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RESUMO

Materiais bidimensionais (2D) sdo sistemas de grande interesse tanto do ponto de vista
fisica fundamental como para possiveis aplicacdes em eletronica, optoeletronica e spintronica.
Nesta tese, foram investigadas propriedades oOticas de monocamadas de dicalcogenetos de
metais de transicdo (TMD) crescidos por Chemical Vapor Deposition (CVD) e esfoliadas. Em
particular, realizamos um estudo sistematico das propriedades oOticas de monocamadas de
dissulfeto de tungsténio (WS») de area grande (da ordem de alguns cm), crescidos por de
epitaxia de van der Waals em um sistema de CVD. Investigamos as propriedades oOticas
dessas amostras usando as técnicas de macro-fotoluminescéncia e micro-fotoluminescéncia
(PL) em baixas temperaturas. Observamos que a emissdo oOtica destas amostras ¢ bastante
instavel no tempo e que estd instabilidade depende da temperatura e poténcia do laser. Este
efeito foi associado a dopagem fotoinduzida. Esse efeito foi usado para identificar diversos
complexos excitonicos. Além disso, observamos picos finos na regido de menor energia que
sdo promissores para geragdo de fotons unicos. De forma geral, os resultados obtidos
ajudaram a obter uma maior compreensdo sobre os efeitos da dindmica de fotodopagem por
laser nesses sistemas, contribuindo assim para futuras aplica¢des de dispositivos baseados em

TMDs.

Investigamos também efeitos de tensdo biaxial em uma monocamadas de disseleneto
de molibdénio (MoSe2)/h-BN preparada por esfoliagdo mecanica e por técnica de
transferéncia seca. A amostra estudada possui uma regido com uma bolha da ordem de 15 pm
produzindo uma tensdo biaxial mecanica de até 1.3% nessa regido. Investigamos os efeitos de
tensdo utilizando diversas técnicas experimentais, como PL, magneto-PL e geracdo de
segundo harmoénico (SHG). Os resultados obtidos evidenciaram a presenga de uma tensdo
ndo-uniforme na amostra, bem como um deslocamento para o vermelho nos picos de PL do
éxciton e trion, quando comparamos com a regido sem tensdo na amostra. Foi também
observado uma variacdo na energia de ligagdo do trion e um aumento do fator-g do trion e do
éxciton, na regido da bolha. Os resultados obtidos sdo coerentes com calculos de primeiros
principios realizado nesses sistemas. Os resultados obtidos apresentam informagdes
importantes sobre os efeitos de tensdo nas propriedades de éxcitons e trions em monocamada
de MoSe; e sdo interessantes para o desenvolvimento de dispositivos com tensdo mecanica

controlada baseados em TMDs.

Palavras-Chave: MoSe2, WS», Fotoluminescéncia, TMDs



ABSTRACT

Bidimensional (2D) materials are systems of great interest both from the fundamental
physical point of view and for possible applications in electronics, optoelectronics and
spintronics. In this thesis, the optical properties of monolayers of transition metal
dicalcogenetes (TMD) grown by Chemical Vapor Deposition (CVD) and exfoliated were
investigated. In particular, we conducted a systematic study of the optical properties of
tungsten disulfide (WS2) of large area (of the order of some cm), grown by van der Waals
epitaxy on a CVD system. We investigated the optical properties of these samples using
macro-photoluminescence and micro-photoluminescence techniques at low temperatures. We
observed that the optical emission of these samples is quite unstable in time and that this
optical instability depends on the temperature and power of the laser. This effect was
associated with photoinduced doping. In addition, we observed thin peaks in the region of
lower energy that are promising candidates for the generation of single photons. In general,
the results obtained help to gain a greater understanding of the effects of photo-doping

dynamics on these systems, which is important for future applications of TMD-based devices.

We also investigated biaxial stress effects on a monolayer of molybdenum diselenide
(MoSe2)/h-BN prepared by mechanical exfoliation and dry transfer technique. The sample
studied has a region with a bubble of the order of 15 pm producing a mechanical biaxial
tension of up to 1.3% in that region. We investigated the effects of tension using several
experimental techniques, such as PL, magneto-PL and second harmonic generation (HGS).
The results obtained showed the presence of a non-uniform tension in the sample, as well as a
displacement to red in the PL peaks of the exciton and trion, when compared with the region
without tension in the sample. A decrease of the trion binding energy and an increase in the g-
factor of the trion and exciton in the bubble region were also observed. The results obtained
are consistent with calculations of first principles performed in these systems. The results
obtained present valuable information on stress effects in the properties of excitons and trions
in MoSe2 monolayer and are interesting for the development of devices with controlled

mechanical tension based on TMDs.

Keywords: MoSe2, WS», Photoluminescence, TMDs



INTRODUCAO

1. Materiais 2D

Materiais bidimensionais tém tido um grande foco em pesquisas em anos recentes, do
ponto de vista de fisica fundamental e para aplicagdes em dispositivos, e esse interesse
continua a crescer sendo evidenciado pela quantidade de novos artigos e pesquisas na area.
Isso ocorre devido a que, no inicio do século XXI, conseguiu-se pela primeira vez isolar
grafeno a partir do desenvolvimento de novas técnicas de fabricagdo como a esfoliagdo
mecanica'. Essa tinica camada de carbono pode ser obtida facilmente devido a sua fraca
ligacdo de van der Waals entre camadas de grafite, enquanto a ligacdo entre os atomos dentro
da camada ¢ comparativamente forte. Isso vale também para outros materiais bidimensionais

estudados nos ultimos anos®. Estdo representados na figura 1 alguns tipos de materiais com

ligagdo van der Waals.
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Figura 1 Tipos de materiais bidimensionais

O grafeno ganhou destaque por ter varias caracteristicas interessantes como alta
condutividades térmica e elétrica, transparéncia Optica, além de suas propriedades
mecanicas.*® Porém, o grafeno ndo constitui em um bom material para aplicacdes
optoeletronicas, levando ao estudo de outros materiais bidimensionais que pudessem cumprir

esse papel.® Disulfeto de Rénio (ReS;), Nitreto de Boro Hexagonal (h-BN) e Disseleneto de



Tungsténio (WSez) sdo alguns exemplos desses materiais que atrairam muita aten¢do nos
ultimos anos. Os artigos apresentados nessa tese focam em Dissulfeto de Tungsténio (WS>) e
Disseleneto de Molibdénio (MoSe»), que pertencem a classe dos dicalcogenetos de metais de
transicdo (TMDs). Exemplos de TMDs podem ser vistos na figura 1. Esses dicalcogenetos sdo
formados por camadas de um calcogénio e de metais de transi¢do. Cada monocamada possui
trés camadas, sendo uma de metal entre duas de calcogénio, como pode ser visto no esquema

da figura 2.

Figura 2 Representagdo de uma monocamada de TMD, onde as circunferéncias vermelhas
representam o metal de transi¢do e as azuis sdo as camadas de calcogénio.

Uma aplicacdo interessante para esses materiais ¢ a possibilidade de combinar
monocamadas de diferentes materiais criando-se assim dispositivos baseados em

heteroestruturas de van der Waals, como pode ser visualizado na figura 3.

Figura 3 Heteroestrutura de van der Waals’

Nos proximos topicos serdo abordados de forma resumida alguns conceitos
importantes para essa tese, seguidos das sessdes onde serdo abordados dois artigos sobre

TMDs, elaborados durante esse projeto de doutorado e que ja foram publicados.
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2. Estrutura de Banda

Os TMDs possuem propriedades muito distintas do material em formato de bulk
quando comparadas as suas caracteristicas de espessuras diferentes. Uma muito importante é
que em um cristal em condigdo de bulk um TMD (por exemplo, 0 MoS>) ¢ um semicondutor
de gap indireto, porém quando observamos esse material em formato de monocamada temos
um semicondutor de gap direto. Essa mudanca pode se tornar muito interessante para

propriedades de optoeletronica como pode ser visto na figura 4.

bulk 4ly 2Ly 1Ly
a) ‘. b) g A R A R 2 R
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Figura 4 a) Espectro de Fotoluminescéncia de MoS>.* b) Estrutura de banda para MoS2.°

3. Determinacao do Numero de Camadas

Como comentando anteriormente nessa tese, as propriedades de TMDs diferem muito
dependendo do numero de camadas do material. Portanto, ¢ de extrema importancia a
determinacdo exata do niumero de camadas da amostra a ser estudada. Existem diferentes
métodos que podem ser utilizados para fazer essa determinacdo como pode ser visto na figura
5. Alguns desses diferentes métodos incluem microscopia de forga atdmica (Figuras 5. b ¢ ¢),
contraste Optico (Figura 5. a) e Raman por exemplo (Figuras 5. d, e, f e g), dentro outras.
Cada uma dessas técnicas observa propriedades distintas para determinar o nimero de
camadas. O Raman, por exemplo, observa as vibragdes da rede cristalina, ja o contraste 6ptico

acompanha quantidade de luz absorvida pelo material etc.
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Figura 5 Representagdo de diferentes métodos para identifica¢do da espessura do material’’

4. Estruturas Excitonicas

Nos trabalhos apresentados foram estudados diversos tipos de estruturas excitonicas,
como por exemplo o proprio €xciton que consiste em uma particula formada por interagdo
colombiana entre um elétron e um buraco, bi éxciton formado pela interagdo de dois éxcitons

e, por exemplo, o trion que combina um éxciton ¢ um buraco ou um éxciton e um elétron.

O éxciton em materiais TMD possui uma energia de ligagdo muito robusta quando
comparado a semicondutores mais tradicionais, como os da familia III-V, possuindo uma
energia de ligacdo aproximadamente de 300meV. Enquanto que uma energia de ligagdo do
trion também robusta ¢ de aproximadamente 30meV. Varios complexos excitdnicos diferentes
podem ser observados em monocamadas TMD, como por exemplo o biéxciton, o que os torna
interessante para estudos de fisica de complexos excitonicos. Na figura 6 é possivel observar

configuragdes excitonicas possiveis para TMDs do tipo MoX> e do tipo WXo.
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Figura 6 Representagdo Esquemdtica de Complexos Exciténicos em TMDs'!

5. Fisica de Vale

Uma das propriedades mais intrigantes em TMDs ¢ o efeito da degenerescéncia de
vale. Isso ocorre pois os pontos K e K’ (também chamados de K e K-) da primeira zona de
Brillouin ndo sdo equivalentes em spin, mas continuam sendo equivalentes em gap de

energia. Esse efeito pode ser visualizado na figura 7.
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Figura 7 Representacdo da Primeira Zona Brillouin’

Esse fenomeno permite entdo que podemos, por exemplo, acessar os diferentes vales
com luz circularmente polarizada, o que acaba gerando possiveis aplicagdes para uma

eletronica de spin.

Essa degenerescéncia acaba implicando em regras de selecdo para transi¢des
permitidas e proibidas, em que a transicdo de menor energia do TMD acaba sendo permitida
ou ndo em spin. Quando a transi¢do é permitida o TMD ¢ considerado tipo claro, enquanto

que quanto ¢ proibido considera-se o TMD do tipo escuro, como pode ser visto na figura 8.

K (b) K K

MoX,

Figura 8 Transi¢ées Permitidas em TMDs'!
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6. Efeitos de Tensao

Além do numero de camadas que comentamos nessa tese, os efeitos de tensdo em
monocamadas de TMDs também podem modificar substancialmente varias das propriedades
do material como o gap de energia e propriedades magnéticas. Podemos assim pensar em

eletronica baseada em tens@o com esses TMDs, exemplificada na figura 9.
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Figura 9 Eletrénica de Tensdo

Ja foram realizados varios estudos sobre efeitos de tensdo em TMDs, os quais
mostram mudangas substanciais em picos de PL e nos picos Raman, nos permitindo assim
estimar a tensdo sobre uma amostra baseada nessas medidas, bem como observarmos a
importancia da tensdo para diferentes propriedades. Usualmente, tais artigos sdo realizados
em temperatura ambiente devido a dificuldade de fazer tais medidas em baixa temperatura.

Um diferencial do artigo 2 dessa tese foi justamente fazer as medidas em baixa temperatura,
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observando os resultados dos efeitos de tensdo sob essa condi¢do. Na figura 10 sdo mostrados

efeitos da tensdo controlada em uma amostra de MoS;.
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Figura 10 Efeitos de Tensdo em Diferentes Propriedades do MoS;"*

Outra importante propriedade afetada pela tensdo nos tipos de materiais estudados
nessa tese, ¢ a Geracdo de Segundo Harmonico (SHG). Como pode ser visto na figura 11, a
tensdo no material pode afetar substancialmente a sua intensidade, assim fazendo um mapa de
SHG podemos observar como a tensdo estd sendo distribuida no material, bem como se temos

uma tensdo extensiva ou compressiva atuando no sistema estudado. !’
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Figura 11 Efeitos de Tensdo sobre o SHG"

7. Campo Magnético Perpendicular

As medidas com campo magnético realizadas nos artigos apresentados nessa tese
foram sempre realizadas com campo magnético em uma configuragdo perpendicular,

esquematizado na figura 12.
Figura 12 Campo Magnético Perpendicular em uma Monocamada

Um importante fenomeno que ocorre nos materiais TMDs ¢ o chamado Efeito Valley-
Splitting. Esse evento ¢ similar ao que ocorre em semicondutores usuais com o Efeito

Zeeman-Splitting, porém aqui o que ocorre ¢ a mudanga dos niveis de energia em cada um dos
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vales K e K’, como pode ser visto na figura 13. Essa separacgdo dos niveis ¢ dada pela seguinte

equagdo: A,= upgB.

e

Figura 13 Separagdo da Energia de Vales'!

Como visto na equacdo acima o fator-g tem um papel importante nas propriedades dos
dicalcogenetos de metais de transicdo. Ele ¢ objeto constante de estudo, em que valores
tipicos sdo conhecidos, porém uma dispersdo ocorre devido a algumas propriedades que
podem influenciar em seu valor. Na figura 14 sdo apresentados valores tipicos para o fator-g

dos TMDs MoSez, WSez ¢ WSo.
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Monolayers of transition metal dichalcogenides (TMD) are promising materials for
optoelectronics devices. However, one of the challenges is to fabricate large-scale growth of
high quality TMD monolayers with the desired properties in order to expand their use in
potential applications. Here, we demonstrate large-scale tungsten disulfide (WS2) monolayers
grown by van der Waals Epitaxy (VAWE). We show that, in addition to the large structural
uniformity and homogeneity of these samples, their optical properties are very sensitive to
laser irradiation. We observe a time instability in the photoluminescence (PL) emission at low
temperatures in the scale of seconds to minutes. Interestingly, this change of the PL spectra
with time, which is due to laser induced carrier doping, is employed to successfully
distinguish the emission of two negatively charged bright excitons. Furthermore, we also
detect blinking sharp bound exciton emissions which are usually attractive for single photon
sources. Our findings contribute to a deeper understanding of this complex carrier dynamics
induced by laser irradiation which is very important for future optoelectronic devices based on

large scale TMD monolayers.

I. Introduction
Two-dimensional (2D) transition metal dichalcogenides (TMDs) are very attractive
materials which show spin-valley coupled physics and strong excitonic effects which can be
exploited in the next generation of optoelectronics devices.!® The large electron and hole
effective masses arising from the atomic d-orbitals along with reduced dielectric screening in
2D systems leads to exceptionally strong excitonic interactions and correlations between the

charge carriers.’ Despite the intense investigation of these materials which has occurred over
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the last years, the detailed nature of emission bands of 2D semiconductor materials,
particularly for WS, and WSe,, is still being unveiled by recent studies.>®!°'3> While the
photoluminescence (PL) spectra of TMD monolayers (MLs) like MoS2 or MoSe: usually
show two well-defined peaks associated with neutral excitons and trions, the spectra of WSe»
and WS, MLs at lower temperatures are rather more complex.!'! Strong emission bands which
are observed on the lower energy side of the trion emission in WSe> and WS, have been
attributed to radiative recombination of biexcitons.'*'® However, intra and intervalley
negatively charged excitons recombination has been spectrally resolved in the same energy
range of the spectrum.'’!>1%20 The complexity to identify the origin of the peaks in these
materials probed by PL spectroscopy is increased by the addition of recombination of
localized-exciton complexes bound to defects/crystal imperfections/impurities®!!"!2 and by the
possibility of brightening of dark excitons.!°

The spectra of TMD MLs can also be strongly affected by laser irradiation. Recent
studies found that the laser exposure increases considerably the trion/exciton PL intensity
ratio accompanied by a small PL redshift in MoS2, MoSe, and WS, monolayers.?! 2 It was
shown that high laser excitation powers can quench the neutral exciton emission in MoS»
MLs.?2 For WS, it has been shown that laser irradiation can also reduce emission from the
lowest energy band of the spectrum, the so called localized state (LS) band, which is usually
attributed to localized/donor—acceptor recombination states.!!*! These laser induced effects
were interpreted as monolayer photo-doping which can originate from the substrate? or due to
the reduction of surface adsorbents.?! Laser induced doping seems to lead samples to cyclic
processes since the exposure of the MLs to air at room temperature after laser doping at low
temperature seems to recover the original PL spectrum.?? However, they depend on the type
of substrate, sample preparation method, temperature, ambient conditions and aging.?"*? This
may lead to important consequences on the optical and magneto-optical properties of future
devices and in studies of TMD MLs under intense laser excitation, such like investigations of
exciton polaritons and many body effects.>** However, few detailed studies have been
performed in order to understand deeply the optical changes and instabilities, especially in the
case of WS2 and WSe2 which, as mentioned, usually have higher density of spectral features.

In addition to the relatively broader excitonic bands, the PL spectra of WS, and WSe»
MLs have also revealed sharp emission lines which can exhibit anti-bunching.?>?® These
peaks are usually related to the presence of localized impurity states.’*! In WSe,, while the

light emission centers at the edges of the flakes appeared to be robust on a long timescale,
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practically all of them showed clear fluctuation effects on a short timescale; jittering of
emission lines of the order of the linewidth (on a millisecond timescale) and larger jumps of
lines on a timescale of seconds or minutes.>? For WS,, the sharp peaks were usually observed
in specific areas in grain boundaries in triangle crystals grown by chemical vapour deposition
(CVD) and were attributed to bound excitons trapped by surface impurities. These PL peaks
can suddenly disappear during the PL measurements.>* For liquid exfoliated WS nanosheets
(lateral dimensions of 20 to 150 nm), individual sharp peaks at different energies showed time
fluctuations of positions and intensities which were associated with randomly fluctuating
electrostatic environment.’

In this manuscript, we investigate the effects of laser irradiation on the stability of the
emission lines in WSz monolayers grown for the first time by van der Waals epitaxy
(VAWE)** (details are described in the Methods section and ESI{). In addition to the large
structural uniformity and homogeneity of these VdAWE-grown WS, ML samples, we show that
light emission due to carrier recombination reveals time dependent instabilities. By employing
macro- and micro (1) PL measurements, we monitor the variation in time of the intensity and
spectral position of the neutral exciton (X), negative trions (T; and T»), bound-exciton (Xg),
and localized state (LS) emissions. We show that the PL spectrum as a whole evolves
significantly with time, showing the appearance of additional emission bands and
disappearance of others. Sharp peaks with linewidths of ~2 meV were also observed. They
appear/disappear in a time scale of a few seconds. We attribute these instability effects to
laser induced ML doping which, due to the relatively slow time scale compared to carrier
recombination lifetimes leads to unstable emission behaviour. In particular, we use the optical
instability effect to attribute the solabelled T2 emission to a second trion state instead of a
biexciton (XX) state. We also show that the time scale of the instability depends on the laser
power density and probing spot. For low excitation intensities and large probing spots, the
timescale for changes is in the minutes range. For higher laser excitation intensities and
smaller spots, the PL time evolution occurs in few seconds and a clear redshift is observed.
Under these conditions, at low temperature, the spectra do not recover their original shape
when the excitation intensity is reduced to the low excitation regime. Moreover, for small
probing areas, nonlinear increase in PL intensity with excitation power is observed. The time
instability of WS> ML emission and its dependence on the probing spot size are particularly
important for future devices of reduced dimensions, such as single photon sources based on

TMDs.
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II. Results and discussion

Fig. 1(b) shows macro-PL spectra of the WS> monolayer measured at 13 K with laser
power density of 79.6 W cm 2. Excitation was o- circularly polarized and detection was
performed for o+ (black curve) and o- (red curve) PL. We observe four main emission bands
in the spectra. The one centered approximately at 640 nm (1.94 eV) is labeled LS and is
attributed to emission of donor—acceptor and localized states.!!"'*?! The other 3 emissions are
attributed to excitonic states of WS,.!41%2135 The higher energy emission at 591 nm (2.1 eV)
is attributed to the neutral exciton (X) state. The two emissions at 598 nm (2.07 ¢V) and 605
nm (2.05 eV) labeled T; and T, respectively, are attributed to two negatively charged exciton
states, which will be discussed in more details in the next paragraphs. Fig. 1(b) also shows

that the excitonic states of largescale WS are valley polarized, thus demonstrating the

momentum conservation for circular polarization selection rules (depicted in Fig. 1(c)) and
2,15,36,37

the efficient initialization of carrier pseudospins in a given valley.

Energy (eV)
b)2.2 21 2 19 18 1.7 16

PL Intensity (a.u.)

575 600 625 650 875 700 725 750 775
A (nm)

Figure 1 (a) lllustration of monolayer WS> grown on SiO»/Si substrate. Inset shows the coordination
environment of W (blue sphere) in the crystal structure (upper panel), a side-(lower panel) and top-(middle

panel) view of the monolayer WS; lattice. Sulphur is shown as golden spheres. (b) Circular polarization resolved
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PL measured on a WS> at 13 K and o— excitation. (¢) Schematic diagram of valley-polarized light emitted by

neutral exciton in K-(the left) and K -(the right) valleys. The red (blue) color represents spin-up (down) states.

Fig. 2(a) shows macro-PL spectra of our WS> ML under different excitation intensities
measured at 532 nm. Even at very low powers, all four emissions previously identified in Fig.
1(b) can be observed. As power is increased, T1 and T, become more pronounced and
dominate the spectra. This is evidenