15—a Power dependent PL spectra at 4 K for an aged WSey monolayer showing

Figure 6.16—

Figure 6.17—

Figure 6.18—

free exciton and defect-bound exciton peaks. PL spectra are normalized by
the intensity of the free exciton peak. b,c PL energy (b) and intensity (c)
dependencies on the incident power for both defect and exciton PL peaks.
d Temperature dependent PL spectra for a 100 pW incident power. e,f PL
spectra of an aged WSes monolayer for a linear polarized excitation and o™
(e) and o~ (f) detection with external magnetic fields ranging from —9 to 9
T. The spectra were normalized by the free exciton peak intensity to highlight
the intensity and energy modifications in the defect-bound exciton peak. g,h
Exciton (g) and defect (h) PL peak energies with respect to the magnetic
field and their respective valley Zeeman splitting (i,j) showing g-factors of
—3.2 (i) and —19.1 (j). All magneto-PL measurements were carried out at 4
K and with an incident power of 100 pW. . . . . . . . . . . ... L.
a Degree of circular polarization of an aged WSes monolayer for —9, 0 and 9
T between o and o~ PL spectra. b,c Free exciton (b) and defect-bound
exciton (c) PL intensities with respect to the magnetic field. A parabolic
dispersion for the exciton PL intensity can be noted, while the defect PL
intensity presents a X pattern between o' and ¢~ emission. . . . . . . ..
Representation of the radiative recombinations from the conduction
band and mid gap states for a low and high incident power regime
in an aged TMD monolayer. . . . . . . . . . ... .. ... ......
a Band structure representation of an aged WSy or WSes monolayer for
negative, zero and positive magnetic fields, showing the conduction and
valence bands Zeeman shifting and the multiple spin splitted mid gap states.
b Spin-flip relaxation in the mid gap states induced by the external magnetic
fields. The spin polarized population of these defect levels lead to their

magnetic dependent light emission shown in (a). . . . . .. .. ... ...



Figure 7.1 -

Figure 7.2 -

a Polarized SHG imaging of a multi-sided polygonal MoSs monolayer. The
regions with distinct SHG intensities represent grains with different crystallo-
graphic orientations, showing all grain boundaries present in the sample. Scale
bar in (a): 5 pm. b PL intensity map of a FF hyperspectral measurement
taken in the red squared area highlighted in (a). The grain boundary regions
show a PL intensity enhancement. Scale bar in (b): 2 um. ¢ TEPL intensity
maps of 4 NF hyperspectral measurements taken in the colored rectangular
areas highlighted in (b) also showing a PL intensity enhancement at the grain
boundaries. The colors of the rectangular areas in (b) are respective to the
same underlined colors around the TEPL maps in (c). The FF hyperspectral
measurements were performed with steps of 150 nm, while NF measurements
were carried with steps of 16 nm. Scale bars in (c): 50, 100, 40 and 100 nm
(from the top to the bottom). d PL intensity profiles along grain boundaries
for FF and NF measurements. The top graph shows the FF PL intensity
profile in black (taken along the black dashed arrow of b) and the NF PL
intensity profiles in orange and purple (taken along the orange and purple
dashed arrows of c¢). The spatial width of the PL enhancement at the grain
boundaries are shown in the bottom intensity profile graphs. e,f FF and
NF PL spectra, respectively, of grain boundary and grain middle regions.
The spectra are respective to the grain boundary region shown in the purple
squared region of (b) and (c). NF measurements reveal the real magnitude
of the PL enhancement at the grain boundaries, also showing the exciton
emission dominance over the trion emission suppression. . . . . . . . . . .
a,b Near-field PL maximum energy and exciton/trion intensity ratio maps
at a grain boundary of MoS, monolayer sample Al. These maps are from the
orange rectangle region highlighted in Figure 7.1. Scale bars: 50 nm. ¢,d PL
maximum energy and exciton/trion intensity ratio profiles along the grain

boundary of MoSs monolayer sample A1. . . . . . . . . ... ... ....



Figure 7.3 -

Figure 7.4 -

Figure 7.5 -

a Optical image of a triangular shaped MoS, monolayer from sample A2. b
AFM measurement of the 500x500 nm red squared region shown in (a). ¢ NF
and FF PL and Raman spectra of the MoSs monolayer showing the intensity
enhancement of the NF measurement. d-g PL hyperspectral maps of the FF
exciton intensity (d), FF exciton energy (e), NF exciton intensity (f) and
NF exciton energy (g) in the same red squared region shown in (a). The NF
maps reveal nanoscale features associated with localized strain fields. The
hyperspectral measurements were performed with steps of 16 nm. FF (h)
and NF (i) PL spectra of pl and p2 points shown by black and red circles in
the TEPL hyperspectral maps (d-g). The measured spectra are displayed
in the dotted data, while the two Gaussian peaks fitting is presented in the
solid curves. The trion and exciton Gaussian peaks are highlighted in the
dashed curves. . . . . . . . ..o Lo
a,b Far-field trion intensity (a) and trion energy (b) maps of MoSy monolayer
sample A2. c¢,d Near-field trion intensity (c) and trion energy (d) maps of
MoSs monolayer sample A2. These maps are from the same region of the
exciton maps of Figure 2. e Near-field exciton/trion intensity ratio map of
MoSs monolayer sample A2. These maps are from the same region of the
exciton maps of Figure 7.3. f Exciton/trion intensity ratio profile taken along
the dashed white arrow shown in (e). . . . . . . . .. ... .. ... ...
a,b NF TEPL hyperspectral maps of the exciton intensity (a) and energy (b)
at an edge region of the MoSs monolayer shown in Figure 7.3. An intensity
enhancement and an energy blueshift of the PL is observed at the edges. c,d
NF TERS hyperspectral frequency map of the Eg, (c) and 2LA (d) modes,

L at

respectively revealing an uniform frequency and a blueshift of ~ 4 cm™
the edge. The PL and Raman hyperspectral measurements were performed
with steps of 16 nm. e NF PL spectra of pl and p2 points shown by black
and red circles in the hyperspectral maps (a-d). The measured spectra are
displayed in the dotted data, while the spectra fitting is presented in the solid
curves. f Exciton PL intensity and energy profiles along the edge, highlighting
its enhancement and blueshift of ~ 25 meV. Moreover, the intensity profile
reveal a spatial resolution of ~ 30 nm. g NF Raman spectra of pl and p2
points shown by black and red circles in the hyperspectral maps (a-d). The

measured spectra are displayed in the scattered data, while the spectra fitting

is presented in the solid curves. . . . . . . . . . .. ... L.



Figure 7.6 -

Figure 7.7 -

a,b NF TEPL hyperspectral maps of the PL intensity (a) and energy (b) at
an edge region of a MoSs monolayer from Al sample. An energy redshift of
the PL is observed in at the edges. The hyperspectral measurements were
performed with steps of 8 nm. ¢ Exciton PL intensity and energy profiles
along the edge, highlighting its redshift of ~ 25 meV. Moreover, the intensity
profile reveal a spatial resolution of ~ 20 nm. ¢ NF PL spectra of pl and p2
points shown by black and red circles in the TEPL hyperspectral maps (a,b).
The measured spectra are displayed in the dotted data, while the spectra
fitting is presented in the solid curves. . . . . . . . . . . . ... ... ...
a-d NF TERS hyperspectral maps of the Eyy Raman intensity (a) and
Raman shift (c), and 2LA Raman intensity (b) and Raman shift (d) for a Al
MoSs monolayer. The TERS hyperspectral measurements were performed
with steps of 8 nm and in the same region of the TEPL hyperspectral
measurements of Figure 7.6. e,f Eg,; (e) and 2LA (f) intensity and frequency
profiles along the edge of the MoSs monolayer. They highlight the remarkable
frequency redshift for both Eg,; and 2LA Raman modes, that is also shown
in NF Raman spectra of pl and p2 points (g). These points are indicated
by black and red circles in (a-d) maps and are related to an inner and an
edge spot of the sample, respectively. h Topography measurement in the
same region of the hyperspectral maps using the TERS tip height. The edge
shows a noticeable suspension that is directly associated with a strain field. i
AFM measurement of the whole monolayer (left image) and of the region
underlined in the black square (right image), presenting the edge topographic
response. The inset height profile in the right AFM image of (i) confirms the
edge suspension. Scales bar in the left and right AFM images of (g): 5 ym
and 500 nm, respectively. Scale bar of the height profile in the right AFM

imagein (I):3nm. . . . . .. ...



Figure 8.1 — Excitation power dependent PL in a monolayer WSe,. a CW
excitation PL spectra for distinct pump powers. b Normalized spec-
tra from (a) showing that there is no modification in the peak shape.
¢ Pulsed excitation PL spectra for distinct pump powers. d Normal-
ized spectra from (c) revealing that for a pulsed laser excitation the
light emission is notably broadened by increasing the pump power. e
Schematic illustration of exciton and electron-hole plasma (EHP) emis-
sions in a general TMD monolayer. f Power dependence (top label) of
the PL full width at half maximum (FWHM) for the CW (gray) and
pulsed (orange) excitations. For the pulsed excitation the bottom label
also shows the equivalent pump fluence scale. The power and the fluence
axis are displayed in a logarithm scale. It can be noted that the Mott
transition happens for a pump fluence around 10 J/m? under the pulsed
excitation. This value corresponds to a carrier density around 10'% cm =2,
The asterisks in the pulsed excitation measurements around 1.4 eV
indicate where the substrate peak was removed from. The empty regions
in the spectra are due to a notch filter used to block the detection of
the 1.58 eV laser signal. . . . . . .. .. ... ... L. 147

Figure 8.2 — Excitation power dependent PL in multilayer WSe; samples.
a,d,g CW excitation PL spectra for distinct pump powers in a bilayer
(a), trilayer (d), and bulk (g) WSe,. No modifications in the PL peak
shape for the CW excitation can be noticed. b,e,h PL spectra for pulsed
excitation for distinct pump powers in a bilayer (b), trilayer (e), and
bulk (h) WSes. c,f,i Normalized spectra from (b,e,f) revealing that for
pulsed laser excitation the PL is notably broadened by increasing the
pump power. Moreover, a shift in the peak position that is probably
resulting from a indirect (IT) to direct (DT) band gap transition in
these multilayer WSe,; samples can also be observed. The asterisks in
the pulsed excitation measurements around 1.4 eV indicate where the
substrate peak was removed from. The empty regions in the spectra are
due to a notch filter used to block the detection of the 1.58 eV laser signal.149

Figure 8.3 — Sample thickness dependence of the PL intensity under a pulsed excitation.
a-d PL spectra of a monolayer, bilayer, trilayer and bulk WSes for an incident
power of 0.01 mW (a), 0.1 mW (b), 1.0 mW (c), and 10 mW (d). It can
be noted that while the monolayer present a much greater PL intensity
with respect to the multilayer samples for a low carrier density regime, the

intensities of all samples become similar when they are excited to the EHP
phase. . . . . 150



Figure 8.4 -

Figure 8.5 —

Figure 8.6 —

Excitonic and electron-hole plasma PL regimes. a Computed PL

of both regimes. While the exciton is formed by a low density excitation

and therefore emits a symmetric Lorentzian peak, the electron-hole

plasma is strongly affected by the high carrier population thermal

distribution that generates a broad asymmetric light emission. Adapted

from: (374). b PL spectra above the monolayer WSe, band gap of four

distinct pump fluences with their exponential decay fits (gray) indicating

their relative carrier temperatures. ¢ Power dependence of the integrated

PL intensity (green) and temperature (blue) with their power law fits

indicating 1.72 and 0.61 exponents, respectively. The y-axis of (b) and

both axes of (c) are displayed in a logarithm scale. . . . ... ... ..
Two-pulse excitation correlation measurements in monolayer
and bulk WSe, samples. a Schematic illustration of the temporal
evolution of the thermalization between the electronic temperature T,
with the temperatures from the optical phonons 7,, and the lattice
bath Tyan. b,c Intensity profiles of the two-pulse excitation correlation
measurements for the monolayer (b) and bulk (¢) WSey samples. The
scatter data show the intensity profile of the PL signal with respect
to the temporal delay between the incident laser pulses. We collected
energies around 1.97 eV, above the monolayer and bulk band gaps by
using a combination of shortpass and bandpass filters. The temporal
fits are shown in red, while the separated contributions of both time
responses are displayed in the orange and purple dashed lines. A fast
time scale of less than 100 fs and a slower one of ~ 4 ps are observed.
Two-pulse excitation correlation measurements in bilayer and
trilayer WSe; and monolayer MoSe, samples. a-c Intensity profiles
of the two-pulse excitation correlation measurements for the bilayer
(a) and trilayer (b) WSey; and monolayer MoSey (c) samples. The
scatter data show the intensity profile of the PL signal with respect
to the temporal delay between the incident laser pulses. We collected
energies around 1.97 eV for WSe, samples and 1.88 €V for the MoSe,
sample, above their band gaps by using a combination of shortpass and
bandpass filters. The temporal fits are shown in red, while the separated
contributions of both time responses are displayed in the orange and
purple dashed lines. A fast time scale of less than 100 fs and a slower

one of 34 psare observed. . . . . . . ... ... L.

. 154



Figure 8.7 — a Schematic representation of a three-junction monolayer MoSes /WSes lateral
heterostructure, with heterojunctions highlighted in green and gray. EHP
PL mapping of a monolayer MoSe;/WSes lateral heterostructure for 800 nm
(b), 810 nm (c), 816 nm (d), 820 nm (e), 824 nm (f), 830 nm (g), and 840
nm (h) excitation wavelengths and 75 mW incident power. The EHP PL
signal was collect by a PMT with a 620/60 nm band pass filter. i EHP PL
intensity profile plot in the direction showed in the arrow of (e) for a 810, 820
and 830 nm excitation wavelengths. j EHP PL intensity as a function of the
excitation wavelength of a monolayer MoSes /W Ses lateral heterostructure.
The PL intensities of the WSes, MoSe, and interface regions clearly show
the excitation wavelength dependence features observed in the PL images of
(b-h). k EHP PL spectroscopy measurements of a monolayer MoSes /W Ses
lateral heterostructure with a 805 nm excitation, an incident power of 33
mW and a 700 nm short pass filter placed in front of the spectrometer. The
spectra taken in the WSea, MoSes and interface regions confirm the enhanced
emission at the heterojunction. The substrate signal is also presented to show
that the emission is indeed from the material. Scale bar relative to (d): 5 pm.158

Figure 8.8 - EHP PL mapping of a bilayer MoSes/WSey lateral heterostructure for 800
nm (a), 810 nm (b), 820 nm (c), 825 nm (d), 830 nm (e), 835 nm (f), 840 nm
(g), 850 nm (h), and 860 nm (i) excitation wavelengths and a 40 mW incident
power. The EHP PL signal was collect by a PMT with a 620/60 nm band
pass filter. j EHP PL intensity as a function of the excitation wavelength
of a bilayer MoSes/WSey lateral heterostructure. The PL intensities of the
WSes, MoSe, and interface regions clearly show the excitation wavelength
dependence features observed in the PL images of (a-i). Scale bar relative to
(€):20 pm. . . ... 159



Figure 8.9 — a Optical image of the vertical heterostructure with the 2. MoSes and 3L
WSes regions highlighted by blue and red rectangles, respectively. Monolayer
WSes region is also underlined by the gray dashed triangle. Scale bar: 10 pym.
b-d EHP PL mapping of the 2L MoSey /3L WSey vertical heterostructure
for 800 nm (b), 820 nm (c) and 840 nm (d) excitation wavelengths and a
30 mW incident power. The EHP PL signal was collect by a PMT with 690
nm short pass and 560 nm long pass filters in front of it. The highlighted
white rectangle indicate the heterostructure region. An intensity dependence
with the excitation wavelength is clearly observed, in which a remarkable
enhancement at the heterostructure emission is noted when the intensities
from both domains become similar. e-g EHP PL spectroscopy measurements
of 2L MoSez, 3L WSey and their vertical heterostructure for 800 nm (e), 820
nm (f) and 840 nm (g) excitation wavelengths and a 30 mW incident power.
The spectra taken in the WSes, MoSes and heterostructure regions confirm
the enhancement observed in the PL images. . . . . . . . .. .. ... .. 160

Figure 8.10—a Exciton PL spectroscopy measurement for the 1L MoSey, 1. WSes and
their vertical heterostructure at a low excitation density regime and with a
CW 633 nm laser. The excitonic spectra present a significant quenching of the
vertical heterostructure emission with respect to the individual monolayers.
b EHP PL spectroscopy measurement for the same materials for a pulsed 800
nm excitation and with a 30 mW incident power. In contrast to the excitonic
PL, the EHP spectra shows an enhanced emission at the heterostructure. . . 161

Figure 8.11-Schematic representation of the charge carrier density in lateral (a) and
vertical (b) MoSes/WSes heterostructures in the EHP regime. Heterojunc-
tion and heterostructure regions present a higher density of charge carriers
that is responsible for the enhanced EHP PL intensity. b Band structure
representation of MoSes and WSes monolayers and their heterostructure.
Due to the type II alignement of MoSes and WSes, their heterostructure
presents a lower energy interlayer transition channel that contributes with
the higher absorption and charge carrier densities at the heterostructure

TEGIONS. . . . . . o L. e 162



Figure 8.12-Optical and Second Harmonic imaging of a MoSe;-WSe; based
monolayer lateral heterostructure. a Optical image and schematic atomic
structure of a three-junction MoSes-WSes based 1L-LH. The 1L-MoSe,
domain have a darker contrast with respect to the 1L-WSey domain. From
the center to the edge the regions are based on MoSes-WSes-MoSes-WSes.
b-d SH intensity images of the same 1L-LH sample collected at three different
emission wavelengths. It can be noticed a greater SH intensity in the 1L-WSe,
domain at 425 nm (b), approximately the same SH intensity in both domains
at 440 nm (c) and a greater SH intensity in the 1L-MoSes domain at 455
nm (d). An enhancement of the SH intensity emerges at the heterojunctions
when the SH intensities of both domains are similar. It is clearly noticed in

the intensity profile of the dashed line shown in the inset of (c). Scale bar:

Figure 8.13-Second Harmonic polarization and wavelength dependent measure-
ments in the MoSe»-WSe, based monolayer lateral heterostructure.
a Polarization-resolved SH measurement from the 1L-MoSes and 1L-WSeq
domains and from their interface for a 440 nm SH emission wavelength. The
interface displays a greater SH intensity while both materials domains show
similar SH intensities. Furthermore, the overlap of the four petals pattern
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1 Introduction

When a crystal structure has one of its dimensions reduced, novel physical phenomena
can emerge due to restrictions on its degrees of freedom and quantum confinement. For
example, two-dimensional (2D) materials are atomic-thick materials where the in-plane
bonds are stronger than the out-of-plane bonds, making them feasible to be vertically
thinned from bulk (3D) materials. Therefore, the confinement of the electrons in two
dimensions leads to modifications of the physical properties of these materials compared

to its bulk counterparts.

The first 2D material to have a monolayer isolated and characterized was graphene,
in 2004 (1). This atomically thin sheet of carbon is obtained from graphite, that is the
graphene bulk structure with strong covalent in-plane bonds. On the other hand, the
layers of graphite are weakly bonded by van der Waals forces, making graphene easy to be
isolated by a simple mechanical exfoliation technique, also known as a micromechanical
cleavage technique (1). The great interest behind this 2D material is due to its surprisingly
electronic structure (2). Graphene is a semimetal due to the touching of the valence and
conduction bands at K and —K points in the first Brillouin zone. The Dirac cone format
of the band structure at K and —K valleys has a linear energy dispersion near these
points. These and other features grant to graphene, for example, properties as high carrier
mobility (3, 4), high mechanical strength (5), ambipolar field effect (6), and quantum Hall

effect at room temperature (7).

With the discovery and characterization of graphene, there was a natural raise of
interest in new 2D materials (8). Materials with van der Waals out-of-plane interactions
were among the most searched ones due to the facility in their exfoliation down to a
monolayer. The hexagonal Boron Nitride (h-BN) is one example of another layered material
that has shown promising insulator properties when thinned to a single layer (9). Moreover,
the transition metal dichalcogenide (TMD) family of van der Waals materials attracted a
great attention of scientific researches due to their novel and surprising properties when
they are isolated from bulk to a monolayer. For example, TMD monolayers are direct band
gap semiconductors (10, 11), whereas in TMD bulk structures is observed an indirect band
gap. Furthermore, TMD monolayers also exhibit a circularly polarized light with valley
selectivity (12, 13, 14), strong many-body interactions (15, 16, 17, 18) and substantial
nonlinear responses (19, 20, 21), making them a promising material for applications in

optoelectronic devices and physical phenomena studies.

Regarding the many-body effects, 2D TMDs present the formation of excitons,
i.e., bound electron-hole quasiparticles, even above room temperature (22, 23). In contrast

to bulk semiconductors (24) and quantum well systems (25), which only display exciton
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formation at low temperatures, the reduced dielectric screening in 2D TMDs lead to strong
binding energies between their electrons and holes (16). Therefore, the optical responses
in 2D TMDs are greatly influenced by their excitonic effects. However, these excitons can
be ionized in a plasma of electrons and holes if the material charge carrier density is high
enough to promote the screening of their Coulomb interactions (26), which is known as
an exciton Mott transition. While excitons in 2D TMDs have been largely studied, the
optical properties of the electron-hole plasma in these materials still lack investigations
due to the high excitations required to form this ionized state. In particular, the few
reports on the electron-hole plasma light emission of 2D TMDs were associated with
specific conditions as low temperatures (27) or suspended samples (28). Therefore, to
have a deeper understanding of the potential of 2D TMDs for light emitting devices in
high excitation regimes is fundamental to find a method to study these states at room

temperature and in supported TMD samples.

In addition to the characterization of the mentioned intrinsic properties of 2D
TMDs, there are further challenging steps to achieve their application in devices in an
industrial scale (29, 30). For instance, although the mechanical exfoliation method provides
high-quality samples to be studied, there is no reasonable control in the shape and size of
the exfoliated monolayers (31). Therefore, there is a great effort in develop and improve
controllable growth techniques to overcome this demand (32, 33). However, these growth
techniques are usually related with the emergence of distinct defects that can deeply
affect the material optical and electronic properties (34, 35). Hence, the investigation
of the induced inhomogeneities in TMD monolayers due to defective states is crucial to
accomplish these steps toward their industrial application. Although a great effort has
been placed in the optical study of several defects that are commonly reported in TMD
monolayers, there is still a concern in further investigations into the nanoscale aspect of
the optical modifications caused by defects in these 2D materials, as the conventional

optical techniques only provide their pm-scale averaged response.

The same way that defects can affect TMD monolayer properties in an undesirable
manner, there is also a relevant interest in the defect engineering of these 2D materials
to induce novel desirable properties (34, 35). In that sense, it was theoretically predicted
(36, 37, 38, 39) and then experimentally shown (40, 41, 42, 43, 44, 45) that the introduction
of spin-polarized metal atoms as substitutional defects in TMD monolayers can induce a
room temperature ferromagnetism in these materials, shedding light to their potential as
2D dilute magnetic semiconductors. Nonetheless, some of these recently achieved doped
TMD samples still need a broad optical characterization to probe the modifications in
their semiconducting properties caused by the magnetic dopants. In addition, magneto-
optical investigations are promising to study novel physical phenomena in these materials.
Another emerging effort in the TMDs engineering is to reassemble distinct monolayers
together in order to tune their properties in 2D heterostructures (46, 47, 48, 49, 32). The
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reasonable stability of these new built structures opened a wide range of applicability
due to the freedom in "playing" with the electronic and optical properties of different 2D
materials by assembling them together. The variety in the choice of materials, number
of layers and their relative crystallographic orientation explains their large potential for
applications. The great interest in these TMD heterostructures is proportional to their
several reported optical studies. However, most of them are focused on the linear optical
responses of these samples, which shows the necessity of further investigations into the
nonlinear optical effects of TMD heterostructures. Hence, the combination of distinct
linear and nonlinear optical techniques plays a significant role for a broad investigation of

defective and engineered TMD materials.

In a simplified perspective, we can divide the optical properties of TMD monolayers
in their vibrational and electronic aspects. The vibrational features of these 2D materials are
mainly investigated by Raman spectroscopy (50), which is capable of providing information
about the phonon population through the sample interaction with light and of giving
a fingerprint of the material structure. For the electronic properties, while absorption
measurements are mostly responsible for the study of the charge carrier excitations (51),
photoluminescence (PL) spectroscopy commonly deals with the radiative recombination
of these excited electrons (10, 11). However, in a more accurate analysis the vibrational
and electronic responses of these TMD monolayers are coupled. Therefore, the excitation
energy plays a major role in the Raman scattering process, that can be influenced by single
and double electronic resonances (52, 53). Besides, in the time-resolved investigation of
the excited electronic states is possible to measure the electron-phonon interactions of the
material (54, 55). Nonetheless, to probe nanoscale localized optical responses these confocal
optical techniques present a spatial resolution limitation lying in hundreds of nanometers
due to the diffraction limit of light. To overcome this limitation, near-field techniques such
as tip-enhanced Raman and PL spectroscopies are able to furnish the vibrational and
electronic properties of these 2D systems with a nanometric resolution (56, 57, 58, 59).
Finally, to study nonlinear effects in TMD monolayers second-harmonic generation (SHG)
and four-wave mixing (FWM) measurements are generally employed (60). Beyond the
nonlinear susceptibilities, polarized SHG is able to provide the crystallographic orientation
of the sample (19, 20, 21), while both SHG and FWM processes can reveal vibrational and
electronic resonances of the material (61). With these and other optical techniques it is
possible to characterize the role of defects and many-body effects in the intrinsic properties

of TMD monolayers as well as to unveil novel physical phenomena induced by them.

This thesis focus in a broad investigation of different defects and high density
many-body effects in 2D TMDs by several optical techniques. Thereunto, in Chapter 2
we introduce the TMD monolayer structure and we provide a theoretical description of
its many-body and spin-valley coupling effects. Subsequently, in Chapter 3 we discuss

about several defects in TMDs, firstly presenting their classification and then focusing in
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two specific TMD samples achieved through defect engineering: TMD dilute magnetic
semiconductors and TMD heterostructures — in which their interfaces can be viewed
as defective regions since they have their properties changed. In Chapter 4, we show
how distinct optical techniques can be used to characterize and study novel phenomena
associated with defects in 2D TMDs by a thorough review of the major reports in this
field. A general theoretical description of each optical technique is also presented. Then,
the specific optical setups that we used in the experiments performed for this thesis are

showed in Chapter 5.

Chapters 6, 7 and 8 contain the results obtained for this thesis. In Chapter 6
we first present a broadband optical and electronic structure characterization of WSy
monolayers doped with vanadium. Subsequently, we show our optical and magneto-optical
investigations on WSey; monolayers doped with vanadium. Finally, we probe aged WS, and
WSe, monolayers with adsorbed defects by magneto-optical measurements. In Chapter 7
we study the nanoscale aspect of several defects such as grain boundaries, strain fields
and edges in grown MoS,; monolayers by tip-enhanced optical techniques. In Chapter 8 we
focus on the nonlinear responses of 2D TMDs and their heterostructures. We present a
room temperature electron-hole plasma light emission of monolayer and multilayer TMD
samples through a sub band gap pulsed excitation. Then, we also used pulsed excitations
to generate this electron-hole plasma state in vertical and lateral TMD heterostructures
and we studied their light emission in this regime as well. Lastly, we image these TMD
lateral heterostructures by second-harmonic generation measurements. In Chapter 9 we
discuss about the general conclusions and perspectives of the results presented in this
thesis. Appendix A, B and C provide supplementary information for Chapters 6, 7 and 8,

respectively.
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2 Transition Metal Dichalcogenide Monolayers

The semiconducting transition metal dichalcogenide (TMD) monolayers are of the type
MX,, where M is a transition metal atom from the family VI of the periodic table (such
as Mo or W) and X is a chalcogen atom (S, Se or Te). The bulk TMDs are layered van
der Waals materials widely used as dry lubricants, in which each monolayer is composed
by a layer of M sandwiched between two layers of X (Figure 2.1). TMD monolayers are
presented in nature in three distinct crystalline configurations regarding its unit cell: one
trigonal prismatic (2H phase) and two octahedral (1T /1T’ phases), as shown in Figure 2.2.
The crystal structure that will be presented and discussed in this thesis is the 2H phase,
since it is the most stable and common one. As shown in Figure 2.2a, for the 2H phase
the triangular lattices of M and X layers are arranged in a way that from a top down
view they look very similar to graphene honeycomb lattice. It is worth noting that due to
a mirror symmetry with respect to the M layer the resulting X-M-X covalent bonds lie

down in the plane, making the TMD crystalline lattice even more like graphene.

Figure 2.1 — Crystal structure representation of a TMD. Lateral view of MoS, layers
showing their in-plane covalent bonds and their van der Waals out-of-plane
weakly interactions. Adapted from: (62)

A TMD monolayer was first isolated by a exfoliation technique in 1986 (64). Despite
that, it was only in 2010 that TMD monolayers unveiled an emerging photoluminescence and
got a great attention for further studies (10, 11). They were obtained by a micromechanical
cleavage method that provides high-quality monolayer samples (65, 66, 31, 67), which
is hence a widely used technique for these characterization studies. On the other hand,
growth techniques that give large-area monolayer flakes started to be developed given

that exfoliation methods do not present a reasonable control in the samples shape and
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Figure 2.2 — Top view schematic illustration of distinct TMD crystalline config-
urations. (a) 2H and (b) 1T phases of a MoS, monolayer. It is worth to
comment that there is also a 1T’ phase which is a distorted version of the 1T
phase. Adapted from: (63)

size. For instance, chemical vapor deposition (CVD) (68, 69, 70, 71) and molecular beam
epitaxy (MBE) (72, 73, 74) are controlled growth techniques that are being extensively
used to provide a step toward industrial-scale applications for the TMD monolayers.
Meanwhile, it remains challenging to produce defect free samples with an uniform optical
emission (34, 35, 30). Conversely, what is observed is that these synthesized samples
are influenced by substrate interactions, strain fields, local defects and grain boundaries
(70, 71, 75, 76, 77, 78, 79, 80, 34, 81, 82, 83) that are not found in the exfoliated samples.
A detailed discussion about defects in TMDs will be presented in Chapter 3.

As the crystal lattice in the direct space of a TMD monolayer is very similar to
graphene, it is expected that the reciprocal lattice of both materials would also present
similarities. Figure 2.3 shows the in-plane first Brillouin zone of a TMD with the high
symmetry points denominated as I', K and M points, with K having a degenerated —K
point. Nevertheless, TMDs start to be distinguishably different from graphene when we
compare their electronic band structures. As commented before, graphene’s conduction and
valence bands touch each other at K and —K points, making it to behave as a semimetal

with a linear dispersion of momentum in energy near the K and —K valleys.

The TMD monolayers, in contrast to graphene, exhibit an energy gap between the
conduction and valence bands, making them semiconductors (84, 85). This band gap in
TMDs arises due to their broken inversion symmetry, that comes from their distinct atoms
in the crystal lattice. The TMD monolayers band gap together with their constrained
dimensionality implicate in remarkable many-body effects (86). Moreover, as can be seen

in Figure 2.4, the bulk and multilayers structures of TMDs present an indirect band
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Figure 2.3 — In-plane first Brillouin zone of a general TMD monolayer.

gap, in which the maximum of the valence band is at the I point while the minimum
of the conduction band is between I' and K points. On the other hand, the monolayer
has its maximum of the valence band and the minimum of the conduction band both
at the K and —K points, revealing as a direct band gap semiconductor and presenting
an enhanced light emission quantum yield (10, 11). Both theoretical and experimental
(10, 11, 87, 88, 89) works have shown this direct band gap in the most studied group VI
TMD monolayers such as MoSs, MoSes, WSy, and WSe,. Furthermore, they all present a
band gap ranging from visible to near-infrared frequency in the energy spectrum, which
facilitates their optical investigations and their applications in optoelectronic devices such
as light emitting diodes (90), photodetectors (91), and photovoltaic cells (92, 93). Another
interesting property of TMD monolayers is their strong spin-orbit coupling due to the
transition metal atom’s d orbital (94). While the bottom of the conduction band d.:
orbital lead to a small spin splitting of few meV, a noticeable spin splitting of 0.1-0.5 eV is
observed in the valence band top owing to their hybridized d,, and d,2_,2 orbitals (94, 95).
In the following sections we explore interesting physical phenomena of TMD monolayers
related to the properties mentioned above and that we further investigate in Chapters 6, 7

and 8.

2.1 Many-body effects in TMDs

The quantum confinement of TMD monolayers in two dimensions leads to a

reduction in their dielectric screening (16). Therefore, many-body Coulomb interactions



2.1. MANY-BODY EFFECTS IN TMDS 45

Bulk 4-layer Bilayer Monolayer

Energy

r MK I''T MK I'T MK I T MK T

Figure 2.4 — MoS; band structure for distinct number of layers. From left to right
the band structures of bulk, 4-layer, bilayer, and monolayer MoSs,, presenting
its indirect-to-direct band gap transition. Adapted from: (11).

play a major role in TMD monolayers even above room temperature (86). At low excitation
densities, exciton complexes dominate the optical properties of these materials (22, 23).
Besides, from a certain excitation density TMD monolayers present an exciton Mott
transition to electron-hole plasma and liquid phases with the emergence of novel physical
phenomena (26). These charge carrier regimes and the reasons why TMD monolayers are
an ideal platform for their study and application will be detailed exposed in the following

sections.

2.1.1 Excitons

The exciton is an electrically neutral quasiparticle observed in nonzero band gap
materials such as semiconductors, insulators and molecular crystals. When these materials
absorb a photon with enough energy for an interband transition, an electron is excited
from the valence band to the conduction band, leaving the lack of a negative particle. This
absence of a negative particle is physically treated as a positively charged quasiparticle
called hole. Therefore, after the electron excitation the oppositely charged electron and
hole can attract each other through a Coulomb interaction, forming a bound electron-hole
pair called exciton. As a first approach, we can consider the exciton as an hydrogen-like

atomic system in which the electron is in orbit with the hole (24).

For this hydrogenic atom approximation we can distinguish two types of excitons
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regarding the excitonic radius: the Wannier-Mott excitons and the Frenkel excitons. The
first ones have a large radius that extend for several atoms in the crystal. This delocalization
gives to the Wannier-Mott excitons a considerable mobility throughout the crystal and
they are thus also called as free excitons. On the other hand, the Frenkel excitons have
a radius of the order of a unit cell, which leads to the reduction in the mobility of the
electron-hole pairs that are also called as tightly-bound excitons. The free excitons are
usually observed in semiconductors, while the tightly-bound excitons are more noticed in

insulators or molecular crystals (24). Both excitons are schematically shown in Figure 2.5.
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Figure 2.5 — Schematic representation of an exciton. a Exciton formation through
the bonded electron hole pair and its types representations: (b) the free
exciton and (c) the tightly bound exciton. Adapted from: (24).

Excitons in TMD monolayers are in the intermediate of Wannier-Mott and Frenkel
excitons behavior. Nonetheless, the essential part of their physics can be well explained by
considering it as a Wannier-Mott type (22). Hence, it will be presented here the physics of
these free excitons. As mentioned, they are characterized by their large distance between
the electron and the hole, that is much larger than the lattice constant. Therefore, we can
model these excitons ignoring the atomic arrangement of the crystal and whereas they are
moving in a uniform dielectric medium. Considering the kinetic energy of the exciton given
by its center of mass motion and its internal structure described by the relative motion
between the particles, we can solve its eingenvalue Schrodinger equation of the relative
motion to find the energies of the exciton bound states. However, the Bohr model already
provides reasonable results to understand the exciton physics and thereby we present here
this model due to its simplicity. By using the reduced mass p of the exciton with respect
to the electron and hole effective masses and setting a dielectric constant €., the Bohr
model applied to the exciton gives the following energies relative to the principal quantum
number n of the bound states (24):

BEn)=-t 7 _ X (2.1)

in which my is the free electron mass, Ry is the Rydberg energy of the hydrogen atom
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(13.6 €V) and Ry is the Rydberg energy of the exciton. Moreover, the radius of this
Wannier-Mott exciton orbit is given by (24):

Tn = @ernQaH = nlay, (2.2)

where ay is the Bohr radius of the hydrogen atom (5.29 x 107'! m) and ax is the Bohr

radius of the exciton.

For a direct band gap semiconductor, the exciton energy created by an optical
interband transition is thus equal to the energy gap £, between the valence and the
conduction bands minus the exciton bound state energy. In other words, the energy of the
exciton is given by the energy needed to excite and electron to the conduction band and
create a hole in the valence band minus the binding energy of this electron-hole pair due

to their Coulomb interaction (24):

(2.3)

2.1.2 Excitons in a true 2D system

Besides the several properties that make the TMD monolayers unique 2D materials,
being an ideal platform to study excitons in a reduced dimension is another point that
attract a great interest to them. Although excitons in quasi-2D systems as GaAs or GaN
quantum wells have already been deeply studied (25), the TMD monolayers excitons
present a substantially stronger binding energy between the electron and the hole of
almost 2 orders of magnitude due to its reduced dielectric screening from the environment
(22, 23). Values ranging from 0.3 — 0.8 eV for this huge Coulomb interaction in these bound
electron-hole pairs have been calculated and measured in theoretical (96, 97, 15) and
experimental (16, 17, 18) works for TMD monolayers. Therefore, the optical properties in

these materials are ruled by the excitonic resonance behaviors even at room temperature.

The excitons behavior in TMD monolayers are also strongly related to its spin
and valley degrees of freedom and can provide information about the optical selection
rules of this spin-valley coupling (12, 14) (see Section 2.2 for further details). For instance,
the strong spin-orbit coupling that cause the splitting of the valence band originates two
distinct excitons in these TMDs associated to each splitted band: the A and B excitons
(94, 98). The A exciton is related to the transition with respect to the highest valence band
while the B exciton is associated with the transition from the less energetic splitted valence
band. Furthermore, the TMD monolayers also show another strong excitonic resonance
for higher energies in comparison with the A and B optical transitions. This resonance is

addressed to a singularity in the joint density of states (JDOS) in a region where the valence
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and conduction bands are parallel to each other (51). This parallel band feature is called
"band nesting" and the increased light-matter interaction in this region is known as a C
transition (in the WSey case in which there are two band nesting resonaces, the transitions
are usually called as A’ and B’ or C and D). Due to an excitonic analogy, this C transition
is also referred as a "C exciton". Figure 2.6 shows the A, B and C optical transitions for a
MoS, monolayer band structure as well as differential reflectance and photoluminescence
(PL) spectra highlighting all these transitions for distinct TMD monolayers. It is worth
to comment that besides differential reflectance and PL spectroscopies there are other
techniques to unveil the excitonic energies such as: resonant Raman spectroscopy (RRS),
resonant second-harmonic generation (SHG) and resonant four-wave-mixing (FWM), which

will be further explored in Chapter 4.
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Figure 2.6 — TMDs optical transitions. a Schematic representation of the A, B and C
transitions in the MoS,; monolayer band structure. b Differential reflectance
(in gray) and PL (in red, green, blue and purple) spectra for distinct TMD
monolayers showing the A, B and C transition peaks. Adapted from: (51).

In addition to the linear responses of the optical transitions at a low-density
regime commented above, at a moderate excitation density TMD monolayers also exhibit
further many-body interactions. That is, the density of bound excitons become so large
that they start to interact with each other and even form many-body quasiparticles. This
is the case of biexcitons, that is a four-body quasiparticle consisted of two electron-hole
pairs. Furthermore, an exciton could also interact with free charge carriers (an electron or
a hole) an create a charged quasiparticle known as trion. Both biexciton (99) and trion

(100, 101) have been reported to be stable in TMD monolayers under certain conditions.
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2.1.3 Electron-Hole Plasma

We have seen that a semiconductor present exciton formation at a low-density
excitation and other may-body quasiparticles such as biexciton and trion in a moderate
excitation. However, if we continue increasing the excitation density in a semiconductor
until high charge carrier densities, the dielectric screening between the formed exciton
complexes becomes so relevant that these bound quasiparticles start to be ionized and
there is the emergence of a plasma of free electrons and holes (102, 103). Mathematically
translating it to the model of the interaction between charge carriers, at a low-density this

interaction is ruled by the Coulomb attraction between an electron and a hole (103):

2

U(r) =

— . 2.4
Aer ( )

For a high charge carrier density, we might yet consider the screening of the Coulomb
interaction between electrons and holes, and their interaction potential becomes then
(103):

62

Ur) = ———e "/, (2.5)

der

in which e is the electron charge, € is the permittivity of the medium, r is the distance
between electron and hole and A\; = A;(IV) is the screening length that depends on the
electron-hole pair density /N. The screening length decreases under increasing /N, and when
it reaches the free exciton radius ax, the insulating excitons become energetically unstable
and are dominated by the metallic electron-hole plasma (EHP) phase. Therefore, this
exciton to EHP transition is also called as an analogous excitonic Mott insulator-metal
transition (102, 103). It is worth pointing that this transition is generally gradual, i.e.
excitons and the EHP coexist for a certain range of charge carrier density and the EHP

population gradually overcomes the excitonic population (103), as shown in Figure 2.7.

As a consequence of this excitonic Mott transition there is a reduction in the
semiconductor band gap due to a renormalization of its band structure. This reduction
can be demonstrated by calculating the difference between the renormalized band gap
E}(N) and the low-density band gap £, (103):
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Figure 2.7 — Exciton to EHP transition. Under an increasing charge carrier density /V,
the screening length of the exciton population in a semiconductor decreases
and they are gradually ionized, forming an EHP.

AE,(N) = E)(N) ~ E, = lim[Uy(r) ~ U(r)]

Ame A (N)

Hence, the negative value of the AE,(N) confirms the band gap reduction under increasing

electron-hole pair density for the EHP regime.

Another consequence of the EHP formation is the modification of the light emission
spectrum of the semiconductor material. While excitons present a narrow emission linewidth
owing to their very specific energy of the bound electron-hole radiative recombination, the
EHP recombination happens in a broad energy range (102, 103). This occurs because of
the Pauli blocking between the charge carriers, which forbids the higher electronic states
relaxation to the occupied bottom states of the conduction band, leading to a broadband
radiative decay, as shown in Figure 2.8. Therefore, there is an enhanced broadening of
the light emission spectrum in the EHP regime by increasing the excitation density. Also
regarding the light emission properties of the EHP, this charge carrier regime plays a
major role in emitting devices such as semiconductor lasers (102, 103). Since population
inversion is required for a lasing process, there is a critical charge carrier density that need
to be surpassed for that purpose. For these densities, excitons can present an stimulated
emission through exciton-exciton scattering (104, 105), exciton-electron scattering (104),
exciton-phonon scattering (106), and the exciton-polariton formation (107). However, for

several systems the EHP state displays stronger stimulated emissions associated with a
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higher optical gain with respect to excitons (108, 109, 110, 111, 112), being thus more

appropriate for application as gain medium in lasers.

Exciton EHP

Figure 2.8 — Exciton and EHP light emission. Excitons present a narrow light emission
due to its specific energy, while an EHP displays a broad one as its radiative
recombinations happen for a large range of energies in the conduction and
valence bands.

Beyond the EHP, semiconductors also present a condensed charge carrier phase
at high excitation densities known as electron-hole liquid (EHL) (102, 103). As well as
the classical gas condensation into a liquid droplet, the excitonic transition into an EHL
consists in the formation of spherical drops of free electrons and holes (and no longer
bound quasiparticles). The internal forces and the surface tension presented in these EHL
states maintain the free charge carriers held together in these droplets. Distinctly from the
EHP, the EHL can only occur for indirect band gap semiconductors due to the necessity
of longer carrier lifetimes for the condensation be reached (102, 103). Other difference
between these two states is the spectral shape invariance by increasing the excitation
density for the EHL light emission. Similarly to a classical liquid, the EHL exhibits a
constant volumetric density of free electrons and holes for a given temperature. Thus,
instead of enlarging the volumetric density of charges by occupying higher energy states in
the conduction bands, the EHL spatially dissipates under an increased density excitation
(102, 103). Therefore, the EHL light emission spectrum width remains unchanged, but its

intensity is enhanced and there is an enlargement in its spatial emission.

2.1.4 Electron Hole Plasma in TMDs

Both EHP and EHL phases have been largely investigated in 2D quantum well

systems in traditional (III/V) semiconductor heterostructures over the past decades
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(113, 114, 115, 116, 117, 118, 119, 120, 121, 122, 123, 124, 125). However, as well as to
form excitons, cryogenic temperatures are required to access the excitonic Mott transition
in these materials, which limits its investigation and application possibilities. As 2D
TMDs are an ideal platform to study these many-body effects, there is also a great
interest in probing the high density regimes in these materials. Recently, theoretical
and experimental works explored EHP and EHL states in several TMD samples such as
MoS, (126, 127, 128, 129, 28, 130, 131), WS, (26, 126), WSe, (126, 132), MoTe, (133),
and also TMD heterostructures (27, 134, 135, 136). However, there are still only few
studies on the light emission properties in TMDs showing their interesting optical and
electronic responses at high carrier densities above the Mott critical value. Among them,
Yu et al. (28) revealed an exciton Mott transition to an EHL state in a suspended-MoS,
monolayer with an intermediate EHP phase under continuous-wave (CW) excitation
through photoluminescence measurements as shown in Figure 2.9a. While the EHP
presented a band gap redshift (as also observed on WS, samples (26)), a large broadening
in the emission peak and no intensity modification, the transition to the EHL showed an
abrupt enhancement of the photoluminescence intensity and a cease in its broadening as well
as in the band gap renormalization. On the other hand, Wang et al. (27) demonstrated a low-
temperature exciton Mott transition to an EHP phase in a MoSes/WSes heterostructure
that displayed no shift in the interlayer photoluminescence peak position but a strong and
gradual broadening without a later transition to an EHL state, as displayed in Figure
2.9b. Furthermore, the TMD Mott transition studies reported distinct characteristic
times (from few ps to hundreds of ns) for each sample and measurement conditions
(26, 133, 27, 129, 132). Therefore, the investigation of the high carrier density light
emission in other TMD monolayers such as MoSe; and WSes as well as in distinct TMD
vertical and lateral heterostructures is still lacking. Besides, finding an optical route to
induce these EHP and EHL regimes in supported 2D TMDs at room temperature is a
demanding task in view of future applications. Finally, the dynamics of the radiative decay
of these highly excited states also needs further understanding. Among other contributions,
all these efforts would shed light in the potential of the EHP state in 2D TMDs for lasing
applications (137).

Here in this thesis we tackle these points in order to contribute with the under-
standing of the EHP regime in TMD monolayers and their heterostructures, as will be

shown in Chapter 8.

2.2 Spin-Valley Coupling

As shown in Figure 2.3, the corners of the hexagonal first Brillouin zone of TMD
monolayers present inequivalent K and —K points, similarly to graphene. Since K and

—K valleys play a major role in the electronic structure of both graphene and TMDs,
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Figure 2.9 - EHP and EHL light emission in TMDs. a Exciton, EHP and EHL pho-
toluminescence spectra for a suspended MoS, monolayer with respect to the
pumping power. Adapted from: (28). b Low temperature photoluminescence
spectra showing the transition from an interlayer exciton to an EHP under

increasing charge carrier density in a MoSes/WSe, vertical heterostructure.
Adapted from: (27).

there is a great interest in manipulating this valley index in order to offer a platform for
valleytronics (138, 139, 140, 141, 98, 12, 13, 14). For instance, a valley Hall effect (141) and
valley dependent optical selection rules (140) were predicted for graphene by externally
breaking its inversion symmetry. In contrast, the inversion symmetry in TMD monolayers
is intrinsically broken, which leads them to inherently present these valley dependent
phenomena (98). Moreover, also conversely to graphene, TMD monolayers exhibit a strong
spin-orbit interaction (94, 142), giving rise to a coupling in their spin and valley degrees

of freedom as is going to be discussed next.

As commented, the spin-orbit coupling (SOC) induces a remarkable spin splitting
at TMD monolayers K and —K valleys. To understand this splitting, Figure 2.10 shows
the orbital contributions in the electronic band of a general MX, TMD monolayer (94, 95).
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For the valence band at the I' point, the metal atom M mainly displays a d,» orbital,
while the chalcogen atom X presents a p,2 orbital. Thus, the out-of-plane character of
these orbitals — which is related to no z-component of the orbital angular momentum,
i.e., m; = 0 — leads to the absence of spin splitting at the I' point valence band. Toward
the K point, the valence band starts showing a hybridized d,, + d,2_,2 orbital for M and a
Pz + py orbital for X. Regarding the conduction band at K point, d,» and p, + p, orbitals
are noted for M and X atoms, respectively. As the SOC is more intense for heavier atoms,
the metal atoms present a stronger contribution to the spin splitting in TMD monolayers.
Therefore, the valence band at K point exhibits noticeable spin splittings of 0.1-0.5 eV
(94, 95) — in which MoS, shows the weaker and WSe, the greater splitting because of their
atomic weights. On the other hand, the K point conduction band displays spin splittings
of one order of magnitude smaller than the valence band due to the out-of-plane feature
of the metal atom orbital (142). The SOC effect in the energy splitting of MoS,, WSy,

MoSe; and WSe, electronic bands can be seen in Figure 2.11.
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Figure 2.10 — Atomic orbital weights of a M X, TMD monolayer. Metal atom d
orbitals in the left and chalcogen atom p orbitals in the right. Adapted from:
(95).

The spin splitting discussed above and shown in Figure 2.11 concerns about the
SOC effect at the K point. Hence, the natural question that arises from this is: does —K
valley experience the same spin splitting” As K and —K points present opposite momenta

k, they are connected by time reversal symmetry (98), which gives:

Er(k) = By(~k). (2.6)

where F is the energy of the electronic state with spin up (1) or down (). Therefore, the
spin splitting at K and —K valleys must be opposite, leading to a spin-valley coupling in

TMD monolayers (98). In terms of the generated excitons, the electrons of excitons A (B)
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Figure 2.11 — Electronic band structures of TMD monolayers with SOC. The solid
lines represent the band structures calculated with the inclusion of SOC,
while the dotted red lines are without SOC. Thus, it can be observed that
the spin splitting at the K valley is induced by the spin-orbit interaction.
Adapted from: (94).

in the K valley are spin up (down) polarized, while the electrons of excitons A (B) in the

—K valley are spin down (up) polarized.

2.2.1 \Valley Selective Circular Dichroism

To explore the spin-valley coupling physics in TMD monolayers, a route to
separately access each valley is mandatory. As shown by Figure 2.12a, besides the opposite
spins, valence and conduction bands in these 2D semiconducting materials also present
contrary z-components of their total angular momentum (m;) (12). It can be noted that
optical transitions in K and —K valleys display variations in m; of Am; = £1 (12), in
which the sign corresponds to the valley index, whereas the electron spin is conserved in
the transition. Therefore, the required angular momentum conservation leads to optical
selection rules that can be used to selectively excite the valleys. These selection rules can
be satisfied by light with circular polarization, which exhibts Am; =1 for right circularly
polarized (o) and Am; = —1 for left circularly polarized (c~) light (24), as displayed
in Figure 2.12b. Hence, K and —K valleys can be individually accessed by o and o~

excitations, respectively.
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Figure 2.12 — Valley selectively by circularly polarized light. a z-components of the
total angular momentum (m;) for valence and conduction bands at K and
—K valleys. Adapted from: (12). b Selective excitation of A and B excitons
at K and —K valleys by circularly polarized light. Adapted from: (98).

By pumping the material with circularly polarized light and with enough energy
to excite both A and B excitons, charge carriers with spin up and down would be generated
in the same valley (12). Moreover, the relaxation process of the hot electrons to the bottom
of conduction bands could lead to a loss in the spin polarization (143). Therefore, in order
to induce a spin polarized population of charge carriers with long lifetimes, near-resonant
excitations are recommended (12, 13). Figure 2.13 shows photoluminescence spectra of
a MoS, monolayer for distinct o~ excitation energies and detecting both ¢~ and o*
emissions. It can be observed a great degree of circular polarization by exciting near the A
exciton energy and similar o~ and o spectra for the out-of-resonance excitation. For a
o~ excitation, the degree of circular polarization can be calculated as follows (for a o

excitation is the inverse):

A

bePth) =1 —71

(2.7)

in which I,- and I,+ are the intensity of 0~ and ot light emissions, respectively. It is
worth to point that these photoluminescence measurements probe the emitted photons.
To study the absorbed photons other optical techniques such as differential reflectance
spectroscopy can be employed. Further details about these optical measurements are going

to be discussed in Chapter 4.

2.2.2 \Valley Zeeman Effect

Controlling spin and valley indexes by circularly polarized light opens a variety of
possibilities for spintronics and valleytronics in TMD monolayers (144, 145). Nonetheless,
the energy degeneracy between K and —K valleys restricts their use in applications that
require an energy threshold to distinguish the distinct spin and/or valley charge carrier

populations. To overcome this issue, it has been previously shown that an external magnetic
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Figure 2.13 — Degree of circular polarization for a MoS; monolayer. a,b Resonant
(a) and non-resonant (b) o~ excitation photoluminescence spectra for o~
and o detection. The arrows indicated the excitation energy. c¢,d DCP (p)
for the resonant (c) and non-resonant (d) excitations. Adapted from: (12).

field perpendicular to the TMD monolayer can break its valley degeneracy through an
analogous Zeeman effect, known as valley Zeeman effect (146, 147, 148, 149).

The Zeeman effect consists in the energy splitting of atomic levels in the presence
of an external magnetic field. The Hamiltonian (Hyz) related to the magnetic field (B) for
a single electron is given by (150):

where g = p; + ps is the magnetic moment of the atom composed by its orbital (p; =

[& €

—5--L) and spin (ps = —<.5) magnetic moments. Thus, the magnetic field Hamiltonian

can be written as (150):

e
H;=—(L+2S)-B 2.
z 2m( +2S) - B, (2.9)

in which e, m, L and S are the charge, mass, orbital angular momentum and spin
angular momentum of the electron. H; can be treated as a perturbation, and solving
the Schrodinger equation by time-independent perturbation theory the energy Zeeman
contribution is (150):

Ez = ppgym;B, (2.10)

where pup = ;—ﬁ ~ 5.788 x 107 €V /T is the Bohr magneton, g; is the Landé g-factor and

m

m; is the z-component of the total angular momentum. Therefore, the degeneracy of the

energy levels is broken for different m;, leading to a splitting of the atomic spectral lines.
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For TMD monolayers, an external magnetic field would interact with their atomic
orbital (p), valley orbital (u,) and spin (1) magnetic moments (146, 147, 148, 149, 151).
The valence and conduction bands at K and —K valleys present no splitting associated
with the magnetic field, as they are explicitly splitted with respect to the distinct m;
values because of the SOC (94). However, the magnetic field causes a further energy shift
of the electronic bands that depends on those cited magnetic moments. Orbital, valley
and spin magnetic moments are opposite in K and —K valleys. Therefore, the magnetic
field energy shifting in these valleys must also be opposite, breaking the valence and
conduction bands degeneracy in K and —K points (146, 147, 148, 149). But if the valence
and conduction bands presented identical energy shifts at the same valley, the band gap
would remain the same for both valleys, then not breaking their band gap degeneracy.
However, as is going to be discussed now, the magnetic moments of the valence and
conduction bands are not all equal, leading to the valley Zeeman splitting effect in TMD
monolayers (146, 147, 148, 149).

The energy shift due to an external magnetic field is given by: £ = —pu - B, with
= p + py, + ps. Hence, the band gap modification (AEy) is the difference between the

energy shifts in the valence and conduction bands:

AEy = (—pj + ) - B+ (—py +py) - B+ (—ps + py) - B, (2.11)

in which the ¢ and v uppercases are related to conduction and valence bands. The valence
and conduction bands that are linked by an allowed optical transition — i.e. by an exciton
formation between their electrons and holes — have the same spin magnetic moment
(us = pY), leading thus to an identical Zeeman shift and no band gap modification. Besides,
the valley magnetic moment in TMD monolayers can be written as uS™) = +(mq/ Me(h)) 4B
where me ) is the electron (hole) effective mass at the conduction (valence) band, my is the
bare electron mass and the sign is respective to K and —K valleys. For a simple tight-biding
model, m, = my, and the band gap modification due to a Zeeman shift related to the valley
magnetic moments is also negligible (151). Finally, the atomic orbital magnetic moments
of valence and conduction bands at the same valley in TMD monolayers are not the same
(94). While their d.2 conduction band orbital has a zero magnetic moment, their hybridized
dy2_,2 + idy, valence band orbitals have orbital magnetic moments of y; = 245, related
to the K and -K valleys, respectively. For this approach, the total band gap modification is
AE, = —2upB at K valley and AE, = +2upB at —K valley. Therefore, the perpendicular
external magnetic field causes a band gap degeneracy breaking in TMD monolayers —
known as the valley Zeeman splitting —, and the expected energy difference (AE) between
the gap in their K and —K valleys is AEF = —4ugB. To correlate this with the former

Zeeman effect, we can write this valley Zeeman splitting as:
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AFE = gupB, (2.12)

in which the g-factor ¢ is used to measure the TMD response to a magnetic field. Figure
2.14 shows the band structure schematic representation of the valley Zeeman effect for a

TMD monolayer.

4 Spin
t Orbital (valley)
4 Orbital (atomic)

Figure 2.14 — Valley Zeeman effect for a TMD monolayer. By applying an external
magnetic field, the valence and conduction bands are shifted due to a Zeeman
effect depending on their spin, atomic orbital and valley orbital magnetic
moments. This band shifting results in a splitting of the band gap in K
and —K valleys, known as the valley Zeeman splitting effect. Adapted from:
(151).

Exciton complexes in distinct TMD monolayers have previously shown g-factors
close to the expected value of g = —4 (146, 147, 148, 149, 151, 152, 153, 154, 155). In a
first analysis, small deviations in this value can be understood as corrections to the simple
tight-biding model, where m, # my, (156). However, recent theoretical studies showed
a more thorough analysis for the g-factor calculation (157, 158). Through first-principle
calculations, the orbital angular momenta associated with a specific exciton are summed
over hundreds of bands, allowing a more precise estimation of the g-factor for excitons in
TMD monolayers as well as interlayer excitons in TMD heterostructures. These interlayer
excitons are going to be discussed in Chapter 3. Besides, in Chapters 3, 4 and 6 we will
present how the defect engineering of TMDs can potentialize TMD magnetic properties

resulting in enhanced g-factor values.
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3 Defects in TMD Monolayers

The quantum description of the band theory of solids in the first half of the 20th century
(159, 160) provided a step toward the understanding of the semiconducting properties
probed by that time. Thus, with the development of the former semiconductor junction
devices — such as the p-n junction diode (161) and the junction transistor (162) — it
was realized the importance of the crystallinity as well as the pristineness of the materials
in order to provide high quality devices (163). In addition, it was also known that the
operation mechanism behind these p-n juctions is deeply dependent on intentional and
controlled doping of semiconductors to provide the n- and p-type regions (163). Therefore,
it should be noted that defects play a major role since the beginning of the semiconductor

applications, acting as "villains" or "heroes" depending on the circumstances (164).

The increasing interest on 2D TMDs for the next generation of ultrathin devices
also led to a natural concern about defects in these materials (34, 35). The spatial
inhomogeneity of TMDs properties caused by several possible defects can deeply affect
their applicability (34, 35). In this context, there is a great effort and interest of the
community to characterize all distinct defects that are commonly displayed in TMDs
systems and to understand their impact on electronic, optical, mechanical, magnetic, and
physicochemical properties (34, 35). Also, if on the one hand defects can lead to undesirable
modifications in the TMDs properties, on the other hand it is possible to engineer certain
types of defects to achieve new desirable features. For instance, the introduction of
spin polarized metal atoms as substitutional defects in TMD monolayers induce a room
temperature ferromagnetic ordering in these materials (165, 166). Furthermore, the stacking
and stitching methods to fabricate vertical and lateral TMD heterostructures showed to
be a playground for tuning TMD properties and thus unveil novel physical phenomena
associated with their interlayer effects (46, 47, 48, 49, 32). It is worth commenting that
although these heterostructures are not a typical semiconductor defect, their interfaces
are usually treated as defective regions since the potentials introduced in the sample lead
to modifications in the material properties at these interfaces. In this Chapter, firstly
we will introduce a classification of defects and their origin in 2D TMDs, also showing
their identification through scanning microscopy measurements such as scanning probe
microscopy (SPM) and scanning transmission electron microscopy (STEM) (167, 168).
SPM can investigate surface properties as topography, friction, electrostatic and magnetic
forces and work function, while STEM measurements are employed to image surfaces at the
atomic level. Then, we will focus our discussion on two examples of TMD systems achieved
through defect engineering: 2D dilute magnetic semiconductors and TMD heterostructures.

It is worth pointing that the optical features associated with defects in TMDs will be
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superficially commented in this Chapter, as they are going to be extensively explored in
Chapter 4.

3.1 Types of Defects in TMDs

An ideal semiconductor free of defects would be a single crystal absent of imper-
fections in its chemical composition. Therefore, any modification in these features can
be called as a "defect". It is very to common classify defects in TMDs accordingly to
their dimension, i.e., zero-dimensional (0D), one-dimensional (1D), two-dimensional (2D)
or three-dimensional (3D) defects (34). However, here we are more concerned about the
impact of these irregularities on the optical responses of 2D TMDs. Therefore, we will
introduce now defects that are related with the experimental investigations performed for
this thesis. They are: atomic vacancies, adsorbed atoms (adatoms) or molecules, substitu-
tional dopants, passivation, grain boundaries and edges. Besides, we will also comment
about strain fields in TMD samples, which can be caused by different agents. These defects

are schematically represented in Figure 3.1.

a Pristine b Vacancy Cc Substitutional Dopant
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d e © Matom (Mo, W)
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Figure 3.1 — Types of defects in a TMD monolayer. Lateral view of the atomic
structure of a TMD monolayer with no defects (a), vacancy (b), substitutional
dopant (c), adsorbed atom (d) and defect passivation (e). Top view of a
TMD monolayer showing grain boundary and edge defects highlighted in gray
and green areas (f), and submitted to compressive and tensile strains (g).

Atomic vacancies are the most reported defects in TMD monolayers (34, 35).
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Different single and joint vacancies have been observed in these materials. For example,
MoSs monolayers have shown monosulfur vacancies (Vg), disulfur vacancies (Vg ), a vacancy
complex of one molybdenum nearby three monosulfur (Vy.ss), a vacancy complex of one
molybdenum with three nearby disulfur vacancies (Vyoss), an antisite of molybdenum
occupying a Vs (Mogy) and an antisite of disulfur occupying a molybdenum vacancy
(S2M6) (169), as shown in the annular dark field (ADF) STEM measurements of Figure
3.2. Among these point defects, the Vg is the most likely to show up since it displays
the lowest formation energy (169). On the other hand, the antisite (Mog2) and (S2u,)
defects are less observed, presenting the highest formation energies (169). This implies
that vacancies do not tend to modify the trigonal structure of the sample (34) (at least
when they are not linked with other defects). Nonetheless, vacancies induce relevant band
structure modifications, which affects the light emission and the dynamics of the optical
transitions in TMD monolayers (83, 170, 171). Although vacancies commonly appears
during the fabrication process, there are also methods to deliberately generate these point
defects in 2D TMDs, as annealing (172) and He-ion treatment (173), which can originate
single photon emitters in TMD monolayers (174, 175).

Vs Vs, Mo, F I

moss | T ™ L

= B

Figure 3.2 — Types of vacancies in a MoS, monolayer. ADF-STEM measurements
showing the most common vacancies of a MoSy monolayer and their atomic
representation. Adapted from: (169).

In addition to the lack of an atom in the crystal structure, it is also possible that
other atoms fill these vacant sites. And when these foreign atoms are introduced in the
crystal lattice we call them substitutional dopants. These dopants can replace both metal

and chalcogen atoms (34, 176, 177). Several metal atoms have been theoretically predicted
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to be energetically favorable to substitute host metal atoms sites (176, 177), leading to
n-type, p-type or isoelectronic dopings, as shown in Figure 3.3. Optical, electronic, chemical
and magnetic properties have been shown to be tuned by these dopants (176). In the
next section we will further explore this defect engineering for magnetic functionalities.
Experimentally, n-type Mn-, Fe-, Co-, Ni-, and Re-doped TMD monolayers have already
been fabricated, introducing donor states at the material band structure (176, 177). For
p-type dopants, the introduction of V and Nb atoms was also achieved, leading to acceptor
states (176, 177). These dopants are usually in-situ introduced, i.e., they occur during
the sample growth process. While unintentionally doping can happen due to impurities
presented in the chemical reaction environment (178), they can also be intentionally inserted
to tune the TMD monolayer properties (44, 43). Regarding the isoelectronic doping, the
W replacement of Mo as well as the contrary are also reported (176, 177). Finally, the
chalcogen substitution is observed for less different atoms (only other chalcogens). Beyond
the substitution of S by Se and Se by S, the other atom that play a major role in the
this chalcogen substitution is oxygen (176, 177). Again, these substitutional dopings can
naturally occur or can be artificially introduced. As an example, the post treatment of a
grown MoS,; monolayer with an hydrogen plasma followed by a Se evaporation can lead to
a complete replacement of one layer of S by Se, known as Janus monolayer (179). Besides,
oxygen doping can also be induced by a plasma treatment, causing significant modifications
in the material electrical and optical properties (180, 181). It is worth pointing that oxygen
is also often incorporated in TMDs through defect passivation (177). This occurs mostly

at edges (182), and it shown to be a mechanism to suppress nonradiative recombinations.

In addition to foreign atoms taking place of host atoms in the crystal lattice,
atoms and molecules can also be adsorbed to the monolayer surface (183, 34) — and
when is an atom being adsorbed, it is also called an adatom. A variety of adsorbents have
shown low formation energies for TMDs, including metal atoms, oxygen, hydrogen, water
molecules and organic molecules (184, 183, 185, 186). These adsorbents are predicted to
modify the TMD monolayers band structure, leading to n- or p-type dopings as well as
inducing magnetic properties in these materials (184, 183, 185, 186). However, although
several theoretical works have studied these adsorptions, experimental works still find
challenges to reliably assign their chemical composition (187, 188, 170, 189). Scanning
microscopy and X-ray photoelectron spectroscopy measurements provide indications of
possible adsorbents, but it is usually complex to differentiate similar species (189, 178).
These defects are usually related to the air exposition of the sample, being thus observed
in aged TMD monolayers (188, 189). Nonetheless, controlled gas environments (187, 188)
and h-BN encapsulation (190) are methods to protect the sample from these external

agents.

Beyond these chemical defects, i.e., defects associated with the sample chemical

composition, TMD monolayers also display structural defects as grain boundaries and
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Figure 3.3 — Theoretical overview of potential dopants for TMD monolayers. a
Periodic table showing the potential substitutional dopants for the metal and
chalcogen atoms in TMD monolayers and their doping type (associate with
their induced acceptor or donor states). b Formation energies for distinct
dopants substituting atoms in different TMD monolayers. Adapted from:
(176).

edges (34). As commented, a perfect structure would be related to a single crystal. However,
grown TMD monolayers commonly report multi crystalline domains (71, 169, 191). Each
of these domains, called as grains, present a certain crystallographic orientation. Therefore,
for multi crystalline TMD monolayers the boundary between two grains is thus a defective
region in which the mismatched atoms present a distinct localized geometrical structure
that depends on the relative orientation of the grains as well as the direction of their
junction (zigzag or armchair) (71, 169, 191). The relative orientation and direction of the
grain boundary can be probed by ADF-STEM measurements (71, 169, 191), as shown
in Figures 3.4a,b. Moreover, AFM measurements have shown modifications in the grain
boundary topography (178), as presented in Figure 3.4c. Regarding the optical responses,
these grain boundaries can also be probed by polarized second harmonic generation
microscopy (192, 193, 178) and display an enhanced light emission (194, 192, 178). While
grain boundaries only show up in multi crystalline samples, edges are obviously present in
every TMD flake. Distinct features noticed at edges are associated with the interruption of
the crystal periodicity, which depend on the edge termination (169). In general, edges can
be either zigzag or armchair terminated — as well as chalcogen or metal terminated (or
a mixture of both) (169). The edge termination can be probed by STEM measurements

(169), whereas distinct topographic response has also been noted at TMD monolayer edges
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by AFM (195), as displayed in Figure 3.4d. Moreover, the incomplete chemical bonds of the
edge atoms make them probable to be passivated by external atoms (182), as mentioned

before.

Figure 3.4 - STEM and SPM measurements of grain boundaries and edges
in TMD monolayers. a,b ADF-STEM measurements showing a grain
boundary and the relative orientation of 60° between the adjacent grains in a
MoS, monolayer. Adapted from: (169). c,d AFM measurements presenting
the higher topography of a WSy monolayer grain boundary and a MoS, edge,
respectively. Adapted from: (178) and (195).

Finally, strain fields are another source that modifies the intrinsic properties of
TMD monolayers, since they are able to disturb the pristine crystalline geometry (196, 197).
Strains can have several origins. Some defects commented above, such as grain boundaries
and edges, are occasionally the cause of strain fields in the sample, since their topography
distortions can lead to local tensions. Besides, strain can emerge from the expected
thermal expansion coefficient and lattice constant mismatch between the monolayer and
the substrate (196), which plays a major role in the growth process. Finally, strain can also
be engineered by bending or stretching the TMD, which enables a modulation of TMD

properties by controlling the compressive or tensile tension applied on the material (198).

3.2 2D Dilute Magnetic Semiconductors

Dilute magnetic semiconductors (DMS) are a class of materials formed when a
non-magnetic semiconductor is doped with transition metal atoms. The great interest
in this type of material lies in joining both semiconducting and magnetic properties in

the same system, enhancing its application possibilities for spintronics or data storage
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devices (199, 200, 201). Bulk Mn-doped GaAs is the most prominent example of a bulk
dilute magnetic semiconductor (199, 201), which has shown great functionalities for
spintronics devices due to its induced ferromagnetism. However, at room temperature
this ferromagnetic ordering is only locally observed, not presenting thus a long-range
spin-polarization (199, 201). On the 2D scale, some materials have also attracted attention
due to their magnetic responses. For instance, VSe; (202) and MnSe, (203) monolayers
have shown room-temperature ferromagnetic ordering, but their metallic character do
not allow carrier density control. Besides, 2D semiconducting Crls (204, 205, 206) and
CroGeoTeg (207) materials display an intrinsic ferromagnetism, but it is restricted to

cryogenic temperatures.

As 2D TMDs present unique semiconducting features, there was also a natural
interest in engineering 2D DMSs by doping TMD monolayers with distinct transition metal
atoms (208, 166). Firstly, theoretical works predicted finite magnetic moments for different
TMD monolayers doped with distinct metal atoms such as V, Nb, Ta, Cr, Mn, Re, Fe, Co, Ni,
Cu, Zn, Cd and Hg (36, 37, 38, 39, 209, 210, 211, 212, 213, 214, 215, 216, 217, 218, 219, 220).
Nonetheless, the experimental realization of these samples with a ferromagnetic ordering
showed to be challenging (165, 166). To our knowledge, V-doped WSy (44), WSe, (42, 43)
and MoSey (221) as well as Fe-doped MoS, (222) are the only TMD DMS monolayers
that presented room temperature ferromagnetism until now. The magnetism in these
samples were probed by vibrating sample magnetometry and magnetic force microscopy
measurements, as shown in Figure 3.5. It can be observed that V-doped WSy and WSe,
monolayers present a tunable magnetism by varying the dopant concentration, with optimal

vanadium concentrations of 2% and 4% (44, 43), respectively.

Figure 3.6 schematically shows the introduction of spin-polarized vanadium atoms
in a TMD monolayer and the subsequent dopants spin alignment. This magnetization can
occur by a direct or indirect mechanism. The first one is related to the direct exchange
between localized dopant states (223), while the later one is associated with the indirect
exchange mediated by free carriers of the host material (which is described by the RKKY
(224) or the Zener model (225)). For instance, scanning tunneling microscopy and transport
measurements in the vanadium-doped WSes monolayer showed the hybridization between
the vanadium dopant states with the host valence band and the presence of free holes in
the hybridized band (226), giving an experimental evidence of the Zener-type itinerant
magnetism, which was previously predicted by DFT calculations (220). On the other hand,
V-doped WS, monolayers still require experimental confirmation of their magnetization
mechanism. In addition, among the significant challenges to be overcome in this field such as
the gate-tunability manifestation and the necessity of enhanced magnetic moments in these
materials (165, 166), there is also a fundamental necessity for broadband optical, magneto-

optical and electronic structure characterization of these doped 2D semiconductors.
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Figure 3.5 — Room temperature ferromagnetism in vanadium-doped TMD mono-
layers. a Room temperature magnetometry measurements for V-doped WS,
monolayers showing the tunable magnetic response under increasing V dop-
ing. Adapted from: (44) b,c Magnetic force microscopy and magnetometry
measurements for V-doped WS, monolayers. Adapted from: (42) and (43).
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Figure 3.6 — Schematic representation of a TMD DMS monolayer.

3.3 2D Heterostructures

While 2D materials were being extensively studied and characterized, there
was also a great effort on thinking of new ways to apply and discover novel physical
phenomena using them. Thus, the idea of vertically stack distinct layered materials
together and tune their properties emerged and ever since it is attracting a great interest
due to the large possibilities of building new structures (46, 47, 48, 49, 32). For these
vertical heterostructures, after isolating the monolayers of the chosen materials, they are

assembled one on top of each other in the desired sequence by a transfer process (46). This
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Lego-like atomically thin building blocks is schematically shown in Figure 3.7. The first
heterostructure of 2D materials to be introduced was a monolayer of graphene stacked
on top of few layers of h-BN, in 2010 (9). It was shown that h-BN is a good substrate
because it is flat and has a smooth surface with a small number of dangling bonds and
charge traps. After that, other heterostructures started to be experimentally introduced

showing potential to be used beyond than for a substrate improvement (227, 228, 229).

Figure 3.7 — Vertical assembling representation of 2D materials in a heterostruc-
ture building process. Adapted from: (46).

Likewise, the idea of building TMD vertical heterostructures have also attracted
a great interest since their electronic properties as band gap, work function and spin-orbit
coupling strength considerably vary between different TMD monolayers (230, 231, 98, 232),
raising the possibility of tuning these properties in distinct ways. Therefore, several
works started to be done on these heterostructures and theoretical results presented strong
modifications in their electronic band structure with respect to each pristine monolayer that
constitutes these stacked materials (233, 234, 142, 235). For instance, it has already been
shown a moiré periodic potential due to a lattice mismatch or rotation between layers (234),
expanding their engineering potential. Moreover, because of the band alignment between
each TMD layer, the valence band maximum and the conduction band minimum can be
placed in different monolayers. Hence, there is an emergence of a bound electron-hole pair
where the electron and hole are in different layers, called as interlayer exciton (236, 237).
In particular, interlayer excitons exhibit distinct properties that are not presented by
conventional direct excitons, such as a longer lifetime (238, 239), electrical control of the
optical and transport properties (240, 241, 242) and a quantum manipulation of a trapping

periodic potential that arises from the moiré pattern(243). All these features make the
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TMD heterostructures an excellent platform for exploring these new phenomena.

Beyond the vertical heterostructures, that is also another family of 2D assembled
materials known as lateral heterostructures (LHs). While vertical heterostructures present
an out-of-plane heterojunction between the layers, in the LHs this heterojunction is in-
plane, which makes them useful for different applications. The heterojunctions are the
lateral interfaces between the 2D materials in these heterostructures and they play a major
role in the novel physical phenomena observed. For instance, the heterojunctions of TMD
based LHs revealed themselves great candidates to be used as a p-n junction building
blocks (49, 244) in optoelectronic devices. Besides, it has been probed a charge transfer
phenomenon at the heterojunction of these LHs, which facilitates exciton dissociation and
charges propagation (245). Figure 3.8 schematically shows the TMD lateral and vertical

heterostructures as well as their charge transfer, interlayer exciton and moiré exciton

features.
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Figure 3.8 — TMD heterostructures and their charge transfer, interlayer exciton
and moiré exciton phenomena. Adapted from: (246).

Despite all the effort in the past years to develop the TMD LHs fabrication,
a high-quality and controllable growth method able to provide sharp and defect free
heterojunctions remained challenging. The first and most reported growth technique of
2D TMD LHs is the sequential edge-epitaxy through chemical vapour deposition that
have been implemented in distinct ways, such as: single-step (247, 248, 249), two-step
(250, 251), multi-step (252), and one-pot (253) methods. The reasonable small lattice
mismatch between the distinct TMD materials allows this epitaxial growth. However, to
achieve a high standard growing process is not that simple. In the single step method, for
example, there is a significant alloy formation in the heterojunctions, a limitation in the
chosen pair of TMDs and a lack of control in the growth process. It happens because the
single-step method place both TMD powders in the same boat and they are simultaneously
heated to their vapour phase and condensed side by side in the substrate. Therefore,
besides the noticeable absence of control, the simultaneously condensation do not enable
a sharp transitions in the heterojunctions and requires TMDs that have similar growth

parameters. On the other hand, the two- and multi-steps methods improved these points
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by growing distinct materials domains separated in different chambers. Therefore, they
present a larger growth control, a smaller formation of alloy and more freedom in the
materials choice in comparison with the single-step method. Nonetheless, the chambers
exchange exposes the edges to ambient contamination, compromising the purity of the
heterojunctions. Recently, the one-pot method has experimentally shown to provide pure
and atomically sharp heterojunctions in a controllable fabrication of these heterostructures
(253). As in the single-step method, it uses a single solid source of TMD powders. The
difference is the selectively growth of each material domain only by switching the carrier

gas, allowing a pure and abrupt transition in the heterojunctions.

Until now, MoSs—MoSey (247), MoSa—WS, (248, 254, 50, 253), MoSs—WSe,
(251), MoSes— WS, (252), MoSey—WSe, (249, 250, 50, 253, 255) and WS, —WSe, (247, 252)
are types of 2D TMD LHs already synthesized by those different growth methods. The
heterojunctions of these LHs have been widely investigated by different techniques such
as scanning transmission electron microscopy (STEM) (247, 248, 254, 50, 253, 251, 252,
249, 250, 255) and scanning probe microscopy (SPM) (254, 256), as well as Raman and
photoluminescence (PL) spectroscopy (247, 248, 254, 50, 253, 251, 252, 249, 250, 255).
Nevertheless, high excitation density phenomena and nonlinear effects have been barely
explored in such heterostructures (50, 251, 246). Hence, these are subjects of study in this

thesis.
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4 Optical Techniques

In Chapter 2 we showed that many of the remarkable properties of 2D TMD ma-
terials are associated with their optical phenomena and electronic structure. Subsequently,
in Chapter 3 we discussed about defects that are commonly present in TMD samples.
Now, we will focus on how these defects can affect the optical and electronic properties
of these materials. Thereunto, we will introduce some of the main linear and nonlinear
optical techniques used to study TMDs. For each technique, we are going to show their
potential for characterization and investigation of 2D TMDs, providing a review on the
optical responses of distinct TMD defects and how they manifest through these different

optical techniques.

4.1 Absorption Spectroscopy

In a classical perspective, light is described as an oscillating electric field. The
electric field propagation depends on the refractive index of the medium, in which the
imaginary part of the refractive index is related to the attenuation of the electric field
amplitude (24), i.e., the absorption of light by the medium. In a dipole approximation, the
Lorentz oscillator model shows that the absorption coefficient present resonances when
the light frequency matches with the normal vibrational modes (24). However, although
this approach reasonably explain some qualitative features of the light absorption, to
understand the interband optical transitions in semiconductors we need to consider the
particle behavior of light and the material band structure (24). As shown in Figure 4.1,
semiconductors present a band gap between their valence and conduction bands, which
can be direct or indirect in momentum. For a direct band gap semiconductor, an optical
interband transition might only happen if the photon energy hAw is greater than the band
gap energy F,. In an indirect band gap semiconductor, besides the energy threshold
there is also a momentum conservation to be satisfied. As the photon momentum can
be neglected in this scenario, the indirect interband transition should be mediated by a

phonon, which diminishes the absorption quantum yield.

The transition rate for a direct optical absorption can be given by the Fermi
golden rule (24):

2T
Wip = M Pg(lo), (1)

in which W;_,; is the transition rate between initial and final electronic quantum states,
M = (f||H'||i) is the matrix element that describes the effect of the light perturbation
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Figure 4.1 — Light absorption and emission processes in direct, indirect and
defective semiconductors.

Hamiltonian H’ on the electrons and g(Aw) is the joint density of states that depend on
the energy difference Aw between the initial and final states. Hence, we can observe that
this description consider the quantum character of the light-matter interaction as well as
the band structure of the material. In an experimental point of view, for 2D materials
both sample and substrate will contribute in the light absorption. Therefore, the material
absorption coefficient a(fw) can be calculated from the relative difference between the
sample and substrate reflection spectra Rsgmpie and Rsypstrate, respectively, being known

as a differential reflectance (or contrast reflectance) measurement (257):

AR Rsam e RS’LL strate 4 samptie
_ pl bstrate __ HMsampl a(hw), (4.2)

2
R Rsubstrate Ngubstrate — 1

2

“ubstrate A€ the sample and substrate refractive indexes, respectively.

where nggmpie and n

Figure 4.2 shows the differential reflectance spectra of distinct 2D TMDs (258).
Conversely to the threshold behavior with respect to the band gap commented above, these
2D materials present resonant absorption responses even below the band gap (257, 258).
As discussed in Chapter 2, these observed peaks are related to excitons in these materials,
which displays an energy smaller than the energy of the band-to-band transition (Equation
2.3). Moreover, as we discussed in Chapter 3 several reported defects in TMD monolayers
introduce mid gap states in these materials (see Figure 4.1), modifying the electronic
transitions in these materials. Hence, defective TMDs can also present additional lower
energy peaks in their absorption spectra related to the optical transitions to the mid gap
states (259). Thus, absorption measurements are capable of probing excitonic features as
well as defect states in 2D TMDs.
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Figure 4.2 — Differential reflectance spectra of different TMDs with distinct
thicknesses, showing their excitonic resonances. MoS,, MoSe, and
WS, mono and fewlayer samples exhibit absorption peaks related to their
A, B and C excitons, while WSe, samples also present a forth absorption
resonance that is being called as a D transition. Adapted from: (258).

4.2 Photoluminescence Spectroscopy

Excited electrons in the conduction band of a semiconductor always tend to return
to their fundamental state, i.e., to the valence band. Thereunto, two distinct transition
mechanisms can happen: radiative and/or nonradiative recombinations. The transition
is radiative when the electron energy loss occurs through a photon emission, while the
nonradiative does not involve light and is generally related to the creation of phonons. If
the electron is excited above the conduction band minimum, there are usually multi-step
nonradiative intraband relaxation processes until it reaches the bottom of the conduction
band. From this point, for a pristine sample the interband transition to the valence band
maximum must be direct (in the sense of a single-step transition), and there is a probability
dispute between the radiative and nonradiative decays. For direct band gap semiconductors,
the radiative recombination probability overcomes the non-radiatiive path, presenting thus
optical transitions strongly associated with light emission. On the other hand, the radiative
transition in indirect semiconductors is less efficient, resulting in a lower light emission.
These processes are also represented in Figure 4.1 and they depict why the direct band
gap TMD monolayers present a remarkable light emission with respect to the indirect

band gap multilayers.

The light emission phenomenon associated with an optical transition have different

names depending on the origin of the electronic excitation. For instance, when the excitation
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comes from an electric current, this luminescence process is called electroluminescence. In
this thesis we are more interested in another process: when the light emission follows light
absorption, which is known as the photoluminescence (PL) effect. As well as for the light
absorption, the light emission intensity in a direct semiconductor is also proportional to
the square of the matrix element and to the joint density of states (Equation 4.1). However,
the PL intensity will also depend on the occupancy level of the conduction band where

the transition comes from.

Since excitons play a significant role in 2D TMDs, their PL is also dominated
by excitonic responses. And similarly to the absorption transitions, defects can also
modify the electronic decays in these materials. Distinct defects will affect the TMD PL in
different ways, but their main modifications are usually related to the PL emission intensity,
energy, spectral shape, dynamics and new peaks. Defects can act both as introducing or
suppressing nonradiative decay channels, which impacts the radiative transition probability
and therefore the PL intensity. As defects can change the structural parameters of TMDs,
a band structure renormalization might happen, leading to a distinct band gap and an
energy shift in the PL peaks. The PL spectral shape should also reveal the presence of
defects, as the broadening of the PL linewidth can be related to the inhomegeneity of the
electronic properties over the sample. The dynamics of the optical transition would also
be modified by defects, as will be discussed in section 4.5. Besides, the introduction of
defective mid gap states can lead to lower energy PL peaks, that are in general highly
dependent on the temperature and the pumping power. Regarding the optical transition
associated with the conduction band, in a low excitation regime there will always be
unoccupied states for electrons to be excited. Therefore, doubling the pumping power
means doubling the occupancy level at the conduction band, which will also double the PL
intensity. On the other hand, defective mid gap states are localized, which means that they
present few empty states. Hence, from a certain pumping power there is an occupancy
level saturation, and the defective PL peak will not linearly increase with the incident
power (260). Also because of the localization character of the defective mid gap states, at
higher temperatures electrons might escape from these levels through thermally induced
nonradiative recombinations. Therefore, the lower energy PL peaks associated with defects

are usually more intense (or are only present) at low temperatures.

Carozo et al. (83) have probed the impact of vacancies in an as-grown WS,
monolayer through PL measurements. They have shown a higher presence of sulfur
vacancies at the monolayer edges corresponding to a lower energy PL peak, as shown in
Figure 4.3a. Later, Mitterreiter et al. (170) performed annealing and He-ion bombardment
in a MoS,; monolayer to study how the desorption of adsorbents and the generation of
vacancies impact the sample light emission. As displayed in Figure 4.3b, they showed a
broad PL peak associated with adsorbed atoms and molecules in contrast to a narrow PL

response coming from the localized vacancy states. The PL emission related to atomic and



4.2. PHOTOLUMINESCENCE SPECTROSCOPY 75

molecular adsorbents was also investigated in aged WS, monolayers (189). While fresh
samples presented no defective PL peaks, the aged samples displayed a broad lower energy
PL peak due to the adsorption of oxygen and organic molecules. This broad character of
the light emission associated with these adsorbents was explained by the large number
of defective states that they introduced in the material gap (189). Oxygen also play a
major role in the TMD monolayer light emission by passivating defects. Its adsorption at
MoS, and WS, edges and/or vacancy sites suppresses nonradiative decay channels and
promotes an exchange between trion and exciton populations owing to changes in the

sample doping, inducing an enhancement of the PL intensity (77, 182).
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Figure 4.3 — Low temperature PL spectra of MoS,; monolayers with sulfur va-
cancies and adsorbents. a Optical image, low temperature PL spectra, PL
mapping and PL intensity profiles of a MoS; monolayer with sulfur vacancies
showing a low energy peak at the sample edges. Adapted from: (83). b Low
temperature PL spectra of a MoS, monolayer with adsorbents and sulfur
vacancies after annealing and He-ion bombordment. Adapted from: (170).

Substitutional dopants can also deeply affect the light emission of TMD monolayers.
Beyond the introduction of donor or acceptor levels, these dopants might also shift the
valence and conduction bands of the TMD sample, leading to modifications in the intensity
and energy of PL peaks. For instance, Nb-doped MoS, (261) and WS, (262) monolayers
display an enhanced, broadened and redshifted PL emission with respect to the pristine
samples. Co-doped MoS, monolayers present a blueshifted A exciton PL peak with a
reduced intensity and the emergence of a higher energy PL peak (40). A PL quenching
is noted for Re- (263) and Mn-doped (264) MoS; monolayers as well. However, MoS,
monolayers doped with Re present an energy redshifting, while the Mn-doped samples
show a blueshifting in its PL emission. A reduction in the PL intensity is also observed for
Fe-doped MoS, and WS, monolayers, corresponding to a blueshift and a redshift in energy,
respectively (222, 41, 265). In a V-doped WSe; monolayer the trion PL peak overcomes
the exciton emission, whereas a lower energy PL peak emerges due to V defective levels
inside the gap (266, 267). Finally, V-doped WS, monolayers also exhibit two quenched
PL peaks in contrast with the single A exciton PL peak from the pristine WSy (44, 268).
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Nonetheless, the origin of these peaks still lacks investigation and were thus object of
study of this thesis as it is going to be presented in Chapter 6. Figure 4.4 shows some of

these PL modifications related to substitutional dopants commented above.
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Figure 4.4 — PL spectra of TMD monolayers doped with transition metal atoms.
Adapted from: (261) (a), (40) (b), (264) (c), (265) (d), and (268) (e).

Another defect that impacts the PL features of TMD monolayers is grain bound-
aries. To investigate the modifications in the light emission of TMD samples due to defects
restricted to a specific region — such as grain boundaries —, PL. mappings are usually
employed. As discussed in Chapter 3, the relative orientation and the edge termination of
the grains influence the grain boundary properties. However, in general the PL emission
of grain boundaries is enhanced and blueshifted with respect to the middle of the grain
(71, 79, 192, 178), as shown in Figure 4.5. PL mappings are also performed to investigate
other spatial inhomogeneities related to defects. For instance, through PL mapping we
revealed that CVD grown WS, monolayers present a line from the flake center to their
convex vertexes in which the introduction of dopants is energetically favorable (178).
Although confocal PL mapping is a powerful tool, it is worth to comment that it presents
a spatial resolution limitation of hundreds of nanometers due to the diffraction limit of
light. To overcome this limitation, near-field optical techniques can be used, as will be

discussed in section 4.4.

Strain fields are another source of disturbance in the light emission of TMDs.
Strain causes a renormalization of the band structure of TMD samples, and thus shifts in

the PL emission are generally related to this defect (269, 270, 198). As shown in Figure
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Figure 4.5 - PL mapping of MoS, monolayers showing an enhanced and
blueshifted emission from grain boundaries. Adapted from: (71) (a-c)
and (192) (d-f).

4.6a, it is possible to engineer strain field in TMDs, providing an external control of the
energy of the PL peaks of these materials (269, 270, 198). Moreover, as the renormalization
of the electronic bands is not the same for distinct valleys, it is possible to induce a
transition from an indirect to a direct band gap (or the contrary) by applying a tension
in the sample. For instance, WSe; multilayers have shown a remarkable enhancement in
their PL emission from a certain percentage of strain due to a transition to a direct band

gap (271), as displayed in Figure 4.6b.

4.3 Raman Spectroscopy

When light interacts with matter distinct phenomena can happen beyond ab-
sorption, such as reflection, transmission, refraction, diffraction and scattering. The later
one is usually an elastic process, i.e., the scattered light has the same energy of the
incident light. This elastic scattering is called as Rayleigh scattering. Besides, although
less efficient, there is also an inelastic scattering of light that provides information about
the medium. This inelastic effect is known as Raman scattering and it is employed to
investigate vibrational properties of several materials, since the energy difference between
the incident light and the Raman scattered light is related to the energy of the normal
vibrational modes of the material. In a classical analysis, the scattered light will depend on
the material polarization P induced by its interaction with the incident oscillating electric
field E = Eqcos (kr — wt), in which k is the wave vector and w is the frequency of the
incident light. This relation is mediated by the material susceptibility tensor x (272):
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Figure 4.6 — Strain engineering in 2D TMDs. a PL spectra of a MoS; monolayer re-
vealing a controlled energy redshifting under increasing tensile strain. Adapted
from: (198). b Indirect to direct band gap transition in a WSey bilayer induced
by strain. Adapted from: (271).

P = ¢ xE, (4.3)

where €, is the free space permittivity. The susceptibility tensor, in its turn, is dependent
on the the electric field frequency w and the material oscillations @ = Qg cos (gqr — wot),
in which q is the wave vector and wy is the frequency of a normal vibration mode of the
material. In a first approximation we can expand x(w, Q) in a Taylor series and consider

the first two terms. Hence, the material polarization can be written as (272):

P:EO

%
x(w,0) + <8Q>

Qo cos (gr — wot)] Eq cos (kr — wt), (4.4)
Q=0

in which (%) is the polarizability of the material. Following, the polarization equation

can be expanded as (272):

QoEy cos (gqr — wot) cos (kr — wt).  (4.5)

0
P = ¢yx(w,0) Ep cos (wt) + € <X>
Q=0

oQ

The first term of Equation 4.5 presents the same frequency w of the incident
electric field, being thus associated with the Rayleigh scattering. On the other hand, by

multiplying the cosine functions of the second term we have:

cos (qr — wyt) cos (kr — wt) = ;(cos [(k+ q)r — (w+ wo)t] + cos[(k — q)r — (w — wp)t]).
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Therefore, the second term of the polarization vector is related to the Raman scattering,
that presents scattered frequencies of w — wy (Stokes shift) and w + wy (anti-Stokes shift),
which can be used to investigate the vibrational modes wy of the material. Looking at
Equation 4.5, we should note that a vibrational mode is active in Raman only if its
polarizability is nonzero, making the active Raman and infrared modes different (272).
Furthermore, as the susceptibility tensor is also dependent on the incident light frequency
w, the intensity of the Raman scattering should also vary with the excitation energy.
However, to have a better understanding of this excitation energy dependence a quantum

description of the Raman scattering is required.

In a quantum perspective, the Raman scattering can be understood in terms of
the creation or annihilation of a phonon. A first order Raman effect involves three quantum
processes: an electronic transition from an initial state |i) to an intermediate state |a),
a phonon creation or annihilation leading the system to another intermediate state |b),
and an electronic decay to a final state |f). Solving the Schrodinger equation of this third
order process with time dependent perturbation theory, the Raman intensity can be given

by the following Fermi golden rule (273):

I(Epump) = C Z (f|He—r|b) <b|He—ph|Cl> (a|Hq_.|7)

. — |, 4.6
ab (Eg - Epump + ZV)(EQ - Epump + Eph + 27) ( )

in which the numerator present the matrix elements of the absorption of the incident
photon, the creation of one phonon and the emission of the scattered photon mediated by
the Hamiltonians of the electron-radiation (H._,) and electron-phonon (H,_,y) interactions.
The resonant behavior of the first order Raman scattering is presented in the two terms
of the denominator, in which there is an enhancement of the Raman intensity when the
energy of the incident (Epy,p) or scattered (Epump — Epp) photons matches with the allowed
electronic transitions energies (£, ). Finally, E,, is the phonon energy related to an specific
Raman mode and + is the damping factor associated with the inverse lifetime of the excited
electronic state. This resonant Raman process is schematically represented in Figure 4.8.
For 2D TMDs, Raman resonances are strongly dependent on excitonic effects, in which £,
are thus the energies of the exciton states. For instance, Del Coro et al. (52, 274) have
investigated the Raman excitation profile of WSey; and WS, samples, revealing enhanced
Raman intensities in resonance with distinct excitons of these materials, as shown in
Figure 4.7.

The quantum processes associated with the first order Raman scattering are
presented in Figure 4.8. It is worth commenting that the momentum of the incident and
scattered photons is negligible in comparison with the momenta of the phonons outside
the I' point in the Brillouin zone of TMDs. Therefore, first order Raman processes in

pristine TMD samples only create or annihilate phonons close to the I' point (i.e., with
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Figure 4.7 — Raman excitation profiles (REPs) of 2D TMDs. Top graphs: WSe,
monolayer, bilayer and trilayer REPs related to their degenerated A;,+E,,
modes. Adapted from: (52). Bottom graphs: WS, monolayer REPs related to
its Ay, Egy and 2LA modes. Adapted from: (274).

q ~ 0) to obey the momentum conservation (273). Phonons outside the I" point can be
created or annihilated in a second order Raman effect, represented in Figure 4.8. This
second order scattering involves two phonons, and if their wave vectors ¢ present opposite
directions it is possible to conserve momentum (273). This momentum conservation can
also be respected for phonons with finite ¢ in a first order Raman process in a defective
TMD sample, since defects can scatter electrons with the required momentum (273). Thus,
Raman spectroscopy is a powerful tool to probe defects in 2D TMDs. To exemplify these
commented features, Figure 4.9 shows Raman spectra of a pristine and defective MoS,
monolayers. While the pristine sample only displays the first order Ey,(I') and A4, (")
modes and the second order 2LA(M) mode, defective monolayers also presented the first
order LA(M) mode (275).

Beyond the emergence of first order Raman modes outside the I' point, defects can
also affect the intensity, frequency and linewidth of Raman peaks in 2D TMDs. Similarly to
PL, strain engineering can be used to tune the frequency of Raman modes in TMD samples
(276, 277, 270, 198), as shown in Figure 4.10a. The E,; mode displays a stronger frequency
shifting with respect to the A;,. Besides, from a certain strain value the E;; Raman peak is
splitted in two due to a lattice symmetry breaking (276, 277, 270, 198). Electrical doping
provokes Raman frequency shifting and broadening as well. But contrary to strain, the
frequency and linewidth of the A;, peak are more sensitive to doping effects than the E,
mode (278), as displayed in Figure 4.10b. Finally, other defects such as vacancies (279),

substitutional dopants (176) and grain boundaries (192) are also commonly related to
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Figure 4.8 — First order, second order and resonant Raman processes represen-
tation.
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Figure 4.9 - Raman spectra of MoS, monolayers showing an increased intensity
of the LA mode with respect to the defect concentration. The defect
concentration is indirectly given by Lp, that is the mean distance between
defects. Adapted from: (275).

modifications in the Raman modes, since they might induce doping effects and changes in

the TMD lattice parameters.

4.4 Tip-Enhanced Photoluminescence and Raman Spectroscopies

As discussed so far, confocal optical techniques such as PLL and Raman spectro-
scopies are ideal for probing optical features that exhibit a pm-scale uniform response

in 2D TMD samples. However, when these samples present a nanoscale inhomogeneity,
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Figure 4.10 — Strain and doping effects in the Raman spectra of MoS; monolayers.
a Raman spectra of a MoS,; monolayer revealing an energy shift and splitting
of the Ey, mode under increasing strain. Adapted from: (276). b Raman
spectra of a MoSs monolayer showing an energy shift and broadening of the
A, mode under increasing doping. Adapted from: (278).

we might consider the diffraction limit of light. According to Abbe (280), two punctual

objects can be resolved if their distance Az is greater than:

0.61A

nsinf’

Az >

(4.7)

where A is the wavelength of light, n is the refractive index of the medium and @ is the
maximum angle with respect to the normal direction in which light is collected. Besides,
nsin @ is also called the numeric aperture (NA) of an objective lens. Therefore, by using
light with a lower wavelength and objective lens with high NA to collect more wave vector
components of the emitted light it is possible to improve the spatial resolution of the
measurement. However, for excitations in the visible range, the best spatial resolution that
can be achieved is still in the hundreds of nanometers (even using oil immersion objectives
with NA values greater than 1). This happens because there is also an evanescent part
of the wave that does not propagate far from the vicinity of the emitting source (280),
which is thus not detected by confocal measurements. And as the evanescent field intensity
exponentially decays in few nanometers, there is no superposition between the evanescent
components from emitting sources that are spatially separated by more than a dozen
of nanometers (280). Therefore, a possible mechanism to improve the spatial resolution

involves collecting this near-field light emission (280).

There are distinct near-field optical techniques that have shown an improvement
in the spatial resolution, such as scanning near-field optical microscopy (SNOM) and

tip-enhanced photoluminescence (TEPL) and Raman spectrocopy (TERS). In this thesis
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we will focus on the tip-enhanced optical spectroscopies. This tip-enhanced technique
combines a confocal spectroscopy with a scanning probe microscopy, as schematically
represented in Figure 4.11. The objective lens focus the incident light on the sample,
while the scanning probe tip — placed few nanometers above the sample — acts like an
antenna that enhances and propagates the near-field component of the emitted light due
to a plasmonic effect (280). As the near-field amplitude becomes much stronger than the
far-field signal, the detected light in this tip-enhanced measurements is dominated by the
evanescent field. Therefore, the measured optical response is dominated by the localized
emission that interacts with the antenna, and the spatial resolution of the measurements
is thus determined by the tip diameter (280). Hence, these tip-enhanced optical techniques
are powerful tools to investigate nanometric features associated with defects in 2D TMDs
(56, 57, 58, 59).

Figure 4.11 — Representation of the tip-enhanced optical spectroscopy concept.

Grain boundaries, edges, strain, wrinkles, lateral interfaces and other inhomo-
geneities are examples of defects that have already been probed by TEPL and TERS
measurements in TMD samples (56, 57, 58, 59). For instance, a distinct light emission
was observed in nanometric width regions at MoSs monolayer edges. As shown in Fig-
ures 4.12a,b, TEPL measurements revealed an enhanced and blueshifted PL emission at
these edges (281). TERS measurements was also employed to study the electron-phonon
interactions at 2D MoS, edges. It was demonstrated that edges in a MoS, bilayer and
between MoS, monolayers and bilayers can induce a Raman mode at 396 cm~! activated
by a double resonance Raman scattering process (282). Moreover, the distinct A, mode
frequency shifting at different MoS, edges showed a new method to determine the edge
termination type in these materials (282), as displayed in Figure 4.12c. Another defect

that has also been investigated by TERS and TEPL measurements is strain. Nanoscale
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strain fields can be either engineered in TMD samples by transferring them on top of a
nanostructure (283) as well as occasionally generated by the emergence of wrinkles or
bubbles during the exfoliation process (284, 285). TERS and TEPL mapping showed to
be capable of measure the strain magnitude induced by Au nanostructures in a MoS,
monolayer (283) and probe a very narrow wrinkles in a WSey monolayer (285), MoSs
monolayer (284) and MoS, twisted bilayer (286), as shown in Figure 4.13. TEPL and
TERS measurements also revealed optical features from nanoscale heterojunctions of TMD
lateral heterostructures. For instance, Shao et al. (287) studied the atomic diffusion in
a bilayer WS, /MoS, heterojunction with TERS and TEPL mapping, while Sahoo et al.
(256) determined the alloy formation and analyzed aging effects in distinct interfaces of a

monolayer WSey/MoSe, lateral heterostructure through TEPL measurements.
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Figure 4.12 — Tip-enhanced optical techniques probing edges in MoS, monolay-
ers. a,b TEPL mapping of a MoS; monolayer showing an enhanced and
blueshifted emission at its edges. Adapted from: (281). TERS spectra along
MoS, monolayer edges revealing the distinct frequency shifting of the A4,
mode in zigzag and armchair edges. Adapted from: (282).

As commented in section 4.2, although confocal PL measurements probed optical
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Figure 4.13 — Nanoscale strain engineering in TMD monolayers probed by tip-
enhanced optical techniques. a AFM measurement and TERS intensity
map of a MoS, monolayer on top of Au nanostructures showing an enhanced
Raman intensity in the strained regions. Adapted from: (283). b TEPL
mappings of a WSey; monolayer showing a redshifted and narrower light
emission at a wrinkle region. Adapted from: (285). ¢ TERS intensity map
of a MoS; monolayer showing an enhanced Raman intensity at a wrinkle.
Adapted from: (284).

modifications in grain boundaries, their spatial resolution limitation lead to averaged
responses of a um-scale region that contains this defect. Therefore, to specifically probe the
grain boundary light emission TEPL and TERS mapping should be employed. However,
sometimes the challenges behind these sophisticated techniques difficult the achievement
of desired outcomes. Although grain boundaries have already been investigated by tip-
enhanced optical measurements, we can note that the optimal spatial resolution was not
reached in some reports (288). Moreover, other studies that achieved reasonable spatial
resolution only showed the absence of light emission from grain boundaries (289, 290, 291)
— in contrast with previous PL measurements —, which is presumably due to the fracture
of the material in these regions. These TEPL and TERS mappings of TMD monolayers

grain boundaries are shown in Figure 4.14.

In summary, TEPL and TERS revealed themselves as leading techniques to study
nanoscale defects in 2D materials. However, the diversity of these localized defects are still
much greater than their tip-enhanced optical investigations on account of experimental
challenges. Hence, it is of a great importance to continue developing and employing TEPL

and TERS measurements to explore hindered optical features in TMDs.
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Figure 4.14 — Tip-enhanced optical mapping of grain boundaries in 2D TMDs.
a,b TEPL intensity map and TEPL spectra from a WSe; monolayer showing
a light emission quenching at their grain boundaries. Adapted from: (291).
c,d AFM measurement and TERS intensity map of a MoSe; monolayer pre-
senting cracked grain boundaries with a reduced Raman intensity. Adapted
from: (290). e,f TEPL intensity maps of trion and biexciton peaks in a
MoSey monolayer. Adapted from: (288).

4.5 Magneto-Optics

In Chapter 2 we discussed about the rich spin-valley physics of TMD monolayers.
As commented, K and —K valleys can be separately accessed by circularly polarized light.
However, to probe the valley Zeeman effect in these materials external magnetic fields are
also required. Moreover, spin-forbidden "dark" excitons can also be accessed by applying

magnetic fields. Hence, magnetic-optics is a fundamental tool to study relevant phenomena

in 2D TMDs.

Magneto-PL and magneto-absorption spectroscopies are optical techniques widely
used to investigate the valley Zeeman effect and dark excitons in 2D TMDs. The valley
Zeeman effect consists in the breaking of the band gap degeneracy between K and —K
valleys by applying an external perpendicular magnetic field (see Chapter 2, section 2.22).
This energy splitting is fundamental for valleytronics and spintronics applications, and
its strength can be valued by the g-factor for each optical transition (Equation 2.12).

Circularly polarized PL (or absorption) measurements can provide the optical transition
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energies from K and —K valleys individually. Thus, circularly polarized magneto-PL
measurements are able to provide these transition energies as a function of the applied
magnetic field. As shown in Figure 4.15, PL spectra of a TMD monolayer detected with
ot and o~ circular polarization are similar at 0 T (149), as expected. At 7 T, o™ and o~
PL spectra are shifted in opposite directions due to the valley Zeeman effect (149). And
plotting the difference between ot and o~ PL energies (i.e., the valley Zeeman splitting)
for all measured magnetic fields it is possible to extract the respective g-factor by the
linear fit of the data (149) (Figure 4.15). Several works have measured g-factor values
close to —4 for the exciton A, exciton B, trion and biexciton transitions in distinct TMD
monolayers (146, 147, 148, 149, 151, 152, 153, 154, 155). For that magnitude of valley
splitting, strong magnetic fields would be required for application purposes. Therefore,
there is a great interest in the defect engineering of these materials to tune their magnetic

properties in order to achieve higher g-factors.
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Figure 4.15 — Magneto-photoluminescence measurements showing the valley
Zeeman splitting for a WSe, monolayer. Adapted from: (149).

As mentioned in Chapter 3, the introduction of spin-polarized metal atoms
as substitutional defects in TMD monolayers can induce magnetic responses on them.
Regarding the valley Zeeman effect, the A exciton of Co-doped MoS,; monolayers showed
an enhanced g-factor of —15 (40), while Fe-doped MoS,; monolayers revealed g-factors as
high as —20 for their A exciton (41), as shown in Figures 4.16a,b. This greater magnetic
response owns to the interaction between the MoS, electronic bands with the localized
magnetic moments of the dopants. Moreover, Wang et al. (292) also studied the valley
Zeeman splitting associated with defect-bound excitons in a MoS; monolayer with sulfur
vacancies. Contrary to the doped samples, the A exciton showed no enhancement in
its g-factor value. On the other hand, the lower energy optical transition related to the
vacancy mid gap state presented a greater g-factor value of —6.2, as displayed in Figure
4.16¢. This higher value is due to the increased effective electron mass at the mid gap
state as well as its distinct orbital magnetic moments with respect to the conduction
band. Heterostructures are also being engineered to provide stronger magnetic effects
in TMDs. For instance, interlayer excitons in a MoSe;/WSey vertical heterostructure

with a 60° (AB) stacking angle showed enhanced g-factor values ranging from —10 to
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—15 (154, 293) and opposite helicities between singlet and triplet states (293). The AB
stacking leads to interlayer optical transitions between K and —K valleys, which explains
the increased valley Zeeman splitting (that can be quenched by the effect of moiré patterns
(294)). Besides, a magnetic proximity effect in a WSey/NiPS;3 heterostructure induced
quantum light emitters with a high degree of circular polarization and a g-factor value of
approximately —5 (295). Finally, it was demonstrated an increased g-factor value of —14
for a phase engineered WSey; monolayer owing to the exchange interaction between the
2H phase WSe;y with the local induced magnetic moments of the T phase domain (296).
Thereby, these reports show the potential of the defect engineering in tuning the valley
Zeeman effect in TMDs.
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Figure 4.16 — Valley Zeeman splitting of Fe-doped, Co-doped and sulfur vacancy
MoS, monolayers. Adapted from: (40) (a), (41) (b) and (292) (c).

Another possibility that magneto-optical experiments open up is to study the light
emission from spin-forbidden dark excitons. TMD monolayers present two types of dark
excitons: momentum- and spin-forbidden excitons. In the momentum-forbidden exciton
the electron and hole occupy distinct valleys, and thus their radiatively recombination
only occurs if assisted by a phonon. Besides, when the electron and hole are in the same
valley but in bands with opposite spins — that are perpendicular to the material surface

—, the radiative transition is also forbidden. However, this transition can be brightened
by applying an external magnetic field parallel to the sample plane, which leads to spins
tilted away from the surface normal direction. Therefore, the spins will share a component
in the same direction, being able to radiatively recombine. This magnetic brightening of

the spin-forbidden dark exciton has already been reported for distinct TMD monolayers
(297, 298).

4.6 Time-Resolved Optics

Until now we have only discussed stationary optical effects, i.e., when the sample
is continuously excited and its emission is acquired over long periods of time (>> ns).

However, from the moment that the sample is pumped by an incident photon to the
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moment that the respective emitted or scattered photon is released, distinct phenomena
that impacts the material optical properties happen. Therefore, time-resolved optical
measurements are of a great importance to study this electronic dynamics. Now we will
comment about the charge carriers dynamics in 2D TMDs, the different measurements

that are able to probe it and the role of defects in these phenomena.

Figure 4.17 summarizes the electronic dynamics in a direct gap semiconductor,
and a detailed discussion about the following description of this dynamics can be found
in Refs. (299, 300). When a semiconductor is pumped by a monochromatic laser with an
energy greater than the band gap, electrons from a narrow energetic range in the valence
band are excited to a narrow energetic range in the conduction band, leaving holes at their
initial states. In a first moment, the carrier-carrier scattering promotes the thermalization
of these hot electrons in the conduction band. Meanwhile, in 2D TMDs it is observed
the formation of excitons in these excited states. In the subsequent time domain, there
is an excitonic and electronic relaxation owing to the carriers interaction with phonons.
When carriers and excitons achieve a thermal quasi-equilibrium with the lattice, they are
found at the band edges and at the fundamental 1s state, respectively. Finally, during
these dynamics electrons and holes recombine both radiatively and nonradiatively. It
is important to comment that although each of these phenomena display distinct time
scales, they can happen in parallel. That is, relaxation also occurs over the electronic
thermalization, as well as hot carriers can recombine before their full relaxation. The time
scale in which these effects are noted in 2D TMDs is faster than in bulk semiconductors or
quantum-wells, as they show strong Coulomb interactions due to their reduced dielectric
screening. For instance, it have been reported carrier thermalization (301) and exciton
formation (302, 303) time scales of tens of fs for 2D TMDs, while their cooling process
showed characteristic times of hundreds of fs (301, 304). Lastly, there are distinct reported
time domains for excitonic recombination depending on their mechanism and the sample
crystallinity as will be discussed later. Moreover, these time scales can also change due to
the charge carrier dynamics dependence on the excitation power and energy (305, 302, 306)

— as well as on temperature (307, 308).

Different optical techniques are able to probe this electronic dynamics in TMD
samples, such as pump-probe spectroscopy and time-resolved photoluminescence (TRPL)
(309). As they are related to the time resolving of the optical responses, ultra-short pulsed
lasers are generally required to perform these techniques, in which the laser pulse should
be at least as fast as the time scale of the phenomenon that will be investigated. Pump-
probe spectroscopy consist in pumping the sample with a higher power beam to generate
non-equilibrium electronic states and then use a delayed lower power probe beam to study
the induced modifications in the material optical responses with respect to the delay time
(309). Therefore, the time resolution in pump-probe measurements is basically determined

by the temporal pulse width of the laser. On the other hand, TRPL spectroscopy is based
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Figure 4.17 — Schematic representation of the exciton dynamics in a TMD mono-
layer. The time scales presented at the bottom of the Figure are based on

Ref. (300).

on directly measuring the sample light emission as a function of time (309). Hence, the
time resolution of these TRPL measurements is usually defined by the temporal accuracy

of the detection equipment.

As mentioned, excitons can recombine over a large temporal scale due to the
different possible mechanisms of recombination they present. TRPL measurements in
TMD monolayers have shown that the radiative recombination of their A excitons happens
in few ps (307, 310, 311, 308), while trions exhibit lifetimes of tens of ps (311, 308).
Defective TMDs also present lower energy optical transitions associated with mid gap
states, which radiatively recombine in hundreds of ps (311, 310). These defective levels
are also called as trap states owing to this long-lived character of defect-bound excitons.
Moreover, their long lifetimes favor the light emission quenching due to nonradiative
recombinations by phonon scattering. TRPL spectra of exciton, trion and defect-bound
exciton states are shown in Figure 4.18. Beyond the radiative path, excitons can also
recombine through different nonradiative mechanisms, such as Auger recombination and
exciton-exciton annihilation. The exciton-exciton annihilation is a nonlinear many body
effect in which an exciton recombines transferring energy to another exciton instead of
emitting a photon. Therefore, the exciton-exciton annihilation rate is strongly dependent
on the charge carrier density, and can be calculated from the temporal evolution of the
exciton population through pump-probe measurements (312, 305, 313, 314). A similar
effect is the Auger recombination, that is related to the energy absorption of an electron
hole recombination by a free carrier. For instance, it has been shown that defects can assist
the electron hole nonradiative recombination by Auger processes (315). Time-resolved

optical measurements are thus a powerful tool to investigate the expressive impact of
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defects in the exciton dynamics in TMDs.
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Figure 4.18 - PL spectra and time-resolved PL measurements showing the

lifetimes of the exciton, trion and defect-bound excitons states.
Adapted from: (311).

4.7 Second-Harmonic Generation

The development of high power pulsed lasers also allowed a broad research on
the nonlinear optical responses of distinct types of nonlinear materials (316). Since these
nonlinear phenomena happen due to the modifications in the properties of an optical
medium by its interaction with light, they require large intensities that are usually only
reached by pulsed lasers. In these cases, the optical response of the material becomes
not just linear with respect to the intensity of the applied electric field, but also shows
nonlinear dependencies. As commented in the Raman section, for a conventional linear
response, the time-varying polarization P(t) is related with the electric field strength E(t)
by (317):

P(t) = eox'VE(t), (4.8)

in which (! is the linear susceptibility. However, this expression could be generalized to

also account the nonlinear effects by expanding it in a power series of E(t) (317):

P(t) = e (X E(t) +xP B (1) + XPE () + )

(4.9)
= PUO(t)+ PAt) + POH) +-- -
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with x® and xy® being the second- and third-order nonlinear susceptibilities, respectively.
Note that we are now considering the polarization and electric field vectors as scalars just

for simplicity, but their vector character will be included later.

The second-harmonic generation (SHG) is an example of a nonlinear optical
process in which two photons with the same frequency interact with a nonlinear optical
medium and generate a new photon with twice the frequency, as it is schematically shown
in Figure 4.19. To better understand this nonlinear effect, we shall determine the the
second-order nonlinear polarization P® in terms of an incident oscillating electric field
given by (317):

E(t) = Ee ™ + c.c. 4.10
(t) ,

in which w is the angular frequency and c.c. is the complex conjugate. Thus, the second-

order nonlinear polarization can be derived from (4.9) as (317):

PA(t) = 2egxPEE* 4 (eox P E?e™ ! 1 c.c.). (4.11)

Hence, the second-order polarization has a frequency independent term accounted to
an optical rectification process and a double frequency term that generates the second

harmonic radiation.
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Figure 4.19 — Schematic representation a the second harmonic generation process
(a) An incident photon interacting with a nonlinear medium generating a
double frequency emission and (b) its diagram level representation. Adapted
from: (317).

It can be seen from (4.11) that the SHG contribution is finite only for y(?) #
0. Moreover, the SHG and any other even-order nonlinear process is only allowed for
noncentrosymmetric media, i. e., systems that do not exhibit an inversion symmetry. In the
particular case of second-order optical effects, we can demonstrate this result by looking

for its polarization term (317):
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PA(t) = egx P E2(t). (4.12)

Considering an optical medium with an inversion symmetry, if we change the electric field

sign it is expected that the polarization also has its sign changed. Thereby (317):

—PO (1) = eI [-E®) = e\ E(). (4.13)

By comparing (4.12) with (4.13), we realize that both expressions would only be simulta-
neously true if ) = 0. Consequently, no second-order optical process would be generated

for this electric dipole approximation (317).

Although the polarization and electrical fields were so far presented as scalars
for simplicity, they are vectors quantities. Therefore, the susceptibility terms are in fact
tensors. For instance, x(!) is a second-rank tensor, y(? is a third-rank tensor, an so on.

The polarization vector components are thus (317):
P =e (XS‘)EJ' + XE?I)CEJEk‘ + Xz(?l)clEjEk:El +-- ) ; (4.14)
and the SHG polarization components can be specifically depicted as (317):
PP (2w) = epx (2 E;(w)E 4.15
i (2w) = eoxyi (2w, w, w) Ej(w) By (w). (4.15)

As can be seen, the x(® that describes the SHG has 3 x 3 x 3 = 27 components. However,
due to symmetry restrictions the number of independent terms is significantly reduced

and fortunately we can replace the third-rank susceptibility tensor by a d matrix (317):

dis = XE]Q'I)@’ (4'16)

with ¢ being a three term index representing x, y and z, and s a six term index defined as
(317):

jk: 11 22 33 23,32 31,13 12,21
St 1 2 3 4 5 6

By also applying the Kleinman symmetry condition (317), it only remains 10
independent terms in the d;; matrix for a negligible dispersion and the SHG polarization

matrix equation can be written as (317):
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2
Px(2w) dyy dia dig dia dis dig Y
Py(2w) =260 [dig dog dos doy dis dio ?
PZ(QW) d15 daa d33 d23 d13 dya

(4.17)

Hence, possessing the crystal symmetry and the incident electric field, it is possible

to obtain the second harmonic polarization behavior of the material.

SHG has been used to investigate a variety of condensed matter systems, ranging
from bulk to nanomaterials (318, 319, 320). In particular, SHG has also been used to
probe interfaces in materials that are centrosymmetric due to the symmetry breaking at
the surfaces and interfaces (321, 322, 323) and to identify modifications in the nonlinear
optical susceptibility of layered materials (324). Moreover, polarization-resolved SHG mea-
surements have also shown to provide information about the crystallography orientations of
TMD monolayers (19, 20, 21, 325). As can be seen in Figure 4.20, the hexagonal symmetry
of these 2D materials is revealed by the SHG six-fold intensity pattern.

Figure 4.20 - TMD angular dependence in the second harmonic emission. (a)
The six-fold pattern of a polarization-resolved SHG measurement, (b) the ¢
angle relative to the armchair direction and (c¢) two TMD domains showing
distinct crystallographic orientations. Adapted from: (20)

This SHG angular dependence can be derived from (4.17). For TMD monolayers
with D3, point-group symmetry, the second-order susceptibility has only one independent
nonzero term (20):

2) (2 —

X vy yyx way’

and hence the d matrix could be written as:
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0 0 00 0 dg
dig —dig 0 0 0 0 |. (4.19)
0 0 000 O

Therefore, for an incident electric field with a linear polarization the polarization vector is

given by:
P.(2w) 2E, (w)Ey(w)
Py(20) | = X, | B2(w) - B2(w) |. (1.20)
P, (2w) 0

And by placing a fixed analyzer before the detector, the polarization vector will present the
following dependence with the angle ¢ between the TMD armchair and the electromagnetic

polarization directions (20):

P(2w) - &4 = eox?, E*(w) cos (3¢). (4.21)

As the SHG intensity (2w) is proportional to P?(2w), it will present a cos? (3¢)
dependency, unveiling the six-fold pattern shown in Figure 4.20. Therefore, for a known
incident polarization field direction, it is possible to found the relative crystallographic
orientation of the sample. This measurement can be done in two distinct ways: by fixing
the same direction for the incident polarization and the analyzer before the detector and
rotating the sample, or by letting the sample fixed and rotating the incident polarization
and the analyzer directions together. However, there is a simpler measurement that
consists in fixing the TMD sample and the analyzer direction and only rotate the incident
polarization direction. For simplicity, but without loosing the generality, let consider
the analyzer in the x direction and 6 being the angle between the incident polarization
direction and the z direction. Therefore, E,(w) = E(w) cos () and E,(w) = E(w) sin (6).
Substituting these relations to Equation 4.20 and applying some trigonometric identities,

we can write the detected polarization vector as:

P(2w) - é, = P.(2w) = eox'2) E?(w) cos (26). (4.22)

rxrxr

In that case, the SHG intensity 7(2w) would be thus proportional to cos? (20), presenting
a four-fold pattern. Although it does not provide the hexagonal symmetry of the TMDs, it

is an easier way to determine the relative crystal orientations over distinct TMD domains.

Beyond the crystal orientation determination, SHG measurements can also provide
information about excitonic phenomena as well as defective states in TMD monolayers. For

instance, there is an enhancement of the SHG intensity when any of its virtual transitions is
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in resonance with a real excitonic state (61), which was also used to study interlayer excitons
in TMD vertical heterostructures (326). And since SHG is a coherent effect, interference
phenomena have been probed in these vertically stacked samples (327, 328, 329, 330).
Moreover, polarized SHG microscopy can reveal grain boundaries in TMDs, as different
grains with distinct crystallographic orientations would present distinct intensities with
respect to the incident polarization (331, 332). These grain boundaries can be identified
by dark-field SHG imaging as well, since this technique is able to separate the spatial
components of the emitted light (333). Besides, polarized SHG is also employed to measure
strain fields in TMD monolayers, which affects the symmetry of the SHG polar intensity
dependence (334). A summary of these SHG results in TMDs is shown in Figure 4.21,
shedding light in the potential of this nonlinear effect to investigate defects in these

materials.
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Figure 4.21 — SHG measurements in TMD heterostructures and defective TMDs.
a SHG imaging of artificially stacked MoS, bilayer showing a constructive
interference emission for a bilayer with a 2° stacking and a destructive
one for a bilayer with 54° stacking. Adapted from: (327). b Polarized SHG
imaging revealing distinct grains and grain boundaries in a polycrystalline
MoS, monolayer by their different SHG intensity. Adapted from: (332). ¢
Dark-field SHG imaging of a MoSe; monolayer presenting an enhanced
signal at grain boundaries. Adapted from: (333). d Polarization-resolved
SHG measurement in a MoS,; monolayer showing an intensity asymmetry in
the six-fold pattern for a strained sample. Adapted from: (334).

4.8 Four-Wave Mixing

Four-wave mixing (FWM) is a another nonlinear effect that consists in the
interaction of three incident photons in a nonlinear material generating a forth photon.

As it is a third-order nonlinear effect, it is described by the third-order polarization P®)
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(Equation 4.9). The distinct possible frequencies of the generated forth photon (wy) in
a FWM process comprehend the absolute values of the linear combination of the three
incident photon frequencies (with coefficients 1), i.e., wy = | £ wy + wo £+ ws| (317).
However, due to the simplicity in using only two laser lines, it is common to observe
degenerate FWM measurements, in which two incident photons have the same frequency
(w1) and interact with a third photon (ws) in the nonlinear material to generate the FWM

photon (wgrw ) with frequency:

WFrW M — 2001 — Wa. (423)

As well as for the SHG effect, FWM processes are usually related to virtual states.
Nonetheless, when any of its transition energies match with a real state, there is also an
enhancement in the FWM intensity. Therefore, this resonance effect can be used in 2D
TMDs to study their excitonic states (61). Figure 4.22 shows the diagram levels for both
SHG and FWM resonant and nonresonant processes as well as the comparison between
PL spectra of distinct TMD monolayers and their SHG and FWM intensity profiles with
respect to the emitted photon energy. As mentioned, it is clearly noted a nonlinear resonant

effect at the excitonic energies in these materials.
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Figure 4.22 — Resonant SHG and FWM processes in TMD monolayers. a Diagram
level representation of nonresonant and resonant SHG and FWM processes.
b SHG and FWM excitation profiles for distinct TMD monolayers revealing
resonant features corresponding to their PL spectra peaks. Adapted from:
(61).
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5 Experimental Methodology

In this thesis we investigated different 2D TMD samples. Most of them were
grown by a chemical vapor deposition (CVD) method by different collaborators. Besides,
we have also studied exfoliated samples, in which the majority of them was also fabricated
by other groups. Therefore, we will let the details of the sample fabrication to the cited
references, and here we will focus on the different experimental setups of the optical
characterizations performed in this work. Several optical setups were used to perform
spectroscopy and microscopy photoluminescence (PL), magneto-PL, electron-hole plasma
(EHP) PL, Raman, tip-enhanced PL and Raman, second-harmonic generation (SHG),
four-wave mixing (FWM) and two-pulse excitation correlation measurements. In this
Chapter we present the experimental instrumentation used in these measurements by
dividing the linear, nonlinear and time-resolved optical setups in different sections. Most
of the experiments were carried out at the Nano-Spectroscopy Laboratory (LabNS) at the
physics department of UFMG, and the measurements performed outside LabNS will be

pointed out.

5.1 Linear Optics Setup

Figure 5.1 represents the optical setup used in the confocal PL and Raman
spectroscopy experiments performed in this thesis. In general, for these measurements a
continuous-wave (CW) laser beam was focused on the sample by an objective lens. The
backscattered signal was collected by the same objective, reflected by a dichroic mirror and
directed to a spectrometer that diffracts the signal to a charge-coupled device (CCD) which
records the spectrum. However, the optical specifications were different for the spectroscopy
measurements carried out at LabNS, for the resonant Raman spectroscopy experiments and
for the hyperspectral measurements. For the spectroscopy experiments carried out at LabNS
we used 488, 561 and 785 nm diode lasers to excite the sample through a 40x objective lens
with numerical aperture (NA) = 0.95. The signal was detected in a single monochromator
spectrometer (Andor Shamrock 303i) equipped with a sensitive CCD camera (Andor IDUS
DU401A-BV) and using 600 and 1200 grooves/mm diffraction gratings for PL and Raman
measurements, respectively. In a single monochromator spectrometer, the signal focused
by an external lens is spatially selected by a slit and directed to a diffraction grating
that spectrally disperses it to the CCD. Hence, the spectrometer resolution depend on
the slit aperture, the number of grooves/mm of the diffraction grating and the distance
between the grating and the CCD camera. Moreover, it is necessary a long pass (or a

notch) filter in front of the spectrometer to block the Rayleigh scattered signal of the



5.1. LINEAR OPTICS SETUP 99

laser. The resonant Raman spectroscopy measurements were carried out at the Raman
spectroscopy laboratory at the physics department of UFMG. They were performed on
a HORIBA Jobin Yvon T64000 triple monochromator spectrometer also equipped with
a CCD detector and using a 1800 grooves/mm diffraction grating. The samples were
excited by a CW Ar-Kr laser that displays 12 laser lines that cover excitation energies
(wavelengths) from 1.92 to 2.81 eV (from 441 to 647 nm) and by a CW Ti-Sa laser with
excitation energies (wavelengths) ranging from 1.38 to 1.70 eV (from 730 to 900 nm).
A 100x objective lens with NA = 0.9 was used to focus the laser beam and collect the
backscattered signal. Conversely to the single monochromator, the triple monochromator
presents three diffraction gratings, in which the first two gratings are used to reject the
laser signal and the third one disperses the filtered signal to the CCD. Hence, in that
configuration it is possible to collect emissions much closer to the laser energy than with a
single monochromator spectrometer. It is important to comment that both standard and
resonant Raman measurements were punctual, i.e., the sample was placed in a stage that
remained fixed during the measurements. Nonetheless, we were also interested in mapping
PL and Raman spectra over TMD samples. Thereunto, we performed hyperspectral PL
and Raman measurements in the Witec Alpha 300RA equipment at the LCPNano, a
multiuser laboratory of the physics department of UFMG. This equipment has three CW
laser lines (457, 532 and 633 nm) that were focused on the sample by a 100x objective
lens with NA = 0.9. In contrast to the punctual measurements, the Witec equipment
displays a piezoelectric translation stage that, together with the single monochromator
spectrometer, can be controlled by an integrated software. Therefore, it was possible to
map the PL emission and the Raman scattering of the sample by taking several spectra
over a delimited region with determined spatial steps, that is, a hyperspectral measurement.
Finally, tip-enhanced PL and Raman hyperspectral measurements were carried in a FabNS
Porto-SNOM equipment. The confocal part of the setup is very similar to the setup of Witec
Alpha 300RA, in which the most relevant difference lies in the 100x oil immersion objective
lens with NA = 1.4 used in the FabNS system. Thus, the tip-enhanced measurements
required samples in a transparent substrate. Besides, there is also the scanning probe part
of the Porto-SNOM setup, which utilizes a Au Plasmon-Tunable Tip Pyramid (PTTP)

(335) in a configuration as represented in Figure 4.11.

Beyond PL and Raman measurements presented above, we have also employed
magneto-PL experiments at the semiconducting nanostructures laboratory at UFSCar.
Figure 5.2 shows the optical setup representation for these measurements. The major
difference from the other linear spectroscopy experiments is that in this case the sample
was placed inside a closed cycle helium magneto-cryostat (Attocube attoDRY1000) with
an ultra low vibration. In this cryostat it is possible to reduce the sample environment
temperature to 3.5 K, and we performed measurements varying this temperature from 4 to

80 K. Moreover, the superconducting magnet inside the cryostat is able to apply uniform
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Figure 5.1 — Schematic illustration of the linear spectroscopy setup. For the linear
spectroscopy experiments we used a CW laser to excite the sample. For this
setup, the laser beam is focused on the sample by an objective lens and the
backscattered signal is collected by the same objective. The signal is directed
to a spectrometer equipped with a sensitive CCD camera for the detection.
The sample was placed in a microscope in two possible stages, a fixed one
for punctual measurements and a piezoelectric translation stage for mapping
experiments.

magnetic fields from —9 to 9 T, which were applied perpendicular to the sample plane
in our experiments (Faraday geometry). To control the incident laser linear polarization
we placed a half-wave plate before the cryostat. The laser beam was focused on the
sample by a objective lens with NA = 0.69 and the backscattered signal was collected
by the same objective. Before being directed to a single monochromator spectrometer
(Andor Shamrock) equipped with a sensitive CCD (Andor 1dus), the signal passed by
a quarter-wave plate and then by a linear polarization analyzer to select the right or
left circularly polarized component of the sample emission. This optical setup presents a

circular polarization confidence superior to 98%.

5.2 Nonlinear Optics Setup

The optical setup used to perform FWM, SHG and EHP PL microscopy imaging
in 2D TMDs is schematically shown in Figure 5.3. These nonlinear experiments were

employed by exciting the samples with an optical parametric oscillator (OPO) system
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Figure 5.2 — Schematic illustration of the magneto-PL setup. For the magneto-PL
experiments we used a CW laser to excite the sample. For this setup, the laser
beam is focused on the sample by an objective lens and the backscattered signal
is collected by the same objective. The signal is directed to a spectrometer
equipped with a sensitive CCD camera for the detection. The sample is placed
in a magneto-cryostat that is able to reduce the temperature down to 3.5 K
and apply magnetic fields ranging from —9 to 9 T. In addition, half-wave and
quarter-wave plates were used to control the linearly polarized excitation and
to detect the circularly polarized components.

(APE picoEmerald) that provides three pulsed laser lines: the signal beam tunable from
750 to 950 nm, a fixed 1064 nm beam and an idler beam tunable from 1210 to 1830 nm.
All of them present a pulse width of 7 ps and a repetition rate of 80 MHz. In general,
SHG and EHP PL measurements were done with the signal beam, while the degenerated
FWM measurements used both signal and 1064 nm beams as w; and ws, respectively. To
perform the nonlinear microscopy imaging, the samples were scanned by these pulsed
laser beams with a set of galvanometric mirrors (LaVison BioTec) in a Nikon microscope.
The pumping beams were focused on the sample by a 40x objective lens with NA = 0.95.
The backscattered nonlinear signal was collected by the same objective, reflected by a
beam splitter and then directed to a photomultiplier tube (PMT). For each experiment
(SHG, FWM or EHP PL) it was used a distinct band pass and/or short pass filters to
block any other optical contribution. Finally, the nonlinear images were obtained by an
image acquisition software (LaVision BioTec Imspector Pro). Some SHG and EPL PL

measurements were also performed using a pulsed Ti:Sa laser (Coherent Mira Optima
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900-F) tunable from 700 to 980 nm, with a repetition rate of 76 MHz and a pulse width of
300 fs.
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Figure 5.3 — Schematic illustration of the nonlinear imaging microscopy setup.
For the nonlinear imaging experiments we used a pulsed laser to excite the
sample. We used two pulsed laser lines, the signal beam tunable from 750
to 950 nm and a fixed 1064 nm beam. For this setup, the laser beams are
focused on the sample by an objective lens and the backscattered signal is
collected by the same objective and directed to a PMT for its detection. A set
of galvanometric mirrors are used to scan the samples with the laser beams
and perform the nonlinear imaging experiments.

Furthermore, it was also performed polarization-resolved SHG imaging in 2D
TMDs. The experimental setup for these measurements was very similar to the standard
nonlinear imaging presented above. The difference was the addition of two optical elements
as presented in Figure 5.4: a rotable half-wave plate (690-1200 nm) before the objective
to control the laser linear polarization on the sample and a fixed analyzer in front of
the PMT in the horizontal direction. It is worth to point out that although the emitted
signal also pass through the half-wave plate, its polarization is not noticeably affected as
our generated SHG wavelengths (400-450 nm) are significantly below the half-wave plate
working range. The polarized SHG images were obtained by rotating the half-wave plate
in steps of 2°, ranging from 0° to 90° (which represents steps of 4° from 0° to 180° in the
incident polarization). As the SHG dependence with the incident laser polarization for
this measurement is sin? (20), the measured angle range was sufficient to provide all the

relative orientation information.

Finally, we also performed nonlinear spectroscopy experiments to measure the

resonant SHG and FWM profiles as well as to take EHP PL spectra. For these measurements
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Figure 5.4 — Schematic illustration of the polarization-resolved SHG imaging
setup. For the polarization-resolved SHG imaging experiments we used the
tunable pulsed laser beam (750 to 950 nm) to excite the sample. For this
setup, the laser beam is focused on the sample by an objective lens and the
backscattered signal is collected by the same objective and directed to a PMT
for its detection. A half-wave plate and an analyzer are used to control the
linearly polarized excitation and select the detected polarization.

we used a similar setup shown in Figure 5.1 for the standard linear spectroscopy, but
pumping the sample with the OPO or MIRA pulsed lasers instead of the CW ones.

5.3 Time-Resolved Optics Setup

The time-resolved measurements presented in this thesis were performed at the
Nano-optics laboratory at the Ludwig Maximilian University (LMU) of Munich. Although
we employed distinct time-resolved experiments, here we will present the technique that
provided the most relevant results: the two-pulse excitation correlation, a degenerated
pump-probe measurement. As represented in Figure 5.5, the samples were excited by a
pulsed Ti:Sa laser (Coherent Mira Optima 900-F) tunable from 700 to 980 nm, with a
repetition rate of 76 MHz and a pulse width of 300 fs. A polarized beam splitter was used
to separate the laser beam in two pulses with the same fluence and crossed polarizations,
in which the time delay between the pulses was controlled by an optical delay line with a
linear translation stage. The delayed beams were then reunited again by another beam
splitter and focused on the sample by an immersion oil objective with NA = 1.49 (limiting
again to samples in a transparent substrate). The backscattered signal was collected by

the same objetive and directed to an avalanche photodiode (APD) after passing through
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short pass and/or band pass filters. The two-pulse excitation correlation measurements

were done by measuring the correlated EHP PL emission of the samples for different delay

times in the range of few ps.

Microscope
l i )
00
1.49 NA
x Fixed mirror

g

S

© g

°O° e} I Translational mirror
>

é \ Beam splitter

I Band Pass Filter

I Laser Beam

Delay Line
(at)

I Correlated Signal

Figure 5.5 — Schematic illustration of the two-pulse excitation correlation setup.
For the two-pulse excitation correlation experiments we used the tunable
pulsed laser beam (700 to 980 nm) to excite the sample. For this setup,
the laser beam pass through a polarized beam splitter to separate the laser
beam in two pulses with the same fluence and crossed polarizations. In the
sequence, the laser pulses are focused on the sample by an objective lens and
the backscattered signal is collected by the same objective and directed to
an APD for its detection. A delay line stage is used to control the pulses
temporal delay.
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6 Optical and Magneto-Optical Properties of WS, and WSe, monolayers

As presented in Chapter 3, tuning the electronic, optical, magnetic, and/or
physicochemical properties of two-dimensional (2D) transition metal dichalcogenides
(TMDs) through defect engineering provides multiple pathways for diverse applications
(34, 22, 35). For instance, a dilute magnetic semiconductor (DMS) (201) can be achieved
by incorporating transition metal atoms as substitutional defects in TMD monolayers
(37, 213, 42, 43, 44). Vanadium-doped WSe; (42, 43) and WS, (44) samples have shown a
long-range ferromagnetic ordering even above room temperature, thus opening possibilities
for spintronic devices fabrication. However, among the significant challenges to be overcome
in this field such as the gate-tunability manifestation and the necessity of enhanced magnetic
moments in these materials (165, 166), there is a fundamental need for broadband optical
and electronic structure characterization of these doped 2D semiconductors. Moreover,
the lack of magneto-optical investigations in these materials is possibly hindering distinct

responses associated with their valley Zeeman effect.

In section 6.1 we show an extensive optical and electronic structure characterization
of pristine and V-doped WSy monolayers. Subsequently, the section 6.2 focus in the optical
and magneto-optical characterization of V-doped WSes; monolayers, which showed a strong
valley Zeeman effect. Finally, we also present magneto-optical results in aged WS, and
WSe; monolayers in section 6.3, revealing a giant g-factor associated with a defect mid gap
state transition. The samples used for the works presented in this Chapter were synthesized

by Prof. Mauricio Terrones group from Penn State University.

6.1 Optical and electronic structure characterization of V-doped WS,

Here we study pristine and V-doped WS, monolayer samples with three different
atomic percentages (at%) of vanadium to explore its dependence on the optical response
near the three main excitonic energies (A, B, and C excitons), using power-dependent
photoluminescence (PL), resonant Raman, resonant four-wave mixing (FWM), resonant
second-harmonic generation (SHG), and differential reflectance spectroscopies. Density
functional theory (DFT) calculations for the band structure of V-doped WS, with a
Hubbard U correction (U = 0 to 5 eV) for vanadium, including transition dipole moments,
were performed by our collaborators to elucidate the optical transitions observed in the
experiments. The following results were accepted to be published in the Advanced Optical

Materials journal and its preprint version is published in Ref. (337).
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6.1.1 Power-dependent photoluminescence in V-doped WS,

The pristine and V-doped WS, monolayers used in this work were synthesized by
single-step chemical vapor deposition (CVD) as described by Zhang et al. (44). To confirm
the presence of substitutional V atoms at W sites and to determine their concentration, high-
angular annular dark-field scanning transmission electron microscopy (HAADF-STEM)
imaging was performed in 4 distinct samples as shown in Appendix Figure A.1. A statistical
analysis from the HAADF-STEM measurements revealed vanadium concentrations of 0.4
at%, 2.0 at%, and 8.0 at%, respectively. In order to experimentally study the electronic
band structure modifications in these samples due to vanadium doping, we employed
power-dependent PL. measurements with a 561 nm laser excitation wavelength as shown
in the normalized spectra of Figures 6.1a-d. The normalization of the PL spectra was
performed with respect to the higher-energy PL peak (from the A exciton in the case of
pristine WS,). While the pristine sample exhibits a single PL peak at 1.96 eV related to
A exciton emission, (338, 80) the doped samples display one peak in the energy range of
1.8-1.9 eV (we call P;) and a second peak around 2.0 €V (P5), as reported by Zhang et
al. (268). It can be noted that after increasing vanadium doping the lower energy peak
P redshifts — in agreement with the band gap reduction predicted from previous DFT
calculations (44). In addition, the higher-energy PL peak P, blueshifts. Moreover, the
substitutional defects broadened the PL peak and quenched the integrated PL intensity,
similar to other works (32, 339, 178). All PL spectra were fitted by two Gaussian peaks
and their intensities as a function of laser power are shown in Figures 6.1e-h. Beside the
expected linear power dependence of the A exciton peak in pristine WS,, there is a linear
(for Py) and sublinear (for P;) power dependencies for V-doped samples. According to Refs.
(260, 340), the power-dependent PL measurements reveal that the Py peak is associated
with an exciton formation and the P; peak is related to a radiative recombination process
from a donor or to an acceptor level. However, previous DFT calculations showed no
mid gap states for V-doped WS, monolayers (44), while HAADF-STEM data present
no indication of higher S mono-vacancy defects for the V-doped samples. Therefore, this
sublinear power dependence might be related to an acceptor state instead of a donor defect
level. In order to gain more experimental evidence about the nature of these new electronic

states, we next perform FWM and differential reflectance spectroscopy experiments.

6.1.2 Resonant four-wave mixing in V-doped WS,

As shown by Lafeta et al.,(61) nonlinear optical techniques such as FWM can
be used to determine excitonic energies (Figure 6.2). FWM is a third-order nonlinear
optical process in which three photons interact in a nonlinear material to generate a fourth
photon at a linear combination of the three incident photon frequencies (with coefficients

+1). Here we measured a degenerate FWM in which two incident photons with the same
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Figure 6.1 — a-d Normalized PL spectra for a pristine (a) and 0.4 at% (b), 2.0 at% (c) and 8.0
at% (d) vanadium doped WSs monolayers for distinct pump powers. All spectra
were taken with an excitation wavelength of 561 nm and are normalized by the
higher energy peak maximum. e-h Power-dependent PL intensity showing a linear
power dependence for the pristine WSy peak and V-doped WSs higher energy
peaks (P2) and a sublinear dependence for the V-doped WSy lower energy peaks

(P1).

variable frequency wpump (from 720 to 950 nm) interact with a third photon of a fixed

frequency wiges (1064 nm) to generate a fourth photon with frequency:

WFWM = 2Wpump — W1064- (61)

The wide wavelength range of the resulting wpy s (544 to 858 nm) allowed us to probe
resonant responses over the energy window of the WS, monolayer A exciton (600 to 680 nm).

Figures 6.2a-c show the PL spectra and the FWM resonant profiles with their Gaussian
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fits for three samples (pristine and doped WS, with 0.4 at% and 2.0 at% vanadium). The
resonant behavior of the FWM measurement for the pristine WS, monolayer (Figure 6.2a)
is in good agreement with its single PL peak. The few meV energy shift between the FWM
resonant response and the PL peak is presumably due to a Stokes shift (88, 341). Figures
6.2b,c show that both 0.4 at% and 2.0 at% vanadium-doped WS, monolayers present a
strong FWM resonant response at the energy of the P, PL peak, as well as the same
Stokes shift. The 0.4 at% doped sample shows no resonance close to the lower-energy
P, PL peak, while the 2.0 at% doped sample displays a weak FWM resonant feature
around the P; PL peak energy. As shown by Equation 6.1 and Figures 6.2d-f, the FWM
process requires energy conservation as it brings the electron back to the same occupied
electronic band from which it was excited, meaning that the FWM allowed processes have
final states below the Fermi level. Therefore, the final state of the P, peak is occupied,
while the absence of a relevant FWM resonance close to the P; peak energy suggests a
lower occupancy level of its final state. Since vanadium doping introduces free holes in
TMD monolayers (44, 220, 336), the final electronic state associated with the P; peak
could be these itinerant holes. The FWM results for WS, monolayers at 8 at% vanadium
concentration are not shown due to its weak intensity. In addition, differential reflectance
measurements presented in Appendix Figure A.2 — which also probe electronic excitations
only from occupied bands — only clearly show the Py peak for doped samples, in agreement

with the results described above.

6.1.3 Resonant Raman scattering in V-doped WS,

In order to further characterize the electronic band structure modifications in the
monolayer WS, due to vanadium doping, we performed resonant Raman spectroscopy
measurements to probe the B exciton energy range. Figure 6.3 shows Raman spectra
of these pristine and V-doped WS, monolayers for 14 different laser lines in the 250—
550 cm ™! spectral range (lower frequency Raman spectra were also measured and are
shown in Appendix Figure A.3). All spectra were normalized by the silicon peak intensity
(520 cm™! peak), considering its Raman cross section (342) for each laser line. A strong
dependence of the Raman peaks intensities on the excitation energy can be observed. This
dependence, plotted as a Raman excitation profile (REP) in Figure 6.4, varies with the
doping concentration, indicating different resonant excitation behaviors among samples.

The intensity of a first-order Raman mode is (273)

[(Epunp) = C |3 (f [ He—r|n) (0| He—pn|m) (m| Ho_, |i)
pump m,n (Eemciton - Epump + Z.fy)(Ee:L'Citon — Epump —|— Eph + /L/y)

(6.2)

where the numerator holds matrix elements for electron-radiation (H._,) and electron-
phonon (H._,) interactions between the initial (¢), intermediate (m and n), and final (f)

quantum states. Resonance occurs when the incident (Epump) or scattered (Epump — Epn)
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Figure 6.2 — a-c FWM resonant profile (black squares) and its Gaussian fits (red line) together
with the PL spectra (dashed brown line) for the pristine (a), 0.4 at% (b) and 2.0
at% (c) vanadium doped WSs monolayers. The FWM resonances align with the
higher energy PL peak for the V-doped samples. d-f FWM energy diagrams for
resonant (d), non-resonant (e), and forbidden (f) conditions. The colored arrows
correspond to the photons of the FWM process as described by Equation 6.1. The
black lines are associated with occupied states, the gray lines with unoccupied
states and the dashed line with the Fermi level.

photon energy matches the electronic transition energy (FEegciton)- 77 is a damping factor

relating to the inverse lifetime for the resonant scattering process (273).

To plot a REP, we need to choose a Raman mode whose intensity can be easily
tracked over a wide range of excitation energies. Figure 6.4a shows the Raman spectrum
of a pristine WSy monolayer with 521 nm excitation. Peak positions and their Raman
mode assignments have been investigated by other researchers (343, 344). Among these
peaks, only the 2LA(M), Es;, and Ay, modes do not quickly lose discernable signals out
of resonance, as shown in Figure 6.3. However, 2LA(M) and E,, are not ideal for plotting
a REP because their energies are almost degenerate, making it difficult to separate their

signals, leaving A;, as the best choice for plotting the REP.

The A, intensities for all Raman spectra in Figure 6.3 (normalized by the Si
peak and accounting for its Raman cross section) were fitted by Lorentzian functions and
the resulting A, REP is shown in Figures 6.4b-e. These data points were further fitted
by Equation 6.2, with the A, frequency for each sample being the phonon energy E,,
and then plotted in red curves. As the pristine, 0.4 at%, and 2.0 at% samples present
two resonant responses (one centered around 2.4 eV and another at higher energies),
we have used two distinct values of E.,.iton, tO fit their data. The ascertainment of the

resonant energy value around 2.4 eV is not affected by the uncertainty of the value of
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Figure 6.3 — a-d Raman spectra for pristine WSs (a) and 0.4 at% (b), 2 at% (c), and 8 at%
(d) vanadium doped WSy monolayers under 14 different excitation energies. The
excitation wavelengths are on the right side of each spectrum of the 8 at% V-doped
WS, monolayer (d). All spectra were normalized by the silicon peak intensity
considering its Raman cross section for each laser line.

the higher-energy resonance because of their large spectral distance. The WS, monolayer
with 8.0 at% of vanadium concentration shows only one resonant feature and thus was
fitted to a single value of F.yciton. The lower (B exciton) resonance energies produced by
the fittings are 2.42, 2.44, 2.49 and 2.57 €V for the pristine, 0.4 at%, 2.0 at% and 8.0
at% samples, respectively. For the pristine sample, the 2.42 eV peak agrees with reported
values for the WS, monolayer B exciton energy measured by other groups with the same
(274) and different (345) techniques. Therefore, it is reasonable to assign the REP peak
energy as the B exciton energy in each sample, and we observe thus a B exciton blueshift
under increasing vanadium concentration. This blueshifting feature is also observed in
differential reflectance measurements and in the REP of the LA mode of those samples,

as shown in Appendix Figures A.2 and A 4.

Resonant SHG was also used to probe the higher-energy transitions in pristine
and V-doped WS, samples. As shown in Figure 6.5, the pristine sample presents a clear
resonance due to the C exciton (20, 346). Furthermore, the V-doped WS, samples show a
similar resonance energy, indicating that the vanadium doping did not cause any substantial
modification to this transition. Hence, beyond the electronic characterization of the samples,
the results discussed above also demonstrate an optical method to identify the vanadium

doping level in WS, monolayers by measuring the energy splitting of P; and Py PL peaks
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Figure 6.4 — a Raman spectra of a pristine WSs monolayer for 521 nm laser excitation. The
peak positions and some of the Raman modes are assigned. The Lorentzian peak
fits of selected Raman modes are shown in different colors below the spectra. b-e
Raman excitation profiles of the A1, Raman mode (highlighted in pink in (a)) for
the (b) pristine, (c) 0.4 at%, (d) 2 at%, and (e) 8 at% V-doped WSy monolayers.
The solid red curves show the fits to Equation 6.2.

as well as by probing the B exciton energy. To summarize these experimental results,
Figure 6.6 shows Py, Py, B exciton and C exciton energies for WS, monolayers with respect

to their vanadium concentration obtained from all optical techniques used in this work.
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Figure 6.5 — a-d Second-harmonic generation intensity profile in the C exciton energy range for
the (a) pristine, (b) 0.4 at%, (c) 2 at%, and (d) 8 at% V-doped WS, monolayers.
The SHG resonance with the C exciton transition is represented in the inset scheme
in (d). A similar C exciton energy for all samples can be noted.
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Figure 6.6 — Summary of P1, Py, B exciton (Xp5) and C exciton (X¢) energies for WSs monolayers
with respect to their vanadium doping concentration measured by PL, resonant
FWM, resonant Raman, absorption (differential reflectance) and resonant SHG
measurements. The shadowed areas are guide to the eyes.

6.1.4 Electronic structure calculation for V-doped WS,

To understand the optical properties observed in experiment, we examined the
band structures (Appendix Figure A.5) of V-doped WS, with a Hubbard U correction
U = 0 to 5 eV for vanadium and the transition dipole moments to identify candidate
transitions, as summarized in Figure 6.7. These calculations were performed by our
theoretician collaborators Prof. Vincent Crespi and Boyang Zheng from Penn State
University. The optical transitions in WS, mainly relate to the d,2/d,, orbitals at the
valence band maximum (VBM) and the d,» orbitals at the conduction band minimum
(CBM) at the K or —K valleys (347). The defect states from the vanadium dopant mainly
have the character of vanadium d.2 (see Figure 6.8a), so their hybridization with the CBM
is plausible. When U is small (U < 2 eV), the defect state in the conduction band is far
from the band edge, thus it does not hybridize well with the CBM. However, the defect
state still shows a non-negligible optical coupling to the valence bands at the K valley. In
this case (U =0, 1 and 2 eV), the A and B excitons can be easily identified and we find a
valley degeneracy breaking of ~ 0.02 to ~ 0.1 eV, A exciton redshifts of ~ 0.05 to ~ 0.10
eV, and B exciton redshifts of ~ 0.13 to ~ 0.20 eV as U increases. If U further increases,
the defect state in the conduction band drops in energy and hybridizes with the spin-up
CBM (i.e. the same spin as the defect state). The resulting hybridized states both show
large optical transition matrix elements with the d,2/d,, valence bands. When U > 3 €V,
we cannot identify the A exciton at the K valley or the B exciton at the —K valley, so we

tentatively call them “upper” and “lower” spin-up transitions; we will discuss these later.
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This hybridization explains why the spin-up transitions are sensitive to the value of U. On
the other hand, the spin-down defect states are far from the CBM and consequently do

not hybridize with it, thus the spin-down transitions are insensitive to the value of U.
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Figure 6.7 — Transition energies with largest dipole moments in V-doped WS, (1 vanadium in
a b x 5 supercell). The dashed line shows the calculated A, B exciton energies in
pristine WSs. The extensions to U > 5 eV are drawn schematically following the
trend from the plot. Valley degeneracy breaking is non-negligible even without
a Hubbard U correction for vanadium. The bandstructure and consequently the
optical properties are sensitive to the value of U. As the Hubbard U increases, the
transitions associated with spin-up states redshift while those associated with spin-
down states are relatively insensitive to the Hubbard U. The rectangles highlight
four possible scenarios to explain the ~ 0.13 eV energy difference between the Py
and P9 peaks. Adapted from: (337).

Identifying the origin of the experimental peaks is not straightforward due to the
sensitivity of the band structure to the value of U in addition to the underestimation
of optical transition energies in DFT at the PBE level (348). We therefore focus on the
~ 0.13 eV splitting of P; and P, around the A exciton energy region in Figure 6.1 and
find 4 possible scenarios with U ~ 2.5, ~ 3, ~ 4.5, and > 5 eV, as highlighted in the inset
black rectangles of Figure 6.7. In the U ~ 2.5 eV scenario, the P;-P5 energy difference
is from the valley degeneracy breaking of the A exciton. In the U ~ 3 €V scenario, P,
is the A exciton at —K and Py could be the upper spin-up transition at K and/or the
lower transition at —K since their energies coincide. In the U ~ 4.5 eV scenario, the A
exciton and the lower transition energies at —K have similar energies, so they both could
explain the P; peak, while the upper spin-up transition at K could be the Py peak. In
the U > 5 eV scenario, Py is the lower spin-up transition and P, is the A exciton at
—K. Among these scenarios, U ~ 3 and ~ 4.5 eV can qualitatively explain the blueshift
of the P, peak relative to the pristine A exciton. In the U ~ 3, ~ 4.5, and > 5 eV



6.2. OPTICAL AND MAGNETO-OPTICAL CHARACTERIZATION OF V-DOPED WSE; 114

scenarios, the high energy of the upper spin-up transition could qualitatively explain
the blueshift of the B exciton while the transition with the lowest energy (the lower
spin-up transition at K) may lead to PL emission with further lower energy, however we
could not observe this emission given our instrument sensitivity. Moreover, the U ~ 3
eV scenario shows occupied /unoccupied VBM at K/—K, that is in agreement with our
power-dependent PL, resonant FWM, and differential reflectance measurements in which
radiative recombinations to unoccupied/occupied bands for Py /Py PL peaks are shown (the
band structure representation of these recombinations is schematically depicted in Figures
6.8c-d). The linear power dependence of Py could also be explained since the electron
state of the P, at —K shows non-negligible dispersion, meaning this state has a significant
contribution from the WS, basal plane which can support the linear power dependence.
Although none of these scenarios can fully explain all of the optical responses observed in
the experiments, they provide relevant insights into the electronic structure modifications
by the introduction of vanadium on a WS, monolayer as well as its dependence on the
Hubbard U correction.

In summary, by applying broadband optical characterization through the use of
several optical tools we studied the electronic band structure and optical transitions, as
well as their dependence on vanadium doping, of WS, grown by single-step CVD. Power-
dependent PL measurements showed that the A exciton PL peak of the pristine WS,
monolayer split into two PL peaks after vanadium doping — one (P ) redshifted and another
(P2) blueshifted with respect to the pristine A exciton PL peak. The linear/sublinear power
dependence of Py /Py, together with the fact that FWM resonant profiles only show the
P, peak, indicated that the Po/P; PL peak is associated with a radiative recombination
to an occupied/unoccupied electronic band. Resonant Raman spectroscopy measurements
revealed a blueshift in the B exciton energy under increasing vanadium doping, while the
SHG resonant profile presented no modifications in the C exciton energy. First-principle
calculations showed valley degeneracy breaking after vanadium doping and a strong
dependence of the band structure on the Hubbard U parameter for vanadium. Both our
experimental and computational results indicated the presence of free holes in V-doped
WS,, suggesting a similar magnetic exchange mechanism as in the case of V-doped WSe,
(220, 226) . Our work shows the great potential of broadband optical characterization to
study the impact of defect in 2D materials.

6.2 Optical and magneto-optical characterization of V-doped WSe,

In this section we show optical and magneto-optical properties of a CVD grown
4% vanadium doped WSe; monolayer. Room temperature PL and Raman spectroscopy
measurements were performed in pristine and V-doped WSe, samples to study the effects of

the defect on their electronic and vibrational properties. Raman spectroscopy measurements
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Figure 6.8 — a Band structure of V-doped WSy with U ~ 3 eV for vanadium. For each state,

a circle is plotted with size proportional to the projection onto the vanadium d,»
orbital and color indicating the spin (red—up, blue-down). The vanadium defect
state in the conduction band, mainly with d,2 character, has spin up and hybridizes
with the spin-up conduction band minimum. As the Hubbard U increases, these two
spin-up states decrease in energy, while the spin-down defect states remain far away
from the conduction band edge. b Band structure and transition dipole moments
of V-doped WS, with U ~ 3 eV for vanadium. The energy of transitions at K with
the largest transition dipole moments are 1.34, 1.69 and 1.87 V. The energy of
transitions at —K with the largest transition dipole moments are 1.53, 1.70 and
2.08 eV. c-d Schematic illustration of band structure and optical transitions close
to the pristine A exciton energy for the pristine and V-doped WS monolayers
with U ~ 3 eV for vanadium. The pristine sample presents its degenerate A exciton
recombination at K and —K valleys (c), while the V-doped WS monolayer displays
valley degeneracy breaking with the valence band minima below and above the
Fermi level at K and —K, respectively, showing the presence of free holes at the
—K valley. The black bands are associated with P; or Ps optical transitions, while
the gray bands are not related to them. Adapted from: (337).

were carried for distinct laser lines in the visible and NIR spectral range to also study the

excitonic resonances of the samples, which was probed by resonant FWM measurements

as well. Furthermore, circularly polarized low temperature magneto-PL measurements

were performed to investigate the valley Zeeman splitting in the 4% V-doped WSe,
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monolayer. Our theoretician collaborators from UFMG and UFOP are finishing the
electronic structure calculation of the vanadium-doped WSe; to ascertain the origin of

these concluded experimental results.

6.2.1 Optical Characterization of a CVD grown V-doped WSe, monolayer

The modifications in the optical properties of V-doped WSe; monolayers were
previously reported for chemical vapor transport (CVT) grown samples (266, 267) with
distinct vanadium concentrations lower than or equal to 1%. However, the optimal fer-
romagnetic response observed for these samples was in a 4% V-WSe; monolayer (43).
Moreover, the experiments that showed a room temperature ferromagnetism in these mate-
rials were carried out on CVD grown samples (42, 43). Therefore, it is of great importance
to carry a broad optical characterization in a CVD grown 4% V-WSe, monolayer as the
growth method plays a major role in the optical responses of the material (166). Hence, we
firstly performed room temperature PL. and Raman spectroscopy measurements in CVD
grown pristine and 4% V-doped WSe; monolayers. The samples were grown by the same
method described by Pham et al. (43). Figures 6.9a,b show the PL spectra for pristine
and 4 at% vanadium concentration WSe, monolayers for a 561 nm excitation. As well as
for CVT grown samples, the CVD grown 4% V-doped WSe, monolayer also exhibits a
defect lower energy PL peak besides the exciton and trion peaks (266, 267). Moreover, the
trion peak also dominates the PL spectrum for the V-doped sample, which is explained
by its p-type doping. However, distinctively from CVT grown V-doped WSe, monolayers,
the PL quenching by increasing the vanadium concentration is significantly lower in the
CVD grown samples. While the PL quenching for the CVT grown 0.3% and 0.5% V-doped
WSe,; monolayers was greater than 100 and 500 times (266), respectively, the CVD grown
4% V-doped WSe, displays a PL quenching less than 7 times with respect to the pristine
monolayer PL intensity. Figures 6.9¢,d show the power dependence of the exciton, trion
and defect PL peaks for pristine and 4% V-doped WSe; monolayers. While the intensity of
the exciton (Xg) and trion (X, ) peaks present a linear power dependence, the defect peak
shows a sublinear dependence, which is related to a vanadium mid gap bound-exciton
state (Xy) (266, 267).

Raman spectroscopy measurements were also employed to compare pristine and
4% V-doped WSe, monolayers. Figure 6.9e shows the Raman spectra of both samples for a
514 nm excitation, presenting a quenching in the Raman intensity under vanadium doping
but no measurable shift in the Raman frequencies for the degenerate first-order modes
(Egy and Ay,) and the 2LA second-order mode. The Raman spectra were also taken for
distinct laser lines. Figures 6.9f,g display the Raman spectra for several visible laser lines
for pristine and 4% V-doped WSe; monolayers, whereas Raman spectra performed with

NIR laser lines are shown in Appendix Figure A.6. As shown in Figure 6.10a,b, from the
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Raman experiments with NIR excitation we extracted the convoluted Ey, + A, intensities
and plotted their REPs for both samples, revealing strong resonant responses even for
the V-doped monolayer. The REPs were fitted by the Raman Equation 6.2 with a single
E.rciton value, as we are not able to resolve the exciton, trion and defect resonances in these
REPs. In addition, remarkable resonances were also noticed in resonant four-wave mixing
measurements performed in pristine and 4% V-doped WSe, monolayers, as displayed in
Figures 6.10c,d, which exhibits the noticeable nonlinear optical response of this CVD grown
V-doped sample. In contrast to the REPs, the FWM data were fitted by 2 Gaussian peaks.
Both Raman and FWM resonant responses are in agreement with the energy position of

the PL peaks shown in Figure 6.9.

6.2.2 Enhanced magneto-optical response of a V-doped WSe, monolayer

To study the influence of the vanadium doping on the valley Zeeman effect of
WSe, monolayers we performed low temperature (4 K) circularly polarized magneto-PL
measurements in both pristine and 4% V-doped WSe; monolayers. Although circularly
polarized magneto-PL measurements have already been reported for CVT grown V-doped
WSe; monolayers (267), they were carried out on samples with vanadium concentrations
lower than 1%. Therefore, it is extremely important to also probe the optical responses of
the optimal 4% vanadium concentration sample under an external magnetic field. Figure
6.11a displays PL spectra for a 4% V-doped WSe, monolayer with a linear polarized
excitation and a right circularly polarized (o) detection at external magnetic fields of
—9 and 9 T. The external magnetic fields were all applied perpendicular to the sample
plane. At 4 K the X, peak dominates even more the PL spectra, while the X, emission
becomes almost negligible. Moreover, there is a giant energy shift in the Xy PL peak
between the spectra taken at 9 and —9 T. This shift is better noticed in Figure 6.11b, in
which normalized PL spectra performed at distinct external magnetic fields from —9 to 9
T are displayed. The logarithm scale of the PL intensity axis highlights the Xy emission,
revealing its strong dependence with the magnetic field. PL spectra were performed by
varying the external magnetic field from —9 to 9 T with steps of 0.1 T. All PL spectra are
shown in the PL intensity 2D plots of Figures 6.11¢,d, respective to o, and o_ detections.
The spectra were normalized by their maximum intensity related to the X, emission. While
there is a small energy shift in the X, peak position, a larger shift in the Xy, emission is
observed. To measure these shifts, all spectra of Figures 6.11c,d were fitted by Gaussian
peaks. Figure 6.11e displays the energies of the Xy, peak from —9 to 9 T for both ¢, and
o_ detections, which were extracted from the fitted parameters. Opposite shifts of almost
30 meV for this magnetic field range are noted between both circular polarized detections.
The Xy Zeeman splitting given by the energy difference between ot and o~ emission
(AE = E,+ — E,-) is presented in Figure 6.11f. As discussed in Chapter 2, the AFE can
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Figure 6.9 — Optical characterization of CVD grown pristine and 4% V-doped WSe,
monolayers. a,b Room temperature PL spectra of pristine (a) and 4% V-doped
(b) WSe2 monolayers for a 561 nm excitation. The red curves display the cumulative
fit of the experimental data (in black). The dashed lines are related to the exciton,
trion and defect peaks of the fit. c,d Power dependence of the PL peaks intensity
for the pristine (c) and 4% V-doped (d) WSey monolayers. The exciton and trion
peaks show a linear power dependence, while the defect peak shows a sublinear
dependence. € Raman spectra of pristine and 4% V-doped WSes monolayers for a
514 nm excitation. The inset highlights the E%g, A%g and 2LA Raman modes. f,g
Raman spectra for distinct visible laser lines of pristine (f) and 4% V-doped (g)
WSez monolayers.

be written as a function of the magnetic field as: gup B, in which pup = 0.05788 meV /T is
the Bohr magneton and g is the g-factor. A g-factor value of —51.6 for the Xy, emission
was extracted for the 4% V-doped WSe; monolayer by a linear regression of its Zeeman
splitting. However, since there is a convolution between the PL peaks due to their large
linewidths, it is worth to comment that the Xy, fitted parameters can be overestimated.

Therefore, we performed these magneto-PL measurements in different points of distinct 4%
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Figure 6.10 - Raman and FWM resonant profiles of pristine and V-doped WSe,
monolayers. a,b REPs of pristine (a) and 4% V-doped (b) WSey monolayers.
The scattered experimental data (in black) were fitted by the Raman equation
6.2 (red curve). c,d Resonant FWM intensity profile for the pristine (c) and 4%
V-doped (d) WSey monolayers. The FWM data were fitted by 2 Gaussian peaks,
which are related to exction and trion for the pristine sample and trion and defect
mid gap state for the V-doped sample.

V-doped WSey; monolayer flakes and we fitted them fixing distinct values for the Xy, peak
linewidth (see Appendix Figure A.7). With this analysis we found distinct g-factor values
ranging from —26.7 to —69.0. In any case, although there is not a precisely value for the
Xy peak g-factor, it can be observed an evident giant Zeeman splitting for this vanadium
defect emission. This low precision can be improved by encapsulating the sample in 2D

h-BN flakes, as it causes a narrowing in the PL peaks.

In addition to the valley Zeeman splitting associated with the Xy, peak, we have
also analyzed the Zeeman effect in the X, peak. As the pristine WSe, monolayer PL spectra
also presents a strong X, emission at 4 K, it is possible to compare the modifications in
the valley Zeeman splitting under vanadium doping. Figure 6.12 shows the X, energy
and Zeeman splitting for both pristine and 4% V-doped WSe,; monolayers for external
magnetic fields from —9 to 9 T. Conversely to the nonlinear g-factor reported for the CVT
grown 0.3% V-doped WSey monolayer (267), we observed expected linear g-factors for
the CVD grown pristine and 4% V-doped WSe, monolayers. While the pristine sample
presented a g-factor value of —3.2, the V-doped monolayer displayed an enhanced g-factor
of —5.2.

Enhanced g-factors have also been reported for distinct dilute magnetic semi-

conductors. Fe-doped (41) and Co-doped (40) MoSs monolayers also presented higher
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Figure 6.11 — Low temperature magneto-PL measurements for a 4% V-doped WSe,
monolayer. a,b Normalized PL spectra of a 4% V-doped WSe, monolayer
performed with linear polarized excitation and o detection for distinct external
magnetic fields ranging from —9 to 9 T and at 4 K. The PL spectra present a
major contribution from the X recombination, a lower energy emission related to
the Xy peak and a minor signal related to the Xy peak. A remarkable shift in the
Xy peak is observed by varying the external magnetic field from —9 to 9 T. This
feature is well noticed in (b), in which the intensity axis is plotted in log-scale.
c,d Normalized 2D plot of the 181 PL spectra ranging from —9 to 9 T with steps
of 0.1 T for o4 (c) and o_ (d) detections. e Magnetic field dependence of the Xy
peak energy for o4 and o_ detections. The energy values were extracted from
the fitting of the PL spectra. f Valley Zeeman splitting associated with the Xy
peak, showing a giant g factor calculated from the linear fit shown in red.

g-factor values for their exciton emission due to the interaction between the MoS, electronic
bands with the localized magnetic moments of the dopants. Nonetheless, although they
also displayed a lower energy defect peak, this peak was not associated with a Zeeman
splitting. As V-doped WSe,; monolayers exhibit a magnetic ordering, the mechanism that
leads to their enhanced Zeeman effect associated with the trion emission should also
be related to the hybridization between the WSey valence and conduction bands with
the magnetic moments of the vanadium states. In addition, in contrast to the Fe- and
Co-doped MoS, samples, the defect mid gap state in the V-doped WSes; monolayers might
have an expressive magnetic moment, leading to the giant g-factor observed for the Xy
peak. To confirm these hypothesis and further understand the origin of these notable
Zeeman splittings, our theoretician collaborators Prof. Helio Chacham and Prof. Matheus
Matos from UFMG and UFOP are calculating the electronic structure and the respective

magnetic moments of a vanadium-doped WSe, monolayer.
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Figure 6.12 — Trion valley Zeeman splitting of pristine and 4% V-doped WSe; mono-
layers. a,b Magnetic field dependence of the X peak energy for o and o_
detections of pristine (a) and 4% V-doped (b) WSes monolayers. The energy
values were extracted from the fitting of the PL spectra. c,d Valley Zeeman
splitting associated with the X peak of pristine (c) and 4% V-doped (d) WSe,
monolayers. The doped samples presented an enhanced g-factor value of —5.2
with respect to the —3.2 g-factor of the pristine monolayer. The g-factors were
calculated from the linear fit presented in red.

6.3 Giant g-factor and magnetic field induced spin-polarization in aged WS, and
WSe, monolayers

In addition to the intentionally doped TMD monolayers, there are several other
defects that can affect the TMDs optical and magneto-optical properties, such as the
commonly reported adsorbed atoms and molecules due to the sample aging. Therefore,
there are possible hidden valley Zeeman responses in these defective TMDs that still
lack magneto-optical investigations. Here we investigate the valley Zeeman effect in aged
CVD grown WS, and WSes; monolayers by magneto-PL measurements with circularly
polarized light detection. The following results are submitted as a manuscript and its

preprint version is published in Ref. (349).
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6.3.1 Magneto-optical measurements in aged WS, monolayers

To probe the presence of defects in an aged TMD sample and study the consequent
modifications in its light emission, we firstly performed power dependent PL. measurements
in a 2-year aged CVD grown WS, monolayer, as shown in Figures 6.13a,b. The power-
dependent PL spectra of Figure 6.13a were taken at 4 K and are normalized by the free
exciton (Xp) peak (~ 2.02 eV), revealing a lower energy PL peak with a distinct intensity
and energy position features. While the exciton PL peak presents no relevant shift in its
energy and a linear increasing of its intensity with respect to the incident power, the lower
energy peak displays a sublinear power dependence and a noticeable energy blueshift, as
highlighted in Figure 6.13b. Moreover, Figure 6.13¢ shows the temperature dependent PL
spectra of the WS, monolayer, in which the lower energy PL peak presents an intensity
quenching and an energy redshift under increasing temperature. Additionally, in Appendix
Figure A.8 it is possible to note that this lower energy peak vanishes at room temperature. A
lower energy PL emission with sublinear power and temperature dependencies is commonly
related to defect-bound localized excitons (X1) (350). Nonetheless, this feature is reported
for a variety of possible defects in TMDs, such as vacancy (170), substitutional doping (177)
and adsorbed impurities (351, 34, 352, 353, 170, 189). On the other hand, the significant
energy shift displayed for both power and temperature variation as well as the large
spectral linewidth and its peak position was previously related to the adsorption of oxygen

and organic molecules due to an aging process (351, 34, 352, 353, 189).

In order to further characterize these samples, our collaborators from CDTN have
performed XPS measurements. The valence state of each element present in the WS,
sample was investigated using the high-resolution XPS spectra analysis. The analysis was
used to validate the existence of a minor fraction of adsorbent defect sites within their
structures, as done in Ref. (189). Figure 6.13d displays the spectrum of W 4d, which
reveals the presence of two asymmetric responses associated with W 4ds,, and W 4d3/,
orbitals (354). Each one of these asymmetric orbital responses were fitted with two Voigt
peaks. While the predominant fitted peaks (in blue) at 244.8 and 257.2 eV are related
to the chemical state doublet of the W-S bond, the orange fitted peaks at 249.2 and
261.3 €V indicate the presence of a distinct chemical state doublet in a higher binding
energy. Moreover, XPS high-resolution spectra of the aged WSy monolayer for the W 4f
orbitals also exhibit an asymmetric response due to the presence of a defective chemical
state doublet (see Appendix Figure A.9). Similar XPS results were previously reported for
an aged WS, monolayer and were related to a loss of sulfur atoms and a higher oxidation
state for tungsten atoms as well as to the presence of non-identified adsorbed organic
molecules (351, 189). Therefore, our XPS measurements give an indication that the defects

responsible for the lower energy PL peak are similar to those found in Refs. (351, 189).

In order to investigate the circular dichroism of the X peak and its dependence
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Figure 6.13 — a Power dependent PL spectra at 4 K for an aged WS monolayer showing
free exciton and defect-bound exciton peaks. PL spectra are normalized by the
intensity of the free exciton peak. b PL energy (top graph) and intensity (bottom
graph) dependencies on the incident power for both defect and exciton PL peaks. ¢
Temperature dependent PL spectra for a 100 4W incident power. All measurements
were performed with a 532 nm laser. d XPS spectrum of W 4d and S 2s core-level
peaks. The W 4d displays two W 4d5/5 and W 4d3/, doublets associated to W
of the main WSy structure (blue fitted peaks) and to W at defect sites (orange
fitted peaks).

with an external magnetic field we performed circular polarization magneto-PL measure-
ments in the aged CVD grown WSy monolayer at 4 K. The sample was excited by a linearly
polarized laser beam, with an incident power of 100 W and applying a perpendicular
external magnetic field tunable from —9 to 9 T (with steps of 0.1 T), while its PL emission
was detected for both right (07) and left (¢7) circular polarizations. Figures 6.14a.b
exhibit the PL spectra for —9, 0 and 9 T for both ¢% and ¢~ detections. An opposite
energy shift with respect to the magnetic field for 6% and o~ emissions can be observed
for both Xy and X, peaks. A wider perspective of this shifting can be noted in the PL
intensity 2D plots of Figures 6.14c,d, which contains all 181 PL spectra measured varying
the external magnetic for both polarizations. This opposite energy shifting occurs due

to the Zeeman effect, that displaces each valley in opposite directions in energy as they
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present inverse spins. Besides, Figures 6.14a-d also display the great broadening of the X,
peak corresponding to its redshifting with magnetic field. The magnetic field dependence
of the valley Zeeman splitting AE - denoted as the energy difference between o+ and o~
emission (E,+ — E,-) - is given by AE = gupB, in which ug = 0.05788 meV/T is the
Bohr magneton and g is the g-factor. Thus, first we extracted the energy position of Xy
and X, peaks for all PL spectra, as shown in Figures 6.14e,f. From the energy values, we
plotted the valley Zeeman splitting for X, and X peaks and calculated their associated
g-factors from the data linear fit, as presented in Figure 6.14g,h. A g-factor of —3.6 is noted
for the Xy peak, that is in agreement with previously reported values (146, 147, 148, 149).
On the other hand, an enhanced g-factor of —25.0 can be observed for the X, peak, which
correspond to its noticeable energy shifting shown in the magneto-PL spectra of Figures
6.14a-d. We performed similar measurements in another aged WS; monolayer and we
noticed this enhanced X g-factor for it as well, as displayed in Appendix Figure A.10.
Besides, we also probed an aged WS, monolayer with a 1 W incident power to study
the power influence on this giant X, g-factor, as shown in Appendix Figure A.10. A
significant Zeeman shifting for the defect-bound exciton for this lower pumping power is

also observed.
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Figure 6.14 — a,b PL spectra of an aged WSy monolayer for a linearly polarized excitation
and ot (a) and o~ (b) detections with external magnetic fields of —9, 0 and 9
T. ¢,d PL intensity 2D plots of an aged WSs monolayer for a linearly polarized
excitation and o (a) and o~ (b) detections with external magnetic fields ranging
from —9 to 9 T. The spectra in (a-d) are normalized by the free exciton peak
intensity to highlight the intensity and energy modifications in the defect-bound
exciton peak. e,f Exciton (e) and defect-bound (f) PL peak energies with respect
to the magnetic field and their respective valley Zeeman splitting (g,h) showing
g-factors of —3.6 (g) and —25.0 (h). All measurements were carried out at 4 K
and with an incident power of 100 pW.
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6.3.2 Magneto-optical measurements in aged WSe, monolayers

To have a better understanding of the defect role in the optical properties of
other aged TMDs, we investigated a 3-year aged CVD grown WSe, monolayer by the
same measurements carried out for the WS, monolayer. Figure 6.15a shows the power
dependent PL spectra at 4 K for the WSe; monolayer normalized by the exciton peak
intensity. Beyond the exciton emission, it can also be observed a lower energy PL peak with
a sublinear power dependence. Figures 6.15b,c show the power dependence of both exciton
and defect PL peaks with respect to their energy and intensity, respectively. Similarly to
the aged WS, monolayer, an energy blueshift and a sublinear intensity power dependence
are noted for the defect-bound exciton peak in the WS, sample. Moreover, temperature
dependent PL measurements shown in Figure 6.15d reveals another similar behavior with
respect to the WS, monolayer. As XPS measurements of this aged WSe; monolayer also
shows the presence of an extra chemical bond (see Appendix Figure A.9), it is suggestive
that both WSy and WSe, lower energy PL peaks have the same defect source, since they
were similarly grown and aged. Low temperature magneto-PL measurements with linear
polarized excitation and circular polarized detection were also performed for the aged
WSe, monolayer. Figures 6.15¢,f respectively show the ot and o~ detected PL spectra for
all 181 measured external magnetic fields between —9 and 9 T (with steps of 0.1 T). The
separated PL spectra for —9, 0 and 9 T are displayed in Appendix Figure A.11. The energy
of Xy and X, peaks were extracted for all PL spectra and are presented in Figures 6.15g,h.
Besides the well-known Zeeman shifting of the X, peak, it is also noted a remarkable shift
in the X PL peak for this aged WSe; monolayer. From the energy shifting data it was
calculated the valley Zeeman splitting for both exciton and defect-bound peaks, which are
respectively shown in Figures 6.15i,j. A g-factor value of —3.2 is noted for the Xy, whereas
the X, presents an notable g-factor of —19.1. Furthermore, Figures 6.15e.f also display
the significant spectral broadening of the circular polarized X, emission corresponding to

its energy redshift with magnetic field.

As observed in Figures 6.14 and 6.15, beyond the giant Zeeman shifting of the X,
peak, this defect-bound exciton emission also presents a great circularly polarized intensity
dependence on the magnetic field for both aged WS, and WSey; monolayers. To further
investigate this dependence, Figure 6.16a shows the degree of circular polarization (DCP)

of the aged WSe, monolayer for —9, 0 and 9 T, given by:

L — 1,

DCP =100———
CP(%) = 1007,

in which I+ and I,- are the PL intensities for both o™ and ¢~ polarizations, respectively.
A negligible DCP can be observed for the whole PL spectral range at 0 T, that is a
consequence of the similar PL spectra for both ¢* and ¢~ detection at 0 T. This absence

of DCP is related to the symmetric band structure with anti-symmetric spin moments at
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Figure 6.15 — a Power dependent PL spectra at 4 K for an aged WSes monolayer showing free

exciton and defect-bound exciton peaks. PL spectra are normalized by the intensity
of the free exciton peak. b,c PL energy (b) and intensity (c) dependencies on the
incident power for both defect and exciton PL peaks. d Temperature dependent PL
spectra for a 100 W incident power. e,f PL spectra of an aged WSes monolayer
for a linear polarized excitation and o (e) and o~ (f) detection with external
magnetic fields ranging from —9 to 9 T. The spectra were normalized by the free
exciton peak intensity to highlight the intensity and energy modifications in the
defect-bound exciton peak. g,h Exciton (g) and defect (h) PL peak energies with
respect to the magnetic field and their respective valley Zeeman splitting (i,j)
showing g-factors of —3.2 (i) and —19.1 (j). All magneto-PL measurements were
carried out at 4 K and with an incident power of 100 pW.

0 T between K and —K valleys. On the other hand, we can observe a significant variation
of the DCP for —9 and 9 T with respect to the emission energy. While there is a DCP of
~ 7.5% in the X, spectral range, the X; peak energy shows an increased DCP of ~ 40%,

more than 5 times greater compared to Xy. Besides, the full PL intensity dependencies on

the external magnetic field for both Xy and X are displayed in Figures 6.16b,c. The o™

and o~ PL intensities of the free exciton are maximum close to 0 T and decrease for both

positive and negative magnetic fields. Conversely, the defect-bound exciton PL intensity

dependence on the magnetic field is approximately linear, with a positive (negative) slope

for ot (07) emission. While 0™ and o~ polarized X emissions have similar intensities
at B =0, for B=9 T the X, 0" polarized intensity is 2.5 times greater than the X

o~ polarized intensity (and the opposite is valid for B =-9 T), revealing a significant
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magnetic field induced spin polarization of the mid gap states. In addition, the aged WS,
monolayer also shows a noticeable DCP for the X peak, as shown in Appendix Figure
A.12. Therefore, we can note a correspondence of the magnetic field dependence between
the X peak energy shifting, spectral broadening and spin polarization. These relationships

will be further explored to explain the observed giant g-factor of the defect-bound exciton

peak.
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Figure 6.16 — a Degree of circular polarization of an aged WSes monolayer for —9, 0 and 9 T
between o1 and o~ PL spectra. b,c Free exciton (b) and defect-bound exciton
(c) PL intensities with respect to the magnetic field. A parabolic dispersion for
the exciton PL intensity can be noted, while the defect PL intensity presents a X
pattern between o and ¢~ emission.

6.3.3 Multiple mid gap states model

As mentioned in Chapter 2, the Zeeman shifting in TMDs happens due to the
orbital, spin and valley magnetic moments of the valence and the conduction bands of
the material. The reported g-factors of the X, state related to the valley Zeeman splitting
between K and —K valleys is around —4pup (146, 147, 148, 149). However, as defect-bound
exciton PL peaks are associated with the optical transition from defect mid gap states
to the valence band, a distinct valley Zeeman splitting is expected (292). Although spin
magnetic moments remain the same, orbital and valley magnetic moments can be modified,
since the mid gap states can present distinct hybridized orbitals and effective masses with
respect to the valence band. For instance, a —6.2 g-factor associated with vacancy defect
levels in MoS, monolayers was previously explained by their distinct magnetic moments.
Nonetheless, the giant g-factor values of —25.0 and —19.1 that we observed for the aged

monolayers require a distinct explanation.

Comparing the power dependent PL spectra (Figures 6.13a and 6.15a) with the
magnetic field dependent PL spectra (Figures 6.14a-d and 6.15e,f) it is clearly noted a
similar dependence of the X peak with power and magnetic field. As previously reported,
the adsorbent defects can induce the emergence of distinct mid gap states in the material
band structure (189), leading to the observed broad PL peaks (353, 170, 189). Therefore,

by varying the incident power there are modifications in the charge carrier occupation of
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these mid gap states, resulting in a significant peak energy shift. Figure 6.17 schematically
represents this light emission power dependence by showing the band structure of a direct
gap semiconductor with two mid gap states at low and high excitation power regimes.
For low excitation powers, the lower energy defect level is more occupied due to the
charge carrier relaxation, leading to a lower energy defect-bound exciton emission. For high
incident powers, the electronic occupation of the lower energy mid gap state is saturated,
resulting in a larger occupation of the higher energy mig gap state and a blueshift in
the defect-bound exciton emission. Therefore, these multiple mid gap states might also

influence the observed magneto-optical responses.

Low Power High Power

< - — =
- - -

Figure 6.17 — Representation of the radiative recombinations from the conduction
band and mid gap states for a low and high incident power regime in
an aged TMD monolayer.

Figure 6.18a summarizes the dependence of the aged WS, and WSe, monolayers
optical responses on the external magnetic field, in which the o™ polarized light emission
at the K valley is represented for negative, zero and positive magnetic fields. For positive
magnetic fields, the radiative recombinations from the mid gap states — related to the
X, PL peak — exhibit an intensity enhancement, an energy redshifting and a spectral
broadening compared to the emission without an external magnetic field. Conversely, for
negative magnetic fields there is an intensity quenching, an energy blueshifting and a
spectral narrowing of the X peak emission. The opposite is valid for the ¢~ polarized
light emission at the —K valley. Considering this scenario, we next propose a spin-flip

mechanism to explain these experimental observations, as represented in Figure 6.18b.

Distinct relaxation pathways are reported in the electronic dynamics of TMD
monolayers. For instance, intervalley and intravalley scattering of excited carriers can
happen due to electron-phonon and spin-orbit interactions, respectively (355, 356). The
intravalley scattering is associated with a spin-flip of the carrier state, and can also be
induced by an external magnetic field (357, 355). For mid gap states, similar relaxations can
occur as well. As our reported aging defects are presumably non-magnetic, it is expected

that their states exhibit weaker spin-orbit couplings with respect to the TMDs conduction
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and valence bands, and thus smaller spin splittings, as shown in Figure 6.18a. Therefore,
as the spin splitted defect mid gap states are closer in energy, it is reasonable to expect
a greater probability of electronic relaxation among them. In addition, the electronic
recombination of electrons in these trapping states is notably slower than of free excitons
(311, 310), which also favors the relaxation processes in the mid gap levels. Therefore, we
presume that the external magnetic fields induce significant spin-flip transitions between
the spin splitted mid gap states. As shown in Figure 6.18b, while there is no relevant
spin-flip transition in the absence of an external magnetic field, positive (negative) magnetic
fields cause spin-flip transitions from spin-down (-up) to spin-up (-down) states, leading to
a strong spin polarization in the mid gap states. Hence, for positive (negative) magnetic
fields there will be a dominant population of spin-up (-down) states, which is in agreement
with the enhanced (quenched), redshifted (blueshifted) and broadened (narrowed) ot
polarized light emission observed in the experimental results and depicted in Figure 6.18a.
It is important to comment that the defect levels are also shifted by the external magnetic
fields, as shown in 6.18a. Therefore, the measured X, g-factor is due to a combination of

the Zeeman splitting and the polarized electronic occupation of the mid gap states.

In summary, we studied aged WSy, and WSey; monolayers by low temperature
power dependent PL, temperature dependent PL and low temperature circularly polarized
magneto-PL measurements. The power and temperature dependent PL spectra showed a
lower energy peak related to a defect-bound exciton. XPS measurements were carried out
and related this lower energy PL peak to the presence of an extra chemical bond to the W
atom that might be associated with the adsorption of oxygen and organic molecules in the
material structure. Finally, low temperature circular polarized PL. measurements with an
applied varied external magnetic field were performed to study the Zeeman effect in the
defect-bound exciton. A significant energy shift of the defect emission corresponding to an
intensity enhancement and a spectral broadening was observed for both aged monolayers
under magnetic field variation. Besides, from their Zeeman splitting we extracted g-
factor values of —25.0 and —19.1 for the defect-bound exciton emission in WSy and
WSe, monolayers, respectively. These giant g-factors emerge from the combination of the
valence band Zeeman shift and the spin polarization of the defect mid gap states due to a
magnetic field induced spin-flip transition. Therefore, our work highlights how adsorbed
defects related to an aging process can potentialize the Zeeman splitting and carriers spin

polarization in TMD monolayers for spintronics and valleytronics applications.

6.4 Partial Conclusions

The defect engineering of TMD monolayers is a powerful method to improve and
generate novel properties in these materials. Among several possibilities, defects can induce

singular magnetic responses in TMDs, such as a room temperature ferromagnetism by
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Figure 6.18 — a Band structure representation of an aged WSs or WSey monolayer for negative,
zero and positive magnetic fields, showing the conduction and valence bands
Zeeman shifting and the multiple spin splitted mid gap states. b Spin-flip relaxation
in the mid gap states induced by the external magnetic fields. The spin polarized
population of these defect levels lead to their magnetic dependent light emission
shown in (a).

introducing spin polarized metal atoms as substitutional defects. Besides, the adsorption
of atoms and molecules in the TMD monolayers surface might also affect their magnetic
properties. Therefore, as TMDs are attractive materials due to their semiconducting
properties, it is fundamental to characterize their optical and electronic modifications
in the presence of these defects. In addition, the investigation of the coupling between
magnetic and optical responses in these defective TMDs is promising to reveal novel
functionalities for these materials. Here we provided the first broadband optical and
electronic structure characterization of V-doped WS, monolayers by combining several
spectroscopy techniques and thorough DFT calculations. V-doped WSes; monolayers have
also been investigated by optical and magneto-optical experiments, revealing a strong
magnetic response from vanadium defect states. Finally, aged WS, and WSe; monolayer
were probed by magneto-optical measurements as well, in which a great spin polarization

of their defect-bound excitons was observed, leading to a giant effective g-factor associated
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with these defect states.

Beyond the results presented here, we have further studied these samples during
this thesis. For instance, together with a former master student we mapped the optical
responses throughout V-doped WS, monolayers by PL and Raman hyperspectral experi-
ments. They showed distinct light emission and scattering phenomena along the narrow
regions that connect the center of the monolayer with their vertexes, which is related to
a higher vanadium concentration. These results are shown in the master dissestation of
Felipe Menescal. In addition, preliminary magneto-optical measurements have also been
carried out in V-doped WSy monolayers, presenting an anomalous asymmetry in their

valley Zeeman shifting at K and —K valleys.
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7 Nano-optical investigation of defects in CVD grown MoS,; monolayers

As discussed in Chapter 4, the characterization of defects that unintentionally
emerge during the growth process of TMD monolayers is essential to both help the
development of the large-area of growth methods as well as to study novel properties.
To investigate the role of these defects in the inhomogeneity of the optical properties
throughout the grown samples there is a spatial resolution limitation of hundreds of
nanometers due to the diffraction limit of light. Therefore, confocal optical techniques
as photoluminescence (PL) and Raman spectroscopy are only able to provide averaged
electronic and vibrational responses over a um-scale area. Hence, the precise determination
of localized optical modifications should be given by near-field optical measurements such as
tip-enhanced PL and Raman spectroscopies (TEPL and TERS, respectively) (56, 57, 58, 59).
Investigations of excitonic effects (358, 359), grain boundaries (289, 290, 291), edge defects
(281, 282, 306), strain (283), wrinkles (284, 286), lateral interfaces (244, 287), hybrid
heterostructures (360) and defect-bound localized states (361, 306) have already been
carried out by TEPL and TERS measurements. However, due to the implementation
challenges of these optical techniques, it is possible to observe that several of these works
have not reached the optimal spatial resolution of few dozens of nanometers. Moreover,
as defects in grown TMDs can show distinct optical modifications depending on further
factors as growth parameters and substrate (362, 363), a broad nanoscale characterization
with combined electronic and vibrational information of different defects in TMD grown

monolayers is still a demanding task.

In this Chapter we study several defects in chemical vapor deposition (CVD)
grown MoS,; monolayers by TEPL and TERS measurements with spatial resolutions down
to ~24 nm. We investigate the localized PL emission and Raman scattering along distinct
MoS,; monolayers grain boundaries and edges. The following results are submitted as a

manuscript and its preprint version is published in Ref. (364).

7.1 Localized light emission from a MoS; monolayer grain boundary

The MoSs monolayer samples Al and A2 investigated here were synthesized by a
CVD method by our collaborators Prof. Ive Silvestre and Rafael Martins from UFOP in
two different batches that led to distinct optical characteristics as we will show along this
Chapter. Further growth details are described in Ref. (364). We first studied a multi-sided
polygonal shaped MoS, monolayer of A1l sample. It is well-known that these CVD grown
multi-sided TMD monolayers present grains with distinct crystallographic orientations

(71, 169). The boundary between the two grains is thus a defective region in which
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the mismatched atoms present a distinct localized geometrical structure that depends
on the relative orientation of the grains. These grain boundaries have been studied for
different TMD monolayers in the past years (71, 169, 191, 365, 79, 192, 178). While SPM
measurements are capable of determining the nanoscale features of the modified atomic
structure along the grain boundaries (71, 169, 191), conventional optical measurements
only give the averaged response of pm-areas containing these defects (71, 365, 79, 192, 178).
Therefore, although intensity enhancements and peak shifts had been reported for TMD
monolayers grain boundaries by confocal PL. and Raman measurements, they were not
able to ascertain the area in which the optical properties are affected due to their limited
spatial resolution. More recently, TEPL and TERS measurements have also been carried
out in monolayer TMDs in order to provide a wider comprehension of the nanoscale
character of the grain boundaries optical features (289, 290, 291). However, these few
existent reports showed quenched Raman and PL intensities along the grain boundaries,
contrary to previously reported features and in accordance with a likely sample cracking
at these defects. Hence, a careful nano-optical investigation of TMD grain boundaries is

required for a deeper understanding of the roles of defects in monolayer TMDs.

Figure 7.1a shows a polarized second-harmonic generation (SHG) image of the
multi-sided polygonal shaped MoS,; monolayer. Since the SHG in monolayer TMDs is
sensitive to the material crystallographic orientation (20), polarized SHG measurements
are capable of determining the grain orientations and thus reveals the presence of grain
boundaries (331). Hence, the different SHG intensities in Figure 7.1a shows the distinct
grains and their boundaries throughout the MoSs monolayer. Appendix Figure B.1 displays
the entire polarization dependence of the observed grains and their relative crystallographic
orientations. Figure 7.1b shows the intensity map of a confocal PL hyperspectral measure-
ment performed in the red squared region displayed in Figure 7.1a. In agreement with
previously reports (71, 79, 192, 178), PL intensity enhancements are observed at grain
boundaries. Therefore, in order to ascertain the localization and the real magnitude of the
optical modifications in these grain boundaries, we performed TEPL measurements along
distinct grain boundaries regions highlighted in colored rectangles in Figure 7.1b. To show
the spatial resolution and signal enhancements of the technique, all TEPL and TERS
measurements in this work were carried out with the tip up and down, respective to their
far-field (FF') and near-field (NF) responses. Figure 7.1c displays PL intensity maps of 4
TEPL hyperspectral measurements along MoSs monolayer grain boundaries regions. The
underlined color around each TEPL hyperspectral map is respective to the rectangular
areas of the same color in Figure 7.1b. A localized PL intensity enhancement is noted
for all probed grain boundaries. Moreover, an energy blueshift is also observed at the
grain boundaries, as shown in Figure 7.2a,c. To quantify the spatial width of the optical
modifications in these defects probed by the NF measurements and compare them with

the spatial resolution of the FF measurements, Figure 7.1d shows PL intensity profiles
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taken along the black dashed arrow in Figure 7.1b and orange and purple dashed arrows
in Figure 7.1c. The top intensity profile graph of Figure 7.1d reveals the remarkable
increase in spatial resolution given by the tip. While the grain boundaries in the FF
measurement presents spatial widths of ~ 650 nm, the bottom intensity profile graphs
unveil that the region affected by these defects can be as narrow as 49 nm. Distinct grain
boundaries present different structural modifications, hence it is natural that they also
display different affected regions. For instance, the grain boundary presented in the brown
underlined TEPL map of Figure 7.1¢ shows two separated enhanced lines, that correspond
to a broader brighter region in the FF PL map of Figure 7.1b. Figures 7.1e,f compare the
FF and NF PL spectra, respectively, of grain boundary and grain middle regions. The FF
spectra present a PL energy blueshift and an intensity enhancement at the grain boundary.
However, these features are emphasized in the NF spectra, which gives the real magnitude
of the spectral modifications. As shown in Figure 7.1f, it can be observed that the grain
middle region present a PL spectrum composed by trion and exciton peaks with similar
intensities. At the grain boundary, the exciton peak presents a noticeable enhancement
while the trion peak is quenched, which is responsible for the observed PL energy blueshift.
The exciton/trion peak intensity ratio map and profile shown in Figures 7.2b,d reveals a
relative enhancement up to 9 times of the exciton intensity with respect to the trion at the
grain boundary. This exciton emission increase due to a suppressed trion formation was
previously associated to an electrical doping effect (366), which can be locally probed by
these near-field measurements (367, 368). In fact, a commonly reported feature at MoSs
monolayer grain boundaries is the presence of electrical doping effects at these regions
(71, 369, 192), related with defects such as sulfur vacancies (369) or chemical doping (192).
Thus, our results shed light in the nanoscale aspect of the electrical and optical properties

modifications of the mismatched grain boundary regions.

7.2 Localized strain fields over a MoS, monolayer

Subsequently, we performed TEPL and TERS measurements in the A2 sample
in order to study further local heterogeneities. Figure 7.3a shows the optical image of a
triangular shaped MoSy monolayer from the A2 sample. The topography of the 500x500
nm squared region in the center of the monolayer highlighted in red in Figure 7.3a was
probed by a non-contact mode AFM measurement, as displayed in Figure 7.3b showing no
large topographical variations along the sample area. Moreover, Figure 7.3c shows FF and
NF spectra with Raman and PL peaks taken in the middle of the MoS, flake. Spectral
enhancement factors of ~ 3.5 and ~ 7 for PL and Raman intensities, respectively, were
observed by engaging the tip. Hyperspectral measurements were also performed in the
same region measured by AFM (Figure 7.3b) to investigate local optical features. The

Raman hyperspectrum displayed an uniform response throughout this region in both FF
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Figure 7.1 — a Polarized SHG imaging of a multi-sided polygonal MoSs monolayer. The regions

with distinct SHG intensities represent grains with different crystallographic ori-
entations, showing all grain boundaries present in the sample. Scale bar in (a):
5 pm. b PL intensity map of a FF hyperspectral measurement taken in the red
squared area highlighted in (a). The grain boundary regions show a PL intensity
enhancement. Scale bar in (b): 2 um. ¢ TEPL intensity maps of 4 NF hyperspectral
measurements taken in the colored rectangular areas highlighted in (b) also showing
a PL intensity enhancement at the grain boundaries. The colors of the rectangular
areas in (b) are respective to the same underlined colors around the TEPL maps
in (c). The FF hyperspectral measurements were performed with steps of 150
nm, while NF measurements were carried with steps of 16 nm. Scale bars in (c):
50, 100, 40 and 100 nm (from the top to the bottom). d PL intensity profiles
along grain boundaries for FF and NF measurements. The top graph shows the
FF PL intensity profile in black (taken along the black dashed arrow of b) and
the NF PL intensity profiles in orange and purple (taken along the orange and
purple dashed arrows of c). The spatial width of the PL enhancement at the grain
boundaries are shown in the bottom intensity profile graphs. e,f FF and NF PL
spectra, respectively, of grain boundary and grain middle regions. The spectra are
respective to the grain boundary region shown in the purple squared region of (b)
and (c). NF measurements reveal the real magnitude of the PL enhancement at
the grain boundaries, also showing the exciton emission dominance over the trion
emission suppression.

and NF measurements, as shown in Appendix Figure B.2. However, Figures 7.3d-g reveal

nanoscale modifications in the PL emission over this area. While the FF PL hyperspectrum

showed uniform exciton peak intensity (Figure 7.3d) and energy (Figure 7.3e) maps, the

NF PL hyperspectrum presented local islands of an enhanced exciton intensity (Figure

7.3f) that matches to an exciton energy blueshift (Figure 7.3g). To better visualize these

features, PL spectra of two distinct positions - pl (black dot) and p2 (red dot) - are
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Figure 7.2 — a,b Near-field PL maximum energy and exciton/trion intensity ratio maps at a
grain boundary of MoSs monolayer sample Al. These maps are from the orange
rectangle region highlighted in Figure 7.1. Scale bars: 50 nm. c¢,d PL maximum
energy and exciton/trion intensity ratio profiles along the grain boundary of MoSs
monolayer sample Al.

displayed in Figures 7.3h,i for both FF and NF measurements, respectively. The p1l and
p2 position are shown in the PL hyperspectral maps and are related to an enhanced PL
signal spot and to a decreased PL signal spot, respectively. Figure 7.3h presents similar
FF PL spectra for pl and p2, as observed in FF hyperspectral maps. On the other hand,
Figure 7.3i evidences that the NF PL spectra shows an intensity enhancement and energy
blueshift at the pl position. Furthermore, Figure 7.3i also shows the fitted PL spectra by
two Gaussian peaks, respective to the exciton - higher energy peak - and trion - lower
energy peak. Figures 7.4a-d displays the FF and NF PL maps for the trion emission,
presenting a similar behavior with respect to the exciton. It is worth mentioning that
all spectra of both FF and NF hyperspectral measurements were fitted by two Gaussian

peaks and the hyperspectral maps were made with these fitted parameters.

As already mentioned, PL intensity enhancements and energy shifts in MoS,
monolayers can be associated with doping effects. However, as shown in Figures 7.4e,f,
the exciton/trion peak intensity ratio along the measured area is approximately uniform
(variations lower than 35%), which is not consistent with a doping hypothesis. Another
common feature reported in TMDs that induces PL energy blueshift and intensity en-
hancement is the variation of strain fields (370, 371, 270, 41) along the sample. CVD
grown MoS, monolayers have previously presented shifts around 40 meV /% of strain
for the exciton emission (370, 270). As we observe shifts up to ~ 4 meV for the exciton
peak, it would be associated with a strain of ~ 0.1%. Indeed, this strain is not sufficient

to be probed by Raman, as it would induce shifts of ~ 0.21 em™! and ~ 0.07 cm™!
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Figure 7.3 — a Optical image of a triangular shaped MoSs monolayer from sample A2. b AFM
measurement of the 500x500 nm red squared region shown in (a). ¢ NF and FF
PL and Raman spectra of the MoSs monolayer showing the intensity enhancement
of the NF measurement. d-g PL hyperspectral maps of the FF exciton intensity
(d), FF exciton energy (e), NF exciton intensity (f) and NF exciton energy (g)
in the same red squared region shown in (a). The NF maps reveal nanoscale
features associated with localized strain fields. The hyperspectral measurements
were performed with steps of 16 nm. FF (h) and NF (i) PL spectra of pl and p2
points shown by black and red circles in the TEPL hyperspectral maps (d-g). The
measured spectra are displayed in the dotted data, while the two Gaussian peaks
fitting is presented in the solid curves. The trion and exciton Gaussian peaks are
highlighted in the dashed curves.

in the Ey, and A;, peaks (270), respectively, that is below our spectrometer resolution.
Moreover, the PL intensity enhancement is also in accordance with the 0.1% strain. As
there is no coincidence between the AFM measurement and the local variation presented
in the NF PL maps, the suggestive strain is not accounted on a topographic reason. As
shown in Appendix B.3, these strained islands are also observed in another region of the
flake. Therefore, the noted non-uniform localized strain is presumably due to an expected
thermal expansion coefficient and lattice constant mismatch between the monolayer and
the substrate (196), which plays a major role in the growth process. Although strain is a

well studied characteristic of TMDs, unveiling strained responses at this nanoscale can
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raise the understanding of the substrate and growth method roles in the optical properties

of these 2D semiconductors.
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Figure 7.4 — a,b Far-field trion intensity (a) and trion energy (b) maps of MoSs monolayer
sample A2. c¢,d Near-field trion intensity (c) and trion energy (d) maps of MoSs
monolayer sample A2. These maps are from the same region of the exciton maps of
Figure 2. e Near-field exciton/trion intensity ratio map of MoS, monolayer sample
A2. These maps are from the same region of the exciton maps of Figure 7.3. f
Exciton/trion intensity ratio profile taken along the dashed white arrow shown in

().

7.3 Nanoscale optical responses at a MoS; monolayer edge: A2 sample

Another frequent heterogeneity reported in monolayer TMDs is associated to their
edges (34). Thereby, we have also performed TEPL and TERS hyperspectral measurements
in an edge region of the same MoS, flake shown in Figure 7.3. Figures 7.5a,b display the
exciton peak intensity and energy maps for the NF PL hyperspectral measurement in this
edge region. An intensity enhancement and an energy blueshift of the exciton peak are
noted at the edge within a spatial width of less than 100 nm, which was not observed in
the FF measurements as shown in Appendix Figure B.4. These features are also presented
in Figure 7.5e, in which the PL spectra taken at the middle (pl) and at the edge (p2) of
the sample confirm the intensity enhancement and energy shift at the edge. Moreover,
Appendix Figure B.5 also shows similar results for another edge region of the same sample.
Unlike the PL energy shift in the inferred strained regions throughout the monolayer (Fig.
7.3), the observed energy shift at the edges are larger. As can be noticed in the exciton
energy profile in Figure 7.5f, there is an energy shift of 25 meV at the edge. Moreover, this

blueshift follows a PL enhancement of ~ 1.5, as can also be seen in Figure 7.5e. If this
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observed PL energy shift was also due to strain, it would be associated with measurable
Raman shifts. However, a NF Raman hyperspectral measurement showed no significant
shift for the Eyy mode at the edge as shown in Figure 7.5c. On the other hand, the 2LA
Raman mode presented a noticeable blueshift of ~ 4 ecm™! as displayed in the TERS peak
position map (Figure 7.5d). Frequency profiles along the edge for the Es; and 2LA modes
are presented in Appendix Figure B.6, showing the features observed in Figures 7.5¢,d. In
addition, the absence of frequency shifting of the first order Raman modes as well as the
blueshift of the 2LLA mode is also shown in the Raman spectra of the middle p1l position
and at the edge p2 position shown in Figure 7.5g. As shown by Carvalho et al. (53), the
MoSs monolayer 2LA Raman mode is in fact composed by different Raman peaks that are
highly dependent with electronic resonances. As these peaks present distinct resonances by
varying the laser wavelength (53), a similar behavior is expected if the material band gap is
modified. Therefore, the observed 2L A frequency shift at the edge is probably related to a
modification in the relative intensities of the 2LA peaks due to the band gap shift noticed
in the PL measurements. Previous reports (372, 373, 182, 281) have observed different PL
features at MoS, monolayer edges due to distinct defects. Water and oxygen passivation of
vacancies at the edges also result in an enhancement in the PL intensity, but it corresponds
to a redshift in the PL energy (372, 182). On the other hand, a similar nanoscale edge
response was recently probed by hyperspectral TEPL measurements (281). However, an
assertive determination of the defect responsible for these optical modifications at the
edges is still lacking. Therefore, the association of this local PL. enhancement and blueshift
at the edges with a frequency shift of the 2LA mode brings more information of the

influence of the edge defect states in the MoSs monolayer optical properties.

7.4 Nanoscale optical responses at a MoS; monolayer edge: A1 sample

In order to further investigate other types of optical responses at the edges, we
have measured MoS,; monolayer edges from the Al sample. Figures 7.6a,b shows the
measured NF PL hyperspectrum of a A1 MoSs monolayer edge. Contrary to the observed
features of sample A2, the PL intensity map of Figure 7.6a presents no clear modification,
whereas the PL energy map of Figure 7.6b reveals a significant redshift in an edge region
of less than 50 nm of width. TEPL measurements in distinct edge regions of different
monolayer flakes of the same A1 sample presented a similar PL energy redshift, as displayed
in Appendix Figure B.7. Figure 7.6¢ shows PL intensity and energy profiles along the edge,
in which the energy redshift of 25 meV can be observed. Moreover, in the intensity profile
it is possible to extract the spatial resolution of the measurement, that is around 20 nm
(see Appendix Figure B.8). PL spectra at the middle (pl position) and at the edge (p2
position) of the sample are shown in Figure 7.6d, clearly showing the PL redshift presented
in the TEPL hiperspectral map and profile, but no clear spectral modification. Although
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Figure 7.5 — a,b NF TEPL hyperspectral maps of the exciton intensity (a) and energy (b)
at an edge region of the MoSs monolayer shown in Figure 7.3. An intensity
enhancement and an energy blueshift of the PL is observed at the edges. ¢,d NF
TERS hyperspectral frequency map of the Eg, (c) and 2LA (d) modes, respectively
revealing an uniform frequency and a blueshift of ~ 4 cm™! at the edge. The PL
and Raman hyperspectral measurements were performed with steps of 16 nm. e NF
PL spectra of pl and p2 points shown by black and red circles in the hyperspectral
maps (a-d). The measured spectra are displayed in the dotted data, while the
spectra fitting is presented in the solid curves. f Exciton PL intensity and energy
profiles along the edge, highlighting its enhancement and blueshift of ~ 25 meV.
Moreover, the intensity profile reveal a spatial resolution of ~ 30 nm. g NF Raman
spectra of pl and p2 points shown by black and red circles in the hyperspectral
maps (a-d). The measured spectra are displayed in the scattered data, while the
spectra fitting is presented in the solid curves.

there is a PL energy redshift associated with oxygen and water passivation at the edges
(372, 182), the absence of a strong PL intensity enhancement suggests a different reason for
this observed edge response. On the other hand, if this intense PL energy modification at

the edge is related with strain, a shift in the first order Raman modes should be observed.

Therefore, we also performed a NF Raman hyperspectral measurement in the
same region as the measurements of Figure 7.6. The Raman intensity maps of the Ey,
and 2LA modes are displayed in Figures 7.7a,b, while the frequency maps of these peaks
are presented in Figures 7.7c,d. For both peaks it is observed an intensity quenching and
a frequency redshift at the edge. To better quantify these responses, the intensity and
frequency profiles of Ey; and 2LA modes along the edge are shown in Figures 7.7ef. In
addition, Figure 7.7g shows Raman spectra taken in the middle of the monolayer (p1) and
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Figure 7.6 — a,b NF TEPL hyperspectral maps of the PL intensity (a) and energy (b) at
an edge region of a MoSy, monolayer from A1l sample. An energy redshift of the
PL is observed in at the edges. The hyperspectral measurements were performed
with steps of 8 nm. ¢ Exciton PL intensity and energy profiles along the edge,
highlighting its redshift of ~ 25 meV. Moreover, the intensity profile reveal a spatial
resolution of ~ 20 nm. ¢ NF PL spectra of pl and p2 points shown by black and red
circles in the TEPL hyperspectral maps (a,b). The measured spectra are displayed
in the dotted data, while the spectra fitting is presented in the solid curves.

at its edge (p2), highlighting the features noted in the Raman maps. It can be observed
a —1.5 cm ™! shift at the edge for the Ey, peak and a —8.5 cm™" for the 2LA mode. As
discussed for the A2 sample, this 2LA shift can also be associated with the modification
in the relative intensities of the 2LA peaks due to their distinct resonant responses (53).
Moreover, it is worth commenting that the PL blueshift at the edge of A2 sample related
to a 2LA frequency blueshift is in accordance with the PL redshift of the A1 sample at its
edge corresponding to a 2LA redshift. Besides, for a strain hypothesis, the 1.5 cm™! redshift
of the Ey;, mode is in agreement with the observed PL redshift of 25 meV (270), which
would be associated with a strain of approximately 0.7%. Another commonly reported
feature associated with strain with this magnitude in MoSs monolayer is the splitting of
the Ey, mode in two peaks due to a lattice symmetry breaking (277). Although we did
not have the spectral resolution to resolve these two peaks, the broadening of the E,
mode observed in the edge Raman spectrum of Figure 7.7g is another indication of strain.
Furthermore, the Raman intensity and frequency maps and profiles of the A;;, mode are

shown in Appendix Figure B.9. Whereas there is an intensity enhancement at the edge,
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no substantial shift is noted for the A;, peak. The expected A;, shift for a 0.7% strain is
—0.5 cm™!, which was probably not detected due to our measurement spectral resolution

and its convolution with the By, mode.

In order to further corroborate the strain field responsible for the nanoscale
optical features at the edge we performed AFM measurements in the A1l sample to probe
possible topographic disorders. Simultaneously with the acquisition of the TEPL and
TERS measurements, the topographic response of the tip (non-contact mode AFM) was
also measured as shown in Figure 7.7h. A noticeable suspension in the edge region of less
than 50 nm of width can be observed, indicating the presence of a strain field there. In
order to confirm this result, high resolution AFM experiments were employed as displayed
in Figure 7.7i. The left image of Figure 7.7i presents the AFM for the whole monolayer
flake, while the right image shows the AFM for the edge region highlighted in the inset
black square. Besides the surface roughness across the monolayer, both measurements
presented a distinct topographic response at the edge, underlined by the height profile
in the inset of the left image in Figure 7.7i. Thus, the sample indeed displays a localized
topographic variation at the edges that can generate the observed strain fields that could

be only probed by NF PL and Raman measurements.

7.5 Partial Conclusions

In summary, we studied local defects in distinct CVD grown MoS,; monolayers by
NF optical measurements. Electronic structure modifications in nanoscale regions along
MoSs, monolayer grain boundaries were probed by TEPL, in which a remarkable intensity
enhancement of the exciton peak related to a quenching in the trion peak emission due
to a doping effect was revealed. Besides, local strain fields were observed throughout a
MoS; monolayer by TEPL and TERS measurements, revealing the role of the lattice
mismatch between sample and substrate. Finally, edge defects were investigated by TEPL
and TERS in MoSs monolayers. While one of the grown MoS,; monolayer presented an PL
intensity enhancement and energy blueshift at the edges, the other grown sample showed
a PL energy redshift in the edge regions. Moreover, this last sample displayed a frequency
redshift in the Egy and 2LA Raman modes as well as a topographic suspension revealed by
the AFM measurement, which suggest a strong localized strain field at the edges. Our work
highlights the importance of utilizing optical spectroscopies with nanometric resolution
to probe localized defects and reveal the optical properties in two-dimensional materials,

that would be otherwise hindered in typical micrometer resolved spectroscopies.
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Figure 7.7 — a-d NF TERS hyperspectral maps of the Eo, Raman intensity (a) and Raman shift

(c), and 2LA Raman intensity (b) and Raman shift (d) for a A1 MoSs monolayer.
The TERS hyperspectral measurements were performed with steps of 8 nm and in
the same region of the TEPL hyperspectral measurements of Figure 7.6. e,f Eq, (e)
and 2LA (f) intensity and frequency profiles along the edge of the MoSs monolayer.
They highlight the remarkable frequency redshift for both Es;, and 2LA Raman
modes, that is also shown in NF Raman spectra of pl and p2 points (g). These
points are indicated by black and red circles in (a-d) maps and are related to an
inner and an edge spot of the sample, respectively. h Topography measurement in
the same region of the hyperspectral maps using the TERS tip height. The edge
shows a noticeable suspension that is directly associated with a strain field. i AFM
measurement of the whole monolayer (left image) and of the region underlined
in the black square (right image), presenting the edge topographic response. The
inset height profile in the right AFM image of (i) confirms the edge suspension.
Scales bar in the left and right AFM images of (g): 5 um and 500 nm, respectively.
Scale bar of the height profile in the right AFM image in (i): 3 nm.
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8 Nonlinear Optical Investigation of 2D TMDs

As discussed in Chapters 2 and 4, TMDs exhibit distinct optical responses under
high pumping regimes. For instance, from a certain charge carrier density there is an
exciton Mott transition to an electron-hole plasma (EHP) state, which modifies the optical
and electronic properties of the TMD sample (26). However, the reported studies on
the EHP light emission in TMDs are restricted to specific conditions such as cryogenic
temperatures (28) or suspended samples (27). Moreover, for a broad comprehension of
the optical properties of 2D TMDs subjected to this high excitation regime it is essential
the investigation of the EHP light emission in TMD multilayers and heterostructures
as well. Beyond the ionization of excitons, strong incident electric fields can also lead
to further nonlinear optical responses in 2D TMDs, as a second-harmonic generation
(SHG). Although SHG has been widely used to probe distinct TMDs and their vertical
heterostructures (320), this second-order nonlinear response at heterojunctions of TMD

lateral heterostructures still demands investigation.

In section 8.1 we show that a pulsed excitation is capable of inducing an EHP
state in supported monolayer and multilayers WSe, and MoSe; samples at room tem-
perature. Power-dependent photoluminescence (PL) measurements present the charge
carrier dependence of the EHP emission in these materials, while two-pulse excitation
correlation experiments provide information about its dynamics. The EHP light emission
is also studied in section 8.2, in which TMD lateral and vertical heterostructures are
imaged at high excitation densities, showing an enhanced PL intensity in comparison
with the isolated TMDs. Finally, section 8.3 presents a SHG investigation of TMD lateral
heterostructures. Excitation wavelength dependent SHG imaging reveals a constructive

interference at the samples heterojunctions, that occurs due to a coherent superposition of
the SHG fields from each TMD.

8.1 Electron-hole plasma emission of exfoliated 2D TMDs

Here, we investigate the carrier density dependence of the room temperature PL
of as-exfoliated monolayer, bilayer, trilayer, and bulk WSes; and monolayer MoSes; samples
under CW and pulsed excitations. In addition, a theoretical model was used to calculate
the PL emission from unbound electrons and holes by our theoretician collaborators to
compare with our experimental results. Finally, the dynamics of the light emission of
the EHP regime for monolayer (WSe; and MoSey) and bulk (WSey) was investigated by
two-pulse excitation correlation measurements. The following results are published in Ref.
(374).
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8.1.1 Room temperature EHP emission in WSe, monolayers

To study the carrier density dependence of the excitonic to metallic electron-hole
phase transition we performed excitation power dependent PL. measurements under CW
and pulsed excitations in an exfoliated WSes; monolayer. These measurements were carried
out with a pump excitation energy of 1.58 eV (below the material band gap energy of 1.65
eV) and with a notch filter placed before the spectrometer to block laser signal detection.
Figure 8.1a displays the PL spectra under CW excitation for distinct pump powers and
Figure 8.1b shows the same spectra normalized revealing no change in the shape of the
emission peak. On the other hand, by pumping the sample with a femtosecond pulsed
laser (Figures 8.1c,d) both intensity and shape of the PL peak present distinct behaviors
with respect to the CW. We observe an apparent maximum peak intensity saturation and
a clear broadening in the spectra above a certain pump power, that has been previously
attributed to an EHP phase (27, 28). While the EHP is characterized by its carrier density
dependence of the spectral width of the PL emission (375), the incompressibility of the
charge carriers in the EHL phase does not let their density increase (103), leading to a
constant PL peak width. As we observe a large broadening of the PL spectra with pump
power, it is clear that we are not observing an EHL phase. Our observation is thus an
indication for a gradual exciton Mott transition to an EHP phase. Moreover, our findings
also reveal that pulsed excitation allows one to probe this effect even at room temperature
and pump energies below the band gap resonance in an as-exfoliated TMD monolayer,
while other authors reported this electronic phase transition only for peculiar conditions
that involve suspended samples (28) or low temperatures (27). It is worth to discuss here if
with the sub band gap excitation generates the EHP PL by one or two-photon absorption.
As shown in Appendix Figure C.1, for CW excitation we note a linear power dependence
for the PL intensity, which exclude the two-photon absorption hypothesis. Therefore, this
sub band gap excitation consists in one photon process with a multi-phonon upconversion
(376). Besides, to evaluate only on the WSey PL contribution, background emission from
the quartz substrate around 1.4 eV was removed from the spectra of Figures 8.1c,d as

described in Appendix Figure C.2.

The broadening feature that is only observed in the PL generated by pulsed
excitation can be better noticed in Figure 8.1f, in which the full width at half maximum
(FWHM) of the spectra shown in Figures 8.1a-d are plotted with respect to the incident
powers (top label). For the data measured under pulsed excitation the equivalent pump
fluence values are also shown in the bottom label. We note that the PL under CW excitation
shows an approximately constant FWHM value for all incident powers. For the spectra
under pulsed excitation, we observe a similar constant value of the FWHM up to pump
fluences around 10 J/m?. In contrast, for greater fluences there is a noticeable enlargement

of the PL width. For our measurement conditions, we can calculate the carrier density by
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(27):

_ Po
 Afrep B’

no (8.1)
in which P is the incident laser power (W), ¢ is the absorptance taken from Yiley et al.
(377), A is the area (cm?) of the spot of the laser at the sample, f,, is the laser pulse
repetition rate (s7'), and FE is the incident photon energy (J). In addition, the pump
fluence is the ratio between P with the product of A with f,, being A in m? in this
case. Therefore, with the transition pump fluence value we calculated the Mott critical
density as 10 cm™2, that is in agreement with previously reported values for TMD
samples (126, 129, 132). Figure 8.1e displays a schematic representation of the emission in
the excitonic and EHP phases. While the exciton presents a sharp emission well defined
by its binding energy, the EHP has its luminescence broadened by the carrier density
enhancement that leads to the electronic occupation of a larger range of energies, resulting
in the observed broadening of the PL peak towards high energies. The broadening towards
low energies is a fingerprint of the strong band gap renormalization that occurred during
the measurement time. In summary, we observed a gradual transition induced by the
excitation power in the luminescence emission of an as-exfoliated WSey; monolayer, in
which its line width begins to continuously increase without a significant shift in the peak
position. Our results help to corroborate the previously reported trend of a progressive
exciton Mott transition into the EHP phase (27), unlike the abrupt one into the EHL (28).

8.1.2 Room temperature EHP emission in WSe, multilayers

In order to obtain a better understanding of the Mott transition in TMD materials
we also probed multilayer WSey samples in the same way as done for the monolayer.
Figures 8.2a-i show the CW and pulsed excitation PL spectra of exfoliated bilayer, trilayer
and bulk WSe, for distinct pump powers. It can be noted once again that under CW
excitation (left side graphs) all samples preserve the PL line shape despite the intensity
enhancement under increasing pump power. Furthermore, as well as observed in the
monolayer, the multilayer samples exhibit a considerable broadening in the PL emission
under pulsed excitation above a certain power, revealing their exciton Mott transition
into an EHP (that is confirmed in the pump fluence dependent FWHM graphs shown in
Appendix Figure C.3). Nonetheless, a slight difference in this effect for these multilayer
samples can be noticed. While the monolayer shows no substantial shift in the energy of
the PL peak maximum, there is a noticeable change in the peak position of the multilayers
— mainly seen in the trilayer and bulk. Figures 8.2f;i show that the trilayer and bulk
PL emission start centered at 1.46 and 1.38 eV, respectively. Above the Mott transition,

new contributions around 1.59 for trilayer and 1.52 eV for bulk arise and exhibit an
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Figure 8.1 — Excitation power dependent PL in a monolayer WSe,. a CW excitation
PL spectra for distinct pump powers. b Normalized spectra from (a) showing
that there is no modification in the peak shape. ¢ Pulsed excitation PL spectra
for distinct pump powers. d Normalized spectra from (c) revealing that for a
pulsed laser excitation the light emission is notably broadened by increasing
the pump power. e Schematic illustration of exciton and electron-hole plasma
(EHP) emissions in a general TMD monolayer. f Power dependence (top
label) of the PL full width at half maximum (FWHM) for the CW (gray)
and pulsed (orange) excitations. For the pulsed excitation the bottom label
also shows the equivalent pump fluence scale. The power and the fluence axis
are displayed in a logarithm scale. It can be noted that the Mott transition
happens for a pump fluence around 10 J/m? under the pulsed excitation. This
value corresponds to a carrier density around 103 cm™2. The asterisks in the
pulsed excitation measurements around 1.4 eV indicate where the substrate
peak was removed from. The empty regions in the spectra are due to a notch
filter used to block the detection of the 1.58 eV laser signal.

enhancement greater than the former peak until it dominates the spectrum. It is known
that the high carrier density can result in a renormalization of the band structure due to
carrier-carrier interactions (378). Moreover, as shown by Wilmington et al. (131), high
excitation densities can also lead to sample strain in these TMDs. Besides, it has been
reported by Desai et al. (271) that strain in multilayer WSe, induces an indirect to direct
band gap transition. As the peak positions highlighted by the dashed curves displayed in
Figures 8.2fi are in agreement with the well known values of the energies of the indirect
(IT) and direct (DT) optical transitions (379, 338, 380) of these materials, it is suggestive
that the high carrier density generated by the pulsed excitation induced this band gap
renormalization. As a consequence, Figure 8.3 shows that the PL intensity emitted by

these multilayer WSe, samples in this high excitation regime becomes comparable with
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the monolayer emission, enlarging the possibilities of application for these multilayers by
tuning their carrier densities. Moreover, although the notch filter blocked the PL peak
maximum region of the bilayer making the energy shift hard to be perceived, the great
enhancement in its PL intensity similar to the trilayer and bulk samples indicates that the
band gap renormalization should also be happening for the bilayer. These results reveal an
opposite behavior with respect to the direct to indirect band gap transition in the exciton
Mott effect of monolayer MoS; shown by Yu et al. (28). As reported, the indirect band
gap drove the MoS, to large carrier lifetimes, which enabled the system evolution to a
liquid phase (375). Conversely, we expect faster lifetimes for the WSey samples, since we

did not observed the emergence of the EHL state.

8.1.3 Calculation of the EHP emission in WSe, monolayers

To obtain a better insight into our experimental results and the underlying
physics, our theoretician collaborators Prof. Ermin Malic and Raul Perea-Causin from
the Philipps University of Marburg have modeled the PL emission spectra using the
density matrix formalism considering a system of interacting electrons, holes and photons
(381, 382, 383, 384, 385). At low densities, the PL is governed by the radiative recombination
of bright excitons and is given by (386, 55):

[¢"(r = 0)[*n,
Ippx(w) o Z (hwo — B2+ 2 (82)

v

The PL thus displays a Lorentzian line shape centered at the resonance energy
E, of the exciton state v with a broadening ~ that is mainly governed by scattering
with phonons in the low density regime. The intensity of the PL is determined by the
product of the exciton population n, with the oscillator strength |¢”(r = 0)|?, where ¢”(r)
is the exciton wave function. In thermal equilibrium the PL is thus dominated by the
recombination of excitons occupying the lowest (i.e. 1s) bright state. Note that the shape
of the 1s PL peak in the excitonic regime is not affected by the temperature of the exciton
population, as only excitons from the light cone with negligible center-of-mass momentum
can recombine radiatively. The lattice temperature, i.e. the temperature of the phonon

bath, determines rather the (symmetric) spectral broadening ~.

At densities above the Mott transition, excitons in WSe, dissociate into an EHP.
In order to understand the effect of the carrier temperature in this regime, the interaction
between charge carriers is neglected. The interactions in the plasma regime are strongly
screened and lead mainly to a renormalization of the bands and an increase of the
broadening v via excitation-induced dephasing (387, 388). The PL for the EHP reads
(382):
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Figure 8.2 — Excitation power dependent PL in multilayer WSe, samples. a,d,g

CW excitation PL spectra for distinct pump powers in a bilayer (a), trilayer
(d), and bulk (g) WSey. No modifications in the PL peak shape for the
CW excitation can be noticed. b,e,h PL spectra for pulsed excitation for
distinct pump powers in a bilayer (b), trilayer (e), and bulk (h) WSe,. c,f,i
Normalized spectra from (b,e,f) revealing that for pulsed laser excitation
the PL is notably broadened by increasing the pump power. Moreover, a
shift in the peak position that is probably resulting from a indirect (IT) to
direct (DT) band gap transition in these multilayer WSe, samples can also
be observed. The asterisks in the pulsed excitation measurements around 1.4
eV indicate where the substrate peak was removed from. The empty regions
in the spectra are due to a notch filter used to block the detection of the 1.58
eV laser signal.
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Figure 8.3 — Sample thickness dependence of the PL intensity under a pulsed excitation. a-d
PL spectra of a monolayer, bilayer, trilayer and bulk WSe, for an incident power of
0.01 mW (a), 0.1 mW (b), 1.0 mW (c), and 10 mW (d). It can be noted that while
the monolayer present a much greater PL intensity with respect to the multilayer
samples for a low carrier density regime, the intensities of all samples become
similar when they are excited to the EHP phase.

e h
Pk Px
Ipr,en(w ocE , 8.3
PLeb(w) = (hw — Ex)? + 72 (8:3)

where ple((h) is the electron (hole) occupation probability for the state with momen-
tum k, and By = E, + % is the energy of the recombining electron-hole pair, with E, and
1 being the band gap and the electron-hole reduced mass, respectively. If the occupation is
sufficiently low, electron and hole follow a Boltzmann distribution, resulting in p pf oc e=#Fk
with 371 = kgT. Considering a small v, the PL reads Ipy, ep(w) ox e P@=EDQ(hw — E).
This expression clearly illustrates that the PL decays exponentially at energies above
the band gap, with the slope of the exponential decay being determined by the thermal

broadening of the carrier distribution, kgT'.

Figure 8.4a shows the computed PL in the excitonic (Eq. (8.2)) and EHP (Eq. (8.3))
regimes with v = 25 meV for a monolayer WSes. While the excitonic PL displays a
symmetric broadening and is unaffected by the temperature of the exciton distribution,
the PL in the EHP regime displays a strongly asymmetric broadening towards higher
energies, reflecting the thermal distribution of charge carriers. Considering a presumable
renormalization of the band gap and an even greater broadening in the PL that are

both not accounted here due to the neglected carrier-carrier interaction for the EHP,
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Figure 8.4 — Excitonic and electron-hole plasma PL regimes. a Computed PL of both
regimes. While the exciton is formed by a low density excitation and therefore
emits a symmetric Lorentzian peak, the electron-hole plasma is strongly
affected by the high carrier population thermal distribution that generates a
broad asymmetric light emission. Adapted from: (374). b PL spectra above
the monolayer WSes; band gap of four distinct pump fluences with their
exponential decay fits (gray) indicating their relative carrier temperatures. c
Power dependence of the integrated PL intensity (green) and temperature
(blue) with their power law fits indicating 1.72 and 0.61 exponents, respectively.
The y-axis of (b) and both axes of (¢) are displayed in a logarithm scale.

there is a reasonable qualitative agreement between our theoretical and experimental
results. As mentioned, in the EHP regime an exponential decay of the PL determined by
the carrier temperature for higher energies is expected. In order to relate that thermal
distribution with the pump fluence, we performed more PL. measurements in a monolayer
WSe, focusing only on this higher energy range and for carrier densities above the Mott
transition. The spectra for four distinct pump fluences are shown in Figure 8.4b together
with their exponential decay fit, where it was possible to extract its carrier temperatures
related to the different pump fluences. Moreover, Figure 8.4c shows the power law of the
integrated PL intensity and extracted temperature with respect to the pump fluence. A
nonlinear dependence of the light emission intensity with respect to fluence and a sublinear
dependence for the temperature can be noted. These findings are in agreement with the
reported EHP hot luminescence from graphene (389, 390, 391), which was observed for
pump pulsed fluences similar to those presented in our work. In addition, similar results
for a monolayer MoSe, are also shown in Appendix Figure C.4, revealing the same EHP
behavior for this other TMD 2D material.

8.1.4 EHP dynamics in WSe, mono and multilayers

After exploring the pump-power dependence and the spectral characteristics of the
EHP we now focus on the thermalization dynamics of the EHP. Different works reported
on the dynamics of the electron-hole plasma and liquid phases in TMDs. For instance,
Bataller (129), Chernikov (26) and Wang (27) et al. performed differential reflectance

pump-probe measurements to access the electron-hole recombination lifetimes. While



8.1. ELECTRON-HOLE PLASMA EMISSION OF EXFOLIATED 2D TMDS 152

Bataller revealed an ultralong charge lifetime of 100’s of ns for the MoS, EHL, Chernikov
and Wang observed a time scale of few picoseconds for the EHP lifetime in WS, and
MoSes/WSes heterostructure samples, respectively. Moreover, Siday et al. (132) have
measured the exciton and EHP formation times by time-resolved terahertz nearfield
microscopy in a WSes bilayer, while Arp et al. (133) have presented the Mott transition
by the nonlinearity in a photocurrent pump-probe measurement. However, despite the
great impact of these results, the dynamics of the EHP thermalization and the possible

physical processes behind have not been discussed so far.

Thus, in order to investigate the dynamics of the broadband luminescence in the
EHP regime we performed two-pulse excitation correlation measurements in monolayer,
bilayer, trilayer and bulk WSes samples, and in a monolayer MoSe; sample. For this
experiment the 375 fs pulsed laser beam was split in two beams with the same fluence of
15 J/m? and the PL signal was measured as a function of the temporal pulse separation.
To focus only on the EHP emission we collected only the emitted energies above the band
gap by using shortpass and bandpass filters. Figures 8.5b,c show the intensity profiles
of the two-pulse excitation correlation measurements in the monolayer and bulk WSe,
samples with respect to the temporal delay between the pulses for 1.67 eV excitation. Since
this is an excitation correlation measurement, it provides information about the nonlinear
dependence of the EHP light emission with the absorbed power, which is also related
to its electronic thermalization dynamics. At zero delay time, the energies from the two
laser pulses are transferred to material, generating the hot EHP with a given electronic
temperature that leads to PL emission with the highest intensity. For increasing delay
times, the electronic temperature decays and subsequently the PL intensity diminishes with
two different characteristic times as can be observed in Figures 8.5b,c. Similar correlation
measurements have already been performed to probe the EHP PL dynamics in graphene by
Lui et al. (389) where two time responses were observed: a faster one due to the electronic
thermalization with optical phonons and a slower one coming from the thermalization of the
electrons and optical phonons with the system lattice bath - the electronic thermalization
from the electron-electron scattering is ignored here since its characteristic time (392) is
expected to be faster than the temporal resolution of our measurement. To determine the
electronic tempearature as a function of time, one can use a two-temperature model (389).
However, it is beyond the scope of our work to calculate the multiple different parameters
needed, such as the electron and phonon heat capacities in the EHP regime, where changes
in the electronic structure are expected due to high electronic temperatures. Therefore, in
order to have an approximate value for the thermalization time scales, we use an empirical

equation for the time dependent electronic temperature T, (t) given by:

Tu(t) =Ty -e 7 +Tp-e = + T, (8.4)
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in which 77 +T5+ T} are the "initial" electronic temperature reached upon pulsed excitation
(after the electron-electron scattering thermalization), T5 + T is the electronic temperature
after the thermalization with the optical phonons (that happens in a time scale of 1)
and Tj is the final electronic temperature after thermalization with the system lattice
bath (that happens in a time scale of 75). Hence, the optical phonon temperature can be
written as: T,,(t) = T5 - (1 — 67%) e+ To, and the system lattice bath temperature
can be written as: Ty (t) = To - (1 — e_%). To illustrate these dependencies, Figure 8.5a
shows a schematic representation of the temporal evolution for T,;, 17, and Tyq,. Finally,
to extract the time scales of each thermalization process, the intensity profiles of the
two-pulse excitation correlation measurements shown in Figures 8.5b,c were fitted (in
red) by the convolution of the IRF (Instrument Response Function) with the following

expression that represents the electronic temperature dependent PL intensity:

[(Tu(t)) =21 + ['¢” "57a®, (8.5)

in which I is the uncorrelated PL intensity generated by each beam separately, I’ is the
maximum correlated intensity value, E is the emission energy and kg is the Boltzmann
constant. A detailed description of the signal deconvolution with the IRF is presented in
Appendix Figure C.5. It is worth noting that while we measured the PL intensity in a
time integrated fashion, its value is mainly determined by the peak electronic temperature
reached (390). We observe a time decay faster than our experimental temporal resolution
of 100 fs (orange) in both samples, while a slower one of ~ 4 ps (purple) was mainly
noticed in the monolayer and showed a minor contribution in the bulk. The optical phonons
lifetime - that is the time in which the optical phonons loose their energy to acoustic
phonons and to the lattice - has been previously measured by Jeong et al. (393) in a WSe;
monolayer and showed a similar value of 4.5 ps. Therefore, we presume that the WSe,
samples present an ultrafast thermalization of the plasma with the optical phonons around
one hundred femtoseconds and that the electrons and optical phonons achieve in sequence
a thermal equilibrium with the lattice bath in a time scale of few picoseconds. Finally,
our results show a much faster dynamics in comparison with the nanosecond lifetimes
previously reported for a monolayer MoS; EHL regime (28). These results highlight the
difference between both works, since Yu et al. (28) achieved the EHL phase by a direct to
indirect band gap transition mechanism and our EHP is achieved by directly excitation by
using a short laser pulse. Finally, the two-pulse excitation correlation measurements of
bilayer and trilayer WSes and monolayer MoSe, are shown in Figure 8.6, revealing similar

time scales for both electron-phonon and phonon-lattice thermalizations.

In summary, we reported room temperature EHP PL emission in mono and
multilayer WSe, and monolayer MoSe, samples under high carrier densities generated

by femtosecond pulsed laser excitation. We observed a large PL broadening coming from



8.1.

ELECTRON-HOLE PLASMA EMISSION OF EXFOLIATED 2D TMDS 154

L

Temperature (a. u.)

T T b T T T T T c
S [ Monolayer e Data ]
el - ]
Top
— Toatn ] =]
8
2
‘@
c
2o
£
0 1 2 3 4 5 6 7 -6 -4 -2 0 2 4 6 -6 -
Delay (ps) Delay (ps) Delay (ps)

Figure 8.5 — Two-pulse excitation correlation measurements in monolayer and
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bulk WSe, samples. a Schematic illustration of the temporal evolution of
the thermalization between the electronic temperature T,; with the tempera-
tures from the optical phonons 7Ty, and the lattice bath Tj,. b,c Intensity
profiles of the two-pulse excitation correlation measurements for the monolayer
(b) and bulk (c) WSe, samples. The scatter data show the intensity profile of
the PL signal with respect to the temporal delay between the incident laser
pulses. We collected energies around 1.97 eV, above the monolayer and bulk
band gaps by using a combination of shortpass and bandpass filters. The
temporal fits are shown in red, while the separated contributions of both time
responses are displayed in the orange and purple dashed lines. A fast time
scale of less than 100 fs and a slower one of ~ 4 ps are observed.
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Figure 8.6 — Two-pulse excitation correlation measurements in bilayer and tri-

layer WSe, and monolayer MoSe, samples. a-c Intensity profiles of
the two-pulse excitation correlation measurements for the bilayer (a) and
trilayer (b) WSes and monolayer MoSe, (c) samples. The scatter data show
the intensity profile of the PL signal with respect to the temporal delay
between the incident laser pulses. We collected energies around 1.97 eV for
WSes; samples and 1.88 €V for the MoSe, sample, above their band gaps by
using a combination of shortpass and bandpass filters. The temporal fits are
shown in red, while the separated contributions of both time responses are
displayed in the orange and purple dashed lines. A fast time scale of less than
100 fs and a slower one of 3-4 ps are observed.
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a gradual exciton Mott transition into an EHP phase that occurs at a critical density
on the order of 10'® cm=2. Moreover, we found indications of an indirect to direct band
gap transition in WSe, multilayers that leads to a noticeable enhancement in the light
emission efficiency. We have computed the PL of both excitonic and EHP regimes based
on microscopic many-particle theory and showed a good qualitative agreement with the
experimental results. The thermal distribution of the plasma regime was related to the
pump fluences where electronic temperatures up to 1400 K were reached. The dynamics
of the EHP thermalization was probed by two-pulse excitation correlation measurements
and showed a fast time response of less than 100 fs together with a slower component
of few ps which were interpreted in terms of the electron-phonon and phonon-lattice
bath thermalizations, respectively. As expected, this ultrafast response of the EHP is
distinct from previous reported EHL lifetimes in TMDs. Our results open a wide range of
possibilities not only for applications in light emitting devices such as TMD nanolasers but
also in studying many body interactions at the high carrier density regime in 2D materials

and their heterostructures.

8.2 Electron-hole plasma emission of 2D TMD heterostructures

In the last section we have presented and discussed about the room temperature
EHP formation in mono and multilayer TMD samples through pulsed excitations. Subse-
quently, we were interested in employing this approach to probe TMD heterostructures
in this high excitation regime. An EHP formation with the PL broadening signature has
already been reported for a MoSey;/WSe, vertical heterostructure at low temperature, in
which the interlayer excitons were dissociated in a plasma of electrons and holes localized
in separate layers (27). Moreover, low temperature pump-probe measurements revealed a
fast expansion of the EHP also in a MoSes/WSes vertical heterostructure (394). These
outcomes shed light in the potential of TMD vertical heterostructures for emitting devices
and for charge transport at high densities, and thus evidences the importance of room
temperature investigations of their EHP regimes. Besides, the absence of studies at these
high pump fluences in TMD lateral heterojunctions shows that it is also a demanding task

to probe them with high excitation densities (246).

Here we report PLL mapping measurements at densities above the Mott threshold
in monolayer and bilayer MoSes/WSe, lateral heterostructures, which were also probed
by spectroscopy experiments. In addition, we have performed similar PL. mapping and
spectroscopy measurements in the EHP regime in MoSe,/WSe, vertical heterostructures.

The experimental results of this section are concluded and its manuscript is to be submitted.
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8.2.1 EHP PL mapping of a monolayer TMD lateral heterostructure

The first heterostructure sample analyzed in this work is a three-junction monolayer
MoSe, /WSes lateral heterostructure sample synthesized by Prof. Prasana Sahoo group
from the Indian Institute of Technology Kharagpur through the one-pot method (253)
(growth details are described in Ref. (253)). The one-pot growth method provides an abrupt
transition of a few nm from one TMD domain to another (253). However, this transition
width varies when TMDs order is changed. For instance, the transition from the WSe,
to the MoSey domain (in the growth direction) is extremely sharp (~ 1 nm), while the
reverse transition displays a small alloy formation with approximately 6 nm (253). Figure
8.7a shows the schematic representation of the three-junction monolayer MoSes/WSe,
lateral heterostructure. In addition, optical images and PL and Raman characterization of
the studied samples are displayed in Appendix Figure C.6, which confirms the thickness

nature of both materials.

Similarly to the results presented in the last section, here we used a pulsed
excitation below the materials band gap to probe the samples. Figures 8.7b-h show EHP
PL images of a monolayer MoSe; /W Se, lateral heterostructure for distinct pulsed excitation
wavelengths (Acz.) and an incident pump power of 75 mW. In order to collect the light
emission associated only with the EHP PL emission we placed a 620/60 nm (\g;) band
pass filter in front of a photomultiplier tube (PMT). The high pump power used here is
capable of generating charge densities as high as 10> cm™2 (calculated by Equation 8.1)
without damaging the sample. This is possible because the pixel dwell time of the EHP
PL images of Figure 8.7 are on the order of a few us. An intensity dependence of the EHP
PL with the excitation wavelength is well noticed in Figures 8.7b-h. As expected, the PL
intensity in the whole sample decreases by decreasing the laser excitation energy. Besides,
the relative PL intensity of the MoSes; domains increase with respect to the WSes domains
due to its lower band gap energy, which explains the noted intensity inversion between
these materials. Nonetheless, the most remarkable feature observed here is the enhanced
EHP PL intensity at heterojunctions shown in Figures 8.7d-f. The signal at heterojunctions
is stronger when the PL intensities of both domains are similar, reaching an enhancement
factor greater than 2 for a 820 nm excitation wavelength, as shown in the intensity profile
plot of Figure 8.7i. Moreover, the intensity profile plot also reveals different enhancements
at distinct heterojunctions. The strongest enhancement is noticed at the interfaces in which
there is an alloy formation (from MoSes to WSey), while the sharp heterojunction (from
WSe; to MoSes) displays a weaker enhancement. Finally, Figure 8.7i also compares the
EHP PL intensity profile for distinct excitation wavelengths, in which it can be observed a
shift in the position of the enhanced signal. This shift can also be noted in Figures 8.7c,g
related to the excitation wavelengths of 810 and 830 nm, respectively, whereupon the

brighter lines are slightly shifted from the heterojunction to the domain with the stronger
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emission. We have also checked the polarization dependence of the emitted EHP PL with
respect to the excitation laser polarization, as shown in Appendix Figure C.7. As the EHP
PL emission is not polarized, our observed enhancement at the heterojunctions cannot be
explained by a coherent interference between each domain signal. It is worth to comment
that this EHP PL enhancement at heterojunctions was observed for several MoSe;/WSes
lateral heterostructure monolayers pumped by distinct incident powers and detecting their

emission at different energy ranges, as displayed in Appendix Figures C.8, C.9 and C.10.

To have a better visualization of the excitation wavelength dependence of the
monolayer MoSe; /WSe, lateral heterostructure EHP PL; we extracted the intensities from
both materials and at the interface for the distinct measured excitation wavelengths as
shown in Figure 8.7j. The intensities were extracted from the EHP PL images displayed in
Figures 8.7b-h by taking the mean value over MoSes, WSe; and heterojunction areas. From
low to higher excitation wavelengths, the EHP PL intensity from MoSe,, WSe,; and at the
heterojunction decreases monotonically. The general behaviour can be understood in terms
of the sub band gap excitation, whereas the multiphonon upconversion process responsible
for generating excited carriers becomes weaker for increasing excitation wavelengths.
Furthermore, we have also performed spectroscopy measurements of the EHP PL in the
MoSey, WSesy and heterojunction regions to check this enhancement effect, as shown in
Figure 8.7k. Since the spectroscopy measurements take much longer times (15 s integration
time), the incident power is lowered to 33 mW in order to avoid sample damage. For this
power, the excitation wavelength in which the enhancement at the heterojunction is more
evident is at 805 nm. It is possible to observe that the three regions have a broad spectrum
ranging up to 500 nm, and that there is indeed a stronger signal from the heterojunction

for this wavelength range, confirming the features observed in the mapping measurements.

8.2.2 EHP PL mapping of a bilayer TMD lateral heterostructure

To study the influence of the sample thickness in the EHP PL emission, we
performed similar EHP PL mapping measurements for a bilayer MoSes/WSes lateral
heterostructure. Figures 8.8a-i show EHP PL images of a bilayer MoSe,/WSe, lateral
heterostructure for distinct excitation wavelengths, an incident pump power of 40 mW and
a 620/60 nm band pass filter placed in front of the PMT. An EHP PL enhancement at
heterojunctions can also be observed for this bilayer lateral heterostructure, as displayed in
Figures 8.8d-f. However, conversely to the monotonic decreasing in the EHP PL intensity
by decreasing the excitation wavelength presented by the monolayer lateral heterostructure
(Figure 8.7), a distinguish excitation wavelength dependence is noticed for the bilayer
MoSe, /WSes lateral heterostructure. Figure 8.8j shows the EHP PL intensity graph as
a function of the excitation wavelength for bilayer WSe; and MoSe, regions and their

heterojunction. It can be noted a resonant response at 820 and 840 nm for WSe; and MoSe,
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Figure 8.7 — a Schematic representation of a three-junction monolayer MoSes/WSes lateral

heterostructure, with heterojunctions highlighted in green and gray. EHP PL
mapping of a monolayer MoSes/WSes lateral heterostructure for 800 nm (b),
810 nm (c), 816 nm (d), 820 nm (e), 824 nm (f), 830 nm (g), and 840 nm (h)
excitation wavelengths and 75 mW incident power. The EHP PL signal was collect
by a PMT with a 620/60 nm band pass filter. i EHP PL intensity profile plot
in the direction showed in the arrow of (e) for a 810, 820 and 830 nm excitation
wavelengths. j EHP PL intensity as a function of the excitation wavelength of a
monolayer MoSey/WSes lateral heterostructure. The PL intensities of the WSes,
MoSes and interface regions clearly show the excitation wavelength dependence
features observed in the PL images of (b-h). k EHP PL spectroscopy measurements
of a monolayer MoSes/WSe, lateral heterostructure with a 805 nm excitation, an
incident power of 33 mW and a 700 nm short pass filter placed in front of the
spectrometer. The spectra taken in the WSes, MoSes and interface regions confirm
the enhanced emission at the heterojunction. The substrate signal is also presented
to show that the emission is indeed from the material. Scale bar relative to (d):
5 pm.

domains, respectively. These resonances endorse the relation between the EHP PL intensity

and broadening with the material absorption. Moreover, as well as for the monolayer lateral

heterostructure, the enhanced EHP PL emission at the bilayer heterojunction happens for

the excitation wavelengths in which the intensities from the individual domains are similar.

Hence, we demonstrated that atomically thin MoSe,/WSe, lateral interfaces present a

remarkable luminescence emission at high excitation densities. Since this emission can

be tuned by the excitation wavelength, incident power and sample thickness, our results

evidence a great potential for these heterojunctions for tunable emitting devices at high

pumping regimes.
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Figure 8.8 — EHP PL mapping of a bilayer MoSe,/WSe, lateral heterostructure for 800 nm (a),
810 nm (b), 820 nm (c), 825 nm (d), 830 nm (e), 835 nm (f), 840 nm (g), 850
nm (h), and 860 nm (i) excitation wavelengths and a 40 mW incident power. The
EHP PL signal was collect by a PMT with a 620/60 nm band pass filter. j EHP
PL intensity as a function of the excitation wavelength of a bilayer MoSes /W Ses
lateral heterostructure. The PL intensities of the WSes, MoSes and interface regions
clearly show the excitation wavelength dependence features observed in the PL
images of (a-i). Scale bar relative to (e): 20 um.

8.2.3 EHP PL in TMD vertical heterostructures

In order to further explore if the EHP PL intensity is enhanced for other het-
erostructure geometries, our collaborators Prof. Leonardo Campos, Felipe Murta and
Gabriel Bargas from UFMG fabricated distinct MoSes/WSes vertical heterostructure
through a pick-up and stacking process (367) after isolating the 2D samples by a me-
chanical exfoliation method (1). The Raman characterization of the samples is presented
in Appendix Figures C.11 and C.12. Figure 8.9a shows the optical image of a vertical
heterostructure sample with a thin hBN on top, in which MoSe, bilayer (2L) and WSe,
trilayer (3L) regions are highlighted and the studied heterostructure is at their intersected
area. Firstly, we performed EHP PL mapping measurements in this sample for 800, 820 and
840 nm excitations, as shown in Figures 8.9b-d. These measurements were carried out for
an incident power of 30 mW and with 690 nm short pass and 560 nm long pass filters placed
in front of the PMT to collect the light emission associated only with the EHP regime. As
well as for the lateral heterostructures, Figures 8.9b-d show an enhanced EHP PL emission
from the vertical heterostructure (highlighted in the white rectangle) with respect to the
individual TMDs. In addition, the relative intensity between MoSe, and WSe, domains
also exhibits a similar cross-over around 820 nm (in which their intensities are similar).
In order to corroborate these features, EHP PL spectroscopy measurements were also
performed in the 2L MoSe,, 3L WSey and 2L MoSe, /3L WSe, regions of this sample, as
displayed in Figures 8.9e-g. The spectra were carried out with similar conditions of the

mapping measurements, i.e., for 800, 820 and 840 nm excitations, with an incident power
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of 30 mW and at a 600-730 nm spectral range. We can also observe an enhanced emission
from the heterostructure and an inversion in the relative EHP PL intensity between MoSes
and WSes domains, confirming the mappings results. Moreover, as underlined in the
optical image of Figure 8.9a, there is another heterostructure region in this studied sample
composed by a 2L, MoSe, and a monolayer (1L) WSe;. And as can be noticed in the
EHP PL mappings of Figures 8.9b-d, this 2L MoSey /1L, WSe, heterostructure region also

exhibits an increased emission with respect to the individual TMDs.
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Figure 8.9 — a Optical image of the vertical heterostructure with the 2L MoSey and 3L WSes
regions highlighted by blue and red rectangles, respectively. Monolayer WSes region
is also underlined by the gray dashed triangle. Scale bar: 10 yum. b-d EHP PL
mapping of the 2L MoSez /3L WSey vertical heterostructure for 800 nm (b), 820
nm (c) and 840 nm (d) excitation wavelengths and a 30 mW incident power. The
EHP PL signal was collect by a PMT with 690 nm short pass and 560 nm long pass
filters in front of it. The highlighted white rectangle indicate the heterostructure
region. An intensity dependence with the excitation wavelength is clearly observed,
in which a remarkable enhancement at the heterostructure emission is noted when
the intensities from both domains become similar. e-g EHP PL spectroscopy
measurements of 2. MoSes, 3L WSes and their vertical heterostructure for 800
nm (e), 820 nm (f) and 840 nm (g) excitation wavelengths and a 30 mW incident
power. The spectra taken in the WSes, MoSes and heterostructure regions confirm
the enhancement observed in the PL images.

To check if this enhancement effect is valid for other heterostructures, we have
also investigated a 1L MoSe, /1L WSe, sample. The optical image of this heterostructure
is displayed in Appendix Figure C.12. PL spectroscopy experiments were performed in
the 1L MoSey, 1L WSey and 1L MoSes /1L WSe, regions of this sample in the excitonic
and EHP regimes. Figure 8.10a shows the exciton PL spectra taken with a CW 633 nm

excitation and with an incident power of 0.5 mW. Besides the well known PL peaks of 1L
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MoSe; and 1L WSey materials, a noticeable quenching in the PL emission of their vertical
heterostructure is observed, in agreement with previous reports (395). In contrast, the
EHP PL spectra presented in Figure 8.10b — performed with a 800 nm excitation and a
30 mW incident power — exhibit a strong enhancement of the heterostructure emission in
comparison with the individual TMDs. Therefore, while Wang et al. (27) have investigated
the low temperature EHP interlayer emission in a similar monolayer heterostructure, here
we present the room temperature EHP PL at the intralayer transition energy range for
distinct MoSes/WSe, vertical heterostructures, revealing a significant enhancement for all
of them.
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Figure 8.10 — a Exciton PL spectroscopy measurement for the 1L MoSes, 1L, WSes and their
vertical heterostructure at a low excitation density regime and with a CW 633
nm laser. The excitonic spectra present a significant quenching of the vertical
heterostructure emission with respect to the individual monolayers. b EHP PL
spectroscopy measurement for the same materials for a pulsed 800 nm excitation
and with a 30 mW incident power. In contrast to the excitonic PL, the EHP
spectra shows an enhanced emission at the heterostructure.

8.2.4 Discussion on the EHP PL intensity enhancement at heterostructures

An important question that can be raised is why we observe a higher EHP PL
emission at all lateral and vertical heterostructures. As reported in the last section, larger
EHP density reflects in higher EHP PL emission. Therefore it is fair to suppose that at the
heterostructures there is a greater EHP density, as shown schematically in Figures 8.11a,b.
Different mechanisms can lead to charge accumulation at the heterostructures: i) higher
absorption coefficients at the pump energies used; ii) enhancement of the charge lifetimes
and iii) charge localization at the lateral heterojunction. The material light absorption
plays a major role in the EHP formation and emission, as it directly reflects on the number
of generated charge carriers (374). The MoSe;/WSe, vertical and lateral heterostructures
display a type II band alignment (238, 355), showing an interlayer transition channel with
a lower energy, as displayed in Figure 8.11c. Hence, it is expected a higher absorption in
the heterostructures for these sub band gap excitations, leading to an enhanced EHP PL

in both lateral and vertical heterojunctions in comparison with the individual materials.
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Also, different works have shown that this type II band alignment increases the lifetime
of excitons due to momentum mismatch (355). Such process can help to achieve higher
exciton concentration necessary to the EHP formation as shown in Ref. (129). Besides,
the charge carrier density also depends on the area that they are generated. Since the
heterojunctions of the measured lateral heterostructures occupy a nanoscale localized
area, it is expected that they present a greater density of charge carriers. In addition,
the vertical heterostructure presents a higher number of available electronic states at the
conduction band, favoring an increased absorption. Although the microscopic mechanism
and the relative importance of the different possible process for the EHP formation and
emission deserves further theoretical work, our experimental results show that in contrast
to normal excitonic PL emission that is quenched at the heterostructures (395), the EHP
PL emission is in fact enhanced.
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Figure 8.11 — Schematic representation of the charge carrier density in lateral (a) and vertical
(b) MoSey/WSey heterostructures in the EHP regime. Heterojunction and het-
erostructure regions present a higher density of charge carriers that is responsible
for the enhanced EHP PL intensity. b Band structure representation of MoSes
and WSey monolayers and their heterostructure. Due to the type II alignement
of MoSes and WSes, their heterostructure presents a lower energy interlayer
transition channel that contributes with the higher absorption and charge carrier
densities at the heterostructure regions.

In summary, EHP PL mapping measurements revealed an enhanced intensity
at heterojunctions of monolayer and bilayer MoSe;/WSe, lateral heterostructures and

at MoSey/WSe, vertical heterostructures. These results were corroborated by EHP PL
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spectroscopy measurements, that also showed an enhanced signal at heterojunctions and
heterostructure regions. This enhancement can be related to the lower energy interlayer
absorption channel and increased carrier lifetimes at the heterojunctions presented in these
MoSes/WSes vertical and lateral type II heterostructures, that leads to an increased charge
carrier generation. Besides, the nanoscale localization of the lateral heterojunctions as
well as the higher available electronic states of the vertical heterostructure also contribute
to the enhanced EHP PL emission. Our work can trigger further theoretical works to
understand the microscopical mechanism of EHP formation and emission and to envision

future optoelectronic devices that need to be operated at the high carrier density regime.

8.3 Second-harmonic generation imaging of TMD lateral heterostructures

The heterojunctions of 2D TMD lateral heterostructures (LHs) discussed in
the last section have been widely investigated by different techniques such as scanning
transmission electron microscopy (STEM) (247, 248, 254, 50, 253, 251, 252, 249, 250, 255)
and scanning probe microscopy (SPM) (254, 256), as well as Raman and photoluminescence
(PL) spectroscopy (247, 248, 254, 50, 253, 251, 252, 249, 250, 255). Nevertheless, nonlinear
optical responses in such nanostructures has been barely explored (50, 251). Here, we
systematically image the second-harmonic emission in distinct TMD lateral heterostructures

to investigate their nonlinear optical responses. The following results are published in Ref.
(346).

8.3.1 SHG enhancement at the interfaces of MoSe,/WSe, 1L-LHs

As discussed in Chapter 3, the development of the one-pot growth of 2D TMD LHs
via sequential edge-epitaxy by Sahoo et al. (253) enabled the high-quality and controllable
fabrication of these heterostructures, features that were not simultaneously achieved by
single-step (247, 248, 249), two-step (250, 251) and multi-step (252) growth methods. The
LHs grown by the one-pot method presented pure TMD domains as well as defect-free and
sharp heterojunctions (253, 244, 396, 397). Nonetheless, these LHs has not been probed
by SHG so far. Therefore, here we studied samples similar to those presented in the last

section, grown by the one-pot method by our Indian collaborators.

Figure 8.12a shows an optical image of a three-junction 1L-LH composed by
MoSe; and WSes regions, and its schematic atomic structure. From the center to the
edge the regions are based on MoSes-WSey-MoSes-WSey, where the 11.-MoSe; regions
have a darker contrast with respect to the 1L-WSe, regions. As shown by Sahoo et al.
(253), each region consists of pure 1L-MoSe; or 1L-WSey domains. In the junctions of
the materials there is a chemical transition that displays different behaviors for each type

of interface. As commented in the last section, the 1L-WSey, — 1L-MoSe, interface is
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atomically sharp, presenting an average width of 1 nm (4 atomic columns). The 1L-MoSe,
— 1L-WSe; interfaces, in its turn, have a smoother chemical transition with some degree

of alloy formation, with an average width of 6 nm (21 atomic columns) (253).

Figures 8.12b-d show the SH intensity images of the same 1L-LH in Figure 8.12a
for three different emission wavelengths: 425, 440, and 455 nm, respectively. Comparing
these images, we can observe that the relative SH intensity of the materials change with the
wavelength: 1L-WSe, has a greater SH intensity at 425 nm (Figure 8.12b), both materials
have approximately the same SH intensities at 440 nm (Figure 8.12c), and 1L-MoSe, has
a greater SH intensity at 455 nm (Figure 8.12d). In addition, it can be noted a remarkable
SH enhancement at the materials interface, as can be clearly seen in Figure 8.12c, when the
SH intensities of both materials are similar. The SH intensity profile at the inset of Figure
8.12c shows that the SH intensity is enhanced by approximately 23% at the atomically
sharp interfaces between the TMDs domains.
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Figure 8.12 — Optical and Second Harmonic imaging of a MoSe;-W Se; based mono-
layer lateral heterostructure. a Optical image and schematic atomic structure
of a three-junction MoSes-WSey based 1L-LH. The 1L-MoSes domain have a
darker contrast with respect to the 1L-WSes domain. From the center to the edge
the regions are based on MoSes-WSes-MoSes-WSes. b-d SH intensity images
of the same 1L-LH sample collected at three different emission wavelengths. It
can be noticed a greater SH intensity in the 1L-WSey domain at 425 nm (b),
approximately the same SH intensity in both domains at 440 nm (c) and a greater
SH intensity in the 1L-MoSey domain at 455 nm (d). An enhancement of the SH
intensity emerges at the heterojunctions when the SH intensities of both domains
are similar. It is clearly noticed in the intensity profile of the dashed line shown
in the inset of (c). Scale bar: 5 pm.

8.3.2 SHG interference model at TMD LHs interfaces

As shown by Yin et al. (331), the crystal orientations of adjacent domains play
an important role in the behavior of the SH signal at their interface. Therefore, to obtain
better insights of the SH emission of our LHs, we performed a polarization-resolved SH
measurement, that is widely used to ascertain the crystal orientation of 2D materials
(19, 20, 21). For this measurement, we placed a rotable half-wave plate (690-1200 nm)
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before the objective to control the incident laser polarization at the sample and a fixed
analyzer in front of the photomultiplier tube (PMT) in the horizontal direction. Figure
8.13a shows the polarization resolved measurement of the same 1L-LH from Figure 8.12
for a 440 nm SH emission wavelength. As expected, the measurements reveal the SH four
petals pattern, in which the intensities were extracted by taking the mean value over each
analyzed region. We can notice that all petals from the 1L-WSe; and 1L-MoSe; domains
and from their interface overlap, implying that they have parallel crystal orientations. It
is important to note that 180° crystal rotation would also give the same result for the SH
polarization dependence. However, we do not observe the destructive interference between
the domains as previous works (331, 333). Moreover, it has been shown that the 11.-LHs
domains have the same crystal orientations (248, 249, 250, 247, 50, 251, 253).

To gain further information about the observed enhancement in the SH emission
at the interfaces, we performed a set of measurements in the same 1L-LH with varying
the pump wavelength. Since the SHG images are limited by optical resolution of 500 nm
and the interfaces have a few nm width, we have deconvoluted the SHG images with
a 2D Gaussian profile function of our system as presented in Appendix Figure C.13 to
improve the spatial resolution. Then, the mean values of the SH intensity at both materials
domains (1L-WSe; and 1L-MoSe;) and at their interface from the deconvoluted images
were extracted for all measured wavelengths and presented in Figure 8.13b. We can observe
that for wavelengths below 435 nm the SH intensity from 1L-WSes; domain predominates,
whereas for wavelengths above 435 nm the 1L-MoSe; region has a greater SH intensity.
The reason for this intensity behavior is due to the resonance of the two-photon process
with the C exciton energy. As shown by Li et al. (377), the absorption maximum at the
C exciton for 1L-WSey and 1L.-MoSe, are, respectively, 427 and 477 nm. Thereby, each
material is expected to have a greater SH intensity around its absorption peak wavelength.
Besides that, at 435 nm, the absorption cross section for both materials are similar, giving
rise to the same SH intensity as observed in Figures 8.12c and 8.13b. Moreover, Figure
8.13b reveals that the SH intensity enhancement at the interfaces can be clearly observed
for SH wavelengths between 425 and 455 nm, having a higher intensity compared to the
SH emission from the domains. This enhancement becomes stronger around 435 nm, where
the SH intensities of both materials are similar, and disappear below 425 and above 455

nm, where there is a substantial difference between the SH intensities of the materials.

To understand the observed SH enhancement, Figure 8.13c shows a schematic
illustration of the SHG at the 1L-LH. The pump laser with frequency w excites the sample
that emits a SH signal with frequency 2w. When the laser beam is centered at the interface,
the SH emission has contributions from both materials. As shown by Hsu et al. (327),
the intensity of the SHG at the interface can be modeled as a coherent superposition

of each material signal. Therefore, the electric field of the interface region Eint(Qw) is
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Eno(2w) + Ew (2w)
7% .

This (1//2) factor arises because each material contributes with half of its total emission

the superposition of the electric field of both materials: Emt(Qw) =

intensity, that is proportional to the square of the absolute value of the electric field

(I  |E[?). Hence, the total SH intensity at the interface is given by:

Ine  Iw
Ly = 5 +7+’Y\/IMOIW, (8.6)

in which I,;, and Iy are the SH intensities from 1L-MoSe; and 1L-WSe; domains,

respectively, and I;,,; is the SH intensity at the interface. The ~ factor is introduced here

to account for the phase difference between the two materials. This phase difference can be
due to different crystallographic orientations (331) or due to a intrinsic phase difference of
different Y of the materials as shown by Kim et al.(328). Since both materials have the
same crystallographic orientations (253), a deviation from v = 1 should be due to a phase
difference coming from the distinct ¥ of both materials. In order to check if such simple
model explains our findings, we calculated from 8.6 the expected SH interface intensity as
a function of wavelength and using the measured I, and Iy, values, as shown in Figure
8.13b. The behavior of the interface SH intensity calculated by the interference model
is in a reasonable agreement with the measured interface SH intensity for v = 0.5. It is
worth to comment that although we verify that the phase difference of SH fields of the two
materials is important to explain our data, the exact value of this phase difference is not
reliable due to limited spatial resolution of our experimental setup and small fluctuations

in intensity for different interfaces as shown in Figure 8.12c.

To have a further experimental check that interference is the origin of the SH
enhancement at the interfaces, we performed a set of SH measurements for a 440 nm
emission wavelength by blocking the emitted light from one of the 1L-TMD domains as
shown in Figure 8.14. When the SH is generated at the LH interface, the SHG beam has
contributions from both domains that interfere with each other at the PMT detector.
Therefore, it is expected that if we block the SH emission from one of the domains, the
interference should disappear. To prove that, we have placed a movable sharp and straight
object parallel to one of the MoSes-WSey 1L-LH interfaces before the PMT detector as
shown schematically at the bottom of Figure 8.14. Figure 8.14a shows the SH image with
a clear SH enhancement at the interface without blocking the SH emissions. When the SH
emission from one of the 1L-WSey domains starts to be blocked, the SH intensity begins
to decrease as shown in Figure 8.14b. If the blocking of the SH emission at the 1L-WSe,
domain is increased, the SH enhancement at the adjacent interface is not visible anymore,
as revealed in Figure 8.14c, confirming that this SHG enhancement at the interface comes

from interference.
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Figure 8.13 — Second Harmonic polarization and wavelength dependent measure-
ments in the MoSe;-WSe; based monolayer lateral heterostructure. a
Polarization-resolved SH measurement from the 1L-MoSes and 1L-WSe; domains
and from their interface for a 440 nm SH emission wavelength. The interface
displays a greater SH intensity while both materials domains show similar SH
intensities. Furthermore, the overlap of the four petals pattern for these three
regions shows that they all have the same crystal orientation. b SH intensity
as a function of the emission wavelength for the three regions cited above. It is
noticeable the greater SH intensity at the interface where the SH intensities of
both materials are similar (425-455 nm). ¢ A schematic illustration of the SHG at
the 1L-LH: a laser beam with frequency w excites the sample that generate a SH
emission with frequency 2w.

8.3.3 SHG enhancement at the interfaces of MoS,;/WS, LHs

In order to verify if the SHG can be used to probe other types of heterojunction
interfaces, we also performed measurements in other LHs based on different TMDs (MoS,
and WS,) and for different number of layers. First, we performed SH measurements in
a MoSey and WSey based 2L-LH. However, we did not observe any SH signal in our
measurements, which led us to infer that this MoSe, and WSe; based 2L-LH has AB
stacking. 2L-TMDs with AB stacking belong to the D34 point group and have inversion
symmetry due to the geometry of the stacking. As SHG is a second-order nonlinear process,
they exhibit only weak SH emission, since the second order susceptibility is zero for

materials with inversion symmetry (within dipole approximation) (317).
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Figure 8.14 — Interference pattern evidence in the MoSe;-WSe; based monolayer
lateral heterostructure. a-c Schematic illustrations of a gradually blocked SH
emission measurements and their respective SH images. In the absence of the
blocking object (a) or with it barely blocking part of the 1L-WSes domain SH
emission (b), the SH enhancement at the interface is observed. Once there is a
substantial blocking of the 1L-WSes domain SH emission (c), the interference
pattern in the adjacent interface vanish. All SH images were collected at a 440
nm emission wavelength, where there is a clear SH intensity enhancement at the
interfaces.

On the other hand, Figure 8.15 shows the measurements of MoS, and WS, based
1L- and 2L-LHs with finite SH signal. Figures 8.15a-c¢ show SH intensity images of a
MoS, and WS, based single-junction 1L-LH. The 1L-MoS; domain is in the center of
the LH while the 1L-WS, domain is at the edge. Although the intensity ratio between
both materials change with the emission wavelength, the 1L-WSy SH intensity is always
greater and no enhancement of the SH emission was observed at the interfaces. Figures
8.15e-g show SH intensity images of a MoS; and WS, based three-junction 2L-LH with AA
stacking. From the center to the edge the regions are composed by MoS;-WSs-MoS,-WS,.
For this 2L-LLH there is a clear change in the predominant material with stronger SH
emission as a function of wavelength. 2L-WS, has a larger SH intensity at 405 nm (Figure
8.15e), both materials have approximately the same SH intensities at 430 nm (Figure 8.15f)
and 2I.-MoS, has larger SH intensity at 440 nm (Figure 8.15g). It is possible to observe in
the inset of Figure 8.15f that there is an evident SH enhancement at the interfaces when

the SH intensities at both domains are similar.

As done for the selenide TMDs based 1L-LH, we performed a set of SH measure-
ments varying the pump laser wavelength for both 1L- and 2L-LHs based on the sulfide
TMDs. Figure 8.15d shows the 1L-MoSy; and 1L-WS, domains SH profiles, where it is
possible to observe that the WS, domain have a greater SH intensity over the whole
wavelength interval measured. This is different from what is observed at the MoSe;-WSey
based 1L-LH SH profiles (Figure 8.13b), where there is an inversion in the domain with
predominant SH emission. Therefore, although the interference model (8.6) remains valid
for the MoS,-WS, based 1L-LH, the absence of a wavelength range where the SH intensi-

ties of both domains are similar explains why there is no visible enhancement in the SH
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emission at the interfaces, since the interference is not completely constructive (v < 1). It
is worth to note that the lack of an intersecting point between the 1L-MoS,; and 1L-WS,
SH profiles is also observed in their absorption spectra for this same wavelength range
(377).

Conversely, the MoS,-WSs based 2L-LH presented a clear SH enhancement at
their interfaces (Figure 8.15f). Hence, we have deconvoluted their SH images with the
2D Gaussian profile function of our system to improve the heterojunctions resolution.
The intensities of both materials and of the interface for the wavelength dependent
measurements were extract in the same way as before and their SH profiles are shown in
Figure 8.15h. We have also calculated the expected value of the interface intensity for this
MoS2-WS, based 2L-LH using the interference model (8.6), and it is also shown in Figure
8.15h. We can notice that the interference model is in agreement with the measured SH
intensities values at the interface by using v = 0.16. Also in Figure 8.15h, we can observe
two crossing points between the SH profiles of MoS, and WS, domains at 428 and 445
nm. This behavior is similar to the theoretical prediction (235) of the absorption spectra
of these AA stacking materials, which presents two intersecting points at 424 and 454 nm

for the same wavelength range.

In summary, we have observed a constructive interference emerging from the
coherent superposition of the SH signal from each material at their atomically sharp
interfaces for different TMD LHs. Performing polarization resolved and energy dependence
measurements we were able to model this interference pattern and notice a phase difference
between materials in the LHs due to their different x(?. For the MoSe,-WSe, based 1L-LH
and the MoS,-WS, based 2L-LH, we have observed an enhancement of the SH emission
at the interface with respect to the SH emission from both materials for a certain pump
wavelength range. This enhancement only occurs when the SH emission from each material
is similar in intensity, leading to a highlighted constructive interference. However, even
with no enhanced SH signal, the constructive interference is also supposed to happen at
the interfaces, as in the MoSs-WS, based 1L-LH. Therefore, our model enable us to infer
that any LH would present a constructive interference at their interfaces if their domains
have the same crystal orientations, but it might be not visible as in the case of MoSy-WSs
based 1L-LH. Moreover, our results show that SHG, a non-destructive optical technique,
can also be used to image sharp interfaces of nanometric widths in LHs based on 2D

materials.

8.4 Partial Conclusions

Nonlinear optical spectroscopy and imaging techniques are a powerful tool to

probe 2D TMDs and their heterostructures. Here we showed a pathway to generate EHP
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Figure 8.15 — Second Harmonic intensity images and wavelength dependent measure-
ments of MoS,-WS, based monolayer and bilayer lateral heterostruc-
tures. a-c SH intensity images of the MoS,-WSs based 1L-LH for three different
emission wavelengths: 405 nm (a), 430 nm (b), and 445 nm (c). The 1L-MoS,
domain is in the center of the LH while the 1L-WSy domain is at the edge. d
SH intensity of the 1L-LH as a function of the emission wavelength for both
materials. We can notice that the 1L-WSs SH intensity is greater for all the
wavelengths measured, implying in no enhancement of the interface SH signal. e-g
SH intensity images of the MoS2-WSy based 2L-LH for three different emission
wavelengths: 405 nm (e), 430 nm (f), and 440 nm (g). From the center to the edge
the regions are composed by MoSs-WSo-MoSo-WSs. The insets show more clearly
the heterojunctions in the region indicated by the dashed lines. h SH intensity
of the 2L-LH as a function of the emission wavelength for both materials, their
interface, and the interference model using v = 0.16. For the 2L-LH there is an
evident enhancement of the interface SH intensity around 430 nm, where the SH
intensities of both materials are similar. Scale bar: 10 um (a-c) and 20 pum (e-g).

states in 2D WSe; and MoSe; samples by a sub band gap pulsed excitation. A remarkable
broadening in the EHP PL emission of these samples and an indirect to direct band gap
transition in the WSe, multilayers was observed at high excitation densities regimes. The
dynamics of the EHP thermalization was also investigated, showing an ultrafast coupling
between electrons and optical phonons and a slower cooling of few ps with the lattice.
Subsequently, we used this sub band gap pulsed excitation approach to map the EHP PL
in 2D TMD lateral and vertical heterostructures. They showed an enhanced PL emission
in this high charge carrier density regime in comparison with the individual TMDs. This
enhancement was corroborated by EHP PL spectroscopy measurements, and accounted
to the higher absorption in the heterostructure regions. Our results on the EHP light
emission in TMDs contribute to the understanding of both fundamental phenomena and
application possibilities for these 2D TMDs and their heterostructures at high excitation
conditions. In addition, this EHP state can be generated to study defects in TMDs as
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well. For instance, we have preliminary results showing a noticeable enhancement of the
EHP light emission in a WSes monolayer on top of nanopilars owing to the charge carrier
confinement in these strained regions. Finally, we also carried out SHG measurements on
2D TMD lateral heterostructures to provide the first nonlinear optical investigation of
their heterojunctions. We showed an enhanced SH emission at the lateral heterostructures
interfaces due to a coherent interference between the SH signals from each TMD. Hence,
we presented an optical method to probe atomically sharp heterojunctions, revealing a

tunable nonlinear response by varying the emission wavelength.
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9 Summary

In this thesis we performed a broad optical characterization of 2D TMDs focusing
on the impact of defects and many-body effects. We first provided a thorough review on
the reported optical signatures of defects in TMDs revealed by distinct optical techniques,
underlining topics that still lack investigations. Subsequently, we initially probed distinct
defects in these materials, both intentionally introduced to tune the TMDs properties as well
as unintentionally emerged during the growth or aging processes. The studied engineered
defects were based in the introduction of vanadium atoms as substitutional dopants in WS,
and WSe, monolayers, which induces a room temperature ferromagnetic ordering in these
samples. Therefore, we employed distinct linear and nonlinear optical techniques such as
photoluminescence, resonant Raman, resonant four-wave mixing, resonant second-harmonic
generation and differential reflectance spectroscopies to study the optical modifications in
WS, and WSe, monolayers with respect to their vanadium concentrations. The V-doped
WS, samples presented a splitting of the A exciton PL peak in two peaks — in which
the lower (higher) energy PL peak is related to an optical transition to an unoccupied
(occupied) band —, a blueshifting in the B exciton energy and no modification in the C
exciton energy. V-doped WSe; samples also displayed the emergence of a lower energy PL
peak under vanadium doping. However, this peak is associated with a vanadium mid gap
state. We carried out magneto-optical experiments to study the valley Zeeman splitting of
this defect peak. A noticeable magnetic response was observed, with an associate g-factor
of —51.6 due to the significant magnetic moments of the vanadium states. This valley
Zeeman effect was also studied in aged WS, and WSes; monolayers, which also showed
a defect lower energy PL peak owing to multiple mid gap states induced by adsorbed
defects. We performed magneto-optical measurements in these aged TMDs, revealing a
strong spin polarization and a noticeable effective g-factor related to the defect states that

we explained in terms of a spin-flip mechanism induced by external magnetic fields.

Subsequently, we performed a nano-optical investigation of grain boundaries, strain
and edges defects in grown MoS, monolayers by tip-enhanced photoluminescence and
Raman spectroscopies. We unveiled the nanometric aspect of the light emission in grain
boundaries, showing an increased exciton population and a suppression of trion formation
in these defective regions. Moreover, localized strain fields were probed and related to
an expected thermal expansion coefficient and lattice constant mismatch between the
monolayer and the substrate. Finally, two distinct MoS, samples presented different optical
responses within a region of less than 50 nm of width at their edges. While one of them
showed an enhanced and blueshifted emission at the edges due to defect passivation, the

other sample displayed a redshifted PL corresponding to a frequency redshift in the Eo,
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and 2LA Raman modes owing to a local strain associated with a topographic suspension
of the edge.

To study many-body effects in 2D TMDs, we employed nonlinear optical experi-
ments by using pulsed excitations. We demonstrated that a sub band gap pulsed excitation
is able to induce an electron-hole plasma state in 2D WSe,; and MoSe, samples, leading to
a remarkable broadening of their light emission. Moreover, the high excitation densities
generated in WSe, multilayers provoked an indirect to a direct band gap renormalization,
which was responsible for a significant enhancement of the photoluminescence intensity in
these multilayer samples. In the sequence, we mapped the electron-hole plasma photolumi-
nescence of 2D TMD lateral and vertical heterostructures. An enhanced emission from the
lateral heterojunctions and vertical heterostructures with respect to the individual TMDs
was observed, which was accounted on a higher absorption at these interface regions. Lastly,
second-harmonic generation imaging also showed an enhanced signal at the heterojunction
of distinct TMD lateral heterostructures due to a coherent superposition between the

second-harmonic emission from each TMD.

Therefore, this thesis presents important advances in the understanding of the role
of distinct defects in the optical and magneto-optical properties of TMD monolayers as
well as the response of 2D TMDs and their heterostructures under high excitation densities,

providing an step toward their application in different optoelectronic and spintronic devices.
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A Supplementary Information for Chapter 6
A.1 Supplementary Information for section 6.1
Pristine WS,

0.4 at % V-WS, 8.0 at % V-WS,

2.0 at % V-WS,

Figure A.1 — a-d HAADF-STEM images for pristine WSs (a) and 0.4 at% (b), 2 at% (c), and
8 at% (d) vanadium doped WSy monolayers. Scale bars: 2 nm.

05} 0% 22 23 24 25 26

0.4
0.3
0.2

AR/R,

0.1

0.0
-0.1

'0.2' 1!
1.7 1.8 19 20 21 22 23 24 25 26 27
Energy (eV)

Figure A.2 — Differential reflectance measurement of a pristine (brown), 0.4 at% (red), and 2
at%, (orange) V-doped WSs monolayers. The absorption responses in the A and
B excitons spectral regions are shown. A blueshift for both A and B exction peaks
under increasing vanadium concentration can be noted.
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Figure A.3 — a-d Lower frequency Raman spectra for pristine WSy (a) and 0.4 at% (b), 2 at%
(c), and 8 at% (d) vanadium doped WSy monolayers under 14 different excitation
energies. The excitation wavelengths are on the right side of each spectrum of the
8 at% V-doped WSy monolayer (d). All spectra were normalized by the silicon
peak intensity considering its Raman cross-section for each laser line. The LA(M)
mode is highlighted.
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Figure A.4 — a-d Raman excitation profiles of the LA Raman mode - highlighted in gray in
Figure A.3 — for the (a) pristine, (b) 0.4 at%, (c) 2 at%, and (d) 8 at% V-doped
WSs monolayers. The Raman excitation profiles were fitted by the Raman Fermi
golden rule equation presented in Chapter 6.
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Figure A.5 — Band structure of V-doped WS, for distinct Hubbard U values. Colored
circles represent the energies (color) and the magnitude of the transition
dipole moments (size) of selected bands around band edges. A pair of identical
circles is assigned to the initial and final states for each transition.
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A.2 Supplementary Information for section 6.2
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Figure A.6 — Raman spectra for pristine and 4 at% vanadium doped WSes monolayers under
10 different excitation wavelengths in the near infrared range.
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Figure A.7 — Zeeman splittings related to trion (X ) and defect-bound exciton (Xy/) transitions
for a 4 at% vanadium doped WSes monolayer. These measurements were performed
in different flakes and at distinct regions of these flakes. The respective g-factors
confirm the giant Zeeman splitting associated with the defective PL peak.
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Figure A.8 — Room temperature PL spectra of the aged WSy monolayer showing no defect-
bound exciton peak.

[V
o

g

4d372 4d5/2 e 3s
4d
40]

35]  Name Pos. %Area
[OW4f7, 3332 7624

g

[2Wsp 3881 897
[3)waf # 3364 1479

g

3
2

Name  Pos. Area  %Area
waf,, 3332 2721.07 4050

V45, 3553 240156 3574
W5p 3881 60240 897
Waf;, # 3364 65283 9.72
Wid 5, # 3627 34092 507

cpsx 10!
N
2

T T T T T T T T T T
42 39 33 30 270 265 260 255 250 240 235 230 225 220

3% 245
Binding Energy (eV) Binding Energy (eV)

Figure A.9 — a XPS spectrum of W 4f and W 5p core-level peaks for an aged WSs monolayer.
The W 4f displays two W 4f7/2 and W 4f5 /2 doublets associated to W of the main
WS, structure (red fitted peaks) and to W at defect sites (blue fitted peaks). b
XPS spectrum of W 4d and Se 2s core-level peaks for an aged WSe, monolayer.
The W 4d display two W 4d5/2 and W 4d3/2 doublets associated to W of the
main WSes structure (green fitted peaks) and to W at defect sites (pink fitted
peaks).
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Figure A.10 — a Zeeman splittings related to exciton (Xg) and defect-bound exciton (Xp)
transitions for an aged WSy monolayer measured with an incident power of 1
uW. For this lower pumping power there are two splittings regimes related to the
defective PL peak: a weaker one up to 5 T and a stronger one from 5 T. a Zeeman
splittings related to exciton (Xg) and defect-bound exciton (X) transitions for
an aged WSy monolayer measured with an incident power of 100 pW. These
measurements were performed in a different flake from that presented in Figure
6.14, confirming the great g-factor associated with the defective PL peak.
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Figure A.11 — a,b PL spectra of an aged WSy monolayer for a linearly polarized excitation and

ot (a) and o~ (b) detections with external magnetic fields of -9, 0 and 9 T. The
spectra are normalized by the free exciton peak intensity.
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Figure A.12 — Degree of circular polarization of an aged WSy monolayer for -9, 0 and 9 T
between the ot and 0~ PL spectra shown in Figures 6.14a,b.
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Figure B.1 — a Optical image of MoSs monolayer sample A1 shown in Figure 7.1. b SHG intensity
image of MoSs monolayer sample A1l with the 3 studied grains highlighted. Scale
bars: 5 um. ¢ Polarized SHG measurement for grains 1, 2 and 3 of MoSs monolayer
sample Al. The relative orientations between them are: 61 » = 21°, 13 = 11° and
23 = 10°.
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Figure B.2 — a-d Far-field Ey4 intensity (a), Eqy frequency (b), 2LA intensity (c), and 2LA
frequency (d) maps of MoSs monolayer sample A2. e-h Near-field Ey, intensity
(e), Egqg frequency (f), 2LA intensity (g), and 2LA frequency (h) maps of MoS,
monolayer sample A2. These maps are from the same region of the exciton maps
of Figure 7.3.



229

Exciton Int it

xciton Intensity (a. u.) 140
-I-E— M.,
b Exciton Energy (eV)

1.824
L L. e

1.820
250 500 750 nm

Near-Field

Figure B.3 — a,b Near-field exciton intensity (a) and exciton energy (b) maps of MoSs monolayer
sample A2 showing localized strain fields in a different sample region.
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Figure B.4 — a,b Far-field exciton intensity (a) and exciton energy (b) maps at the edge of

MoS2 monolayer sample A2 showing no localized optical features. These maps are
from the same region of the maps of Figure 7.5.
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Figure B.5 — a,b Near-field exciton intensity (a) and exciton energy (b) maps in another

edge region of MoSy monolayer sample A2 showing similar PL. enhancement and
blueshift features presented at the edge region of Figure 7.5.
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Figure B.6 — a,b Ey, (a) and 2LA (b) frequency profiles along the edge of MoS; monolayer
sample A2.
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Figure B.7 — a-c Near-field exciton energy maps in other edge regions of MoSs monolayer
sample Al showing a similar PL redshift response presented at the edge region of
Figure 7.6. d-f Exciton energy profiles along the edges of (a-c) highlighting the
PL redshift feature. The profiles colors correspond to the dashed arrow colors of
(a-c).
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Figure B.8 — To extract the spatial resolution of the near-field measurements we differentiated
the PL intensity profile along the edge (in black) of Figure 7.6 and fitted it with a
Gaussian function (in red). The spatial resolution of the measurement is the fitted
full width at half maximum (FWHM) = 24 nm.
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Figure B.9 — a,b Near-field A, intensity (a) and frequency (b) maps at the edge of MoS,
monolayer sample Al. These maps are from the same region of Eg, and 2LA maps
of Figure 7.7.
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- CW Laser -
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Power (mW)

Figure C.1 — Power dependence of the photoluminescence (PL) intensity of a monolayer WSe,
under CW excitation. The 0.96 coefficient shows the linear dependence with the
incident power. The axes are in a logarithm scale.
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Figure C.2 — a Light emission from the quartz substrate under a pulsed excitation for distinct
incident powers. b Raw PL spectra for the monolayer WSey. The substrate peak
around 1.4 eV can be noted for all spectra. In order to extract this substrate
contribution, for each pump power we subtracted the quartz spectra from the
samples spectra. The same was done for the multilayer WSes samples.
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Figure C.3 — a-c Power dependence of the PL FWHM in a bilayer (a), trilayer (b) and bulk (c)
WSes samples. For all samples there is a critical pump power value in which the
FWHM starts to increase revealing the exciton Mott transition to an EHP phase.
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Figure C.4 — a PL spectra above the band gap of a monolayer MoSes for distinct incident powers
and a pulsed excitation energy of 1.49 eV. b Comparison of monolayer MoSey PL
spectra with pulsed and CW excitation to show the broadening of the PL spectra
when the material is excited to an EHP phase. ¢ Pump fluence dependence of the
PL intensity revealing the nonlinearity of the effect. The axes in (c) are displayed

in a logarithm scale.
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Figure C.5 — To extract the instrument response function (IRF) — that is mainly driven

by the laser pulse width — we performed a second-harmonic generation (SHG)
autocorrelation measurement in a MoSes monolayer with the same optical setup of
the two-pulse excitation correlation measurement. The SHG signal was directed to
the spectrometer and its intensity as a function of the temporal pulse separation
is shown in the graph above. The autocorrelation data was fitted by a sech?(t/7)
function (red dashed line) and yielded a laser pulse width value of 7 = 375 fs. In
order to deconvolute the temporal response of the EHP PL signal from the laser
pulse width response, we fitted our two-pulse excitation correlation data with the
convolution of the intensity model function (Equation 8.5) with the sech?(t/7)
function (IRF). This IRF deconvolution improved our temporal resolution to 100
fs.
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Figure C.6 — a Optical images of distinct monolayer and a bilayer (last one) MoSes/WSes

lateral heterostructures studied in this work. The alternation of MoSes and WSes
domains from the center to the edge can be observed, in which MoSes regions
are darker with respect to WSey regions. Scale bars: 5 ym. b Raman spectra
of monolayer MoSes (in black) and WSes (in red) regions. The MoSe; Raman
spectrum presents A, and Eég modes at 241 and 281 cm™, respectively, while
the WSe, displays its degenerated A, and E%g modes at 249 cm™! and 2LA mode
at 257 cm~!. ¢ Normalized PL spectra of monolayer MoSes (in black) and WSes
(in red) regions. Their single PL peaks are located at 1.56 and 1.64 eV for MoSes
and WSey, respectively. d Raman spectra of MoSes (in black) and WSey (in red)
regions. The MoSes Raman spectrum presents A1, and Eég modes at 243 and 285
cm ™!, respectively, while the WSe, displays its degenerated Aqy and E%g modes
at 255 cm~! and 2LA mode at 263 cm~!. e Normalized PL spectra of MoSez (in
black) and WSe; (in red) regions. Their indirect transition PL peaks are located
at 1.50 and 1.55 eV for MoSes and WSe,, respectively.
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Figure C.7 — Polarization-resolved EHP PL measurement of the monolayer MoSe, /WSes lateral
heterostructure. The graph displays polarized plots of both domains and from their
interface for a 804 nm excitation laser wavelength and 50 mW pumping power. No
polarization dependence was observed for the EHP PL emission.

Aexc =780 nm Aexc =790 nm Aexc =797 nm Aexc =800 nm

Figure C.8 — EHP PL imaging of a monolayer MoSes/WSes lateral heterostructure for several
excitation wavelengths, a 50 mW pumping power and collecting the PL signal with
a 620/60 nm band pass filter in front of the PMT. This monolayer sample is the
same presented in Figure 8.7. However, here the excitation wavelength in which
the enhanced emission at the heterojunction is maximum is 800 nm due to the

distinct incident power.



C.3. SUPPLEMENTARY INFORMATION FOR SECTION 8.3 237

Aexc =780 pm Aexc =790 pm Aexc = 800 nm Aexc = 805 nm Aexc =807 nm Aexc =809 nm

A A A

Aexc =811 nm Aexc =813 nm Aexc =815 nm Aexc = 820 nm Aexc =830 nm Aexc =850 nm

Figure C.9 — EHP PL imaging of a monolayer MoSes /WSes lateral heterostructure for several
excitation wavelengths, a 50 mW pumping power and collecting the PL signal
with 690 nm short pass and 560 nm long pass filters in front of the PMT. This
monolayer sample is not the same presented in Figure 8.7. Although the pumping
power used to probe it was the same used in the mappings of Figure S5, here the
excitation wavelength in which the enhanced emission at the heterojunction is
maximum is 809 nm due to the distinct wavelength range of detection.

Figure C.10 — EHP PL imaging of a monolayer MoSes/WSe, lateral heterostructure for different
excitation wavelengths, a 50 mW pumping power and collecting the PL signal
with a 620/60 nm band pass filter in front of the PMT. This monolayer sample
is not the same presented in Figure 8.7. For these scanning measurements, the
excitation wavelength in which the enhanced emission at the heterojunction is
maximum is 801 nm.
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Figure C.11 — a,b Intensity maps of 2L MoSez A1, Raman mode (a) and 3L WSe; E%Q—FAlg
Raman modes (b), highlighting their regions. The Raman intensity maps were
extracted from a hyperspectral Raman measurement. ¢ Raman spectra of bilayer
MoSesz (in black), trilayer WSes (in red) and heterostructure (in blue) regions.
The bilayer MoSe, Raman spectrum presents A, and E%g modes at 242 and 285
cm ™!, respectively, while the trilayer WSes displays its degenerated Aqy and E%g
modes at 250 cm ™! and 2LA mode at 257 cm~!. Besides, the heterostructure
region shows the sum of both bilayer MoSes and trilayer WSey Raman spectra. d
PL spectra of bilayer MoSe; (in black), trilayer WSes (in red) and heterostructure
(in blue) regions. Bilayer MoSey and trilayer WSeo PL spectra display two peaks
related to their indirect and direct transitions, while the heterostructure PL
spectrum is composed by the sum of the PL spectra of both TMDs. Moreover,
a quenching in the PL intensity at the heterostructure with respect to bilayer
MoSes and trilayer WSes PL intensities can be observed.
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Figure C.12 — a,b Intensity maps of 1L MoSey Ajy; Raman mode (a) and 1L WSey Ej +Aj,
Raman modes (b), highlighting their regions. The Raman intensity maps were
extracted from the hyperspectral Raman measurement and the vertical het-
erostructure region is underlined in white. ¢ Raman spectra of monolayer MoSes
(in black), monolayer WSesy (in red) and heterostructure (in blue) regions. The
monolayer MoSe, Raman spectrum presents A, and E%g modes at 241 and 282
cm ™!, respectively, while the WSe, displays its degenerated Ay, and Eég modes
at 250 cm~! and 2LA mode at 256 cm~!. Besides, the heterostructure region
shows the sum of both MoSes and WSes Raman spectra. d Optical image of the
sample with the monolayer vertical heterostructure highlighted in black. Scale
bar: 2 ym.
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Figure C.13 — In order to increase the spatial resolution of our measurements we deconvoluted
the SH images with a 2D Gaussian profile function as our deconvolution input
image. For this 2D Gaussian profile we set its full width at half maximum
(FWHM) as the spatial resolution of the system, set by the laser spot width.
Figures (a-c) illustrates this deconvolution procedure, where (a) is the raw SH
image, (b) is the 2D Gaussian profile function of our system, and (c) is the
deconvoluted image. It is noticeable that the spatial resolution, mainly from the
interfaces, was indeed improved by comparing the raw and deconvoluted images.
Whereas we have a spatial resolution of 500 nm in the raw image, after the
deconvolution this value decrease to 270 nm. This deconvolution was made for all
SH images of selenide TMD 1L-LHs and sulfide TMD 2L-LHs for the wavelength
dependence measurements.
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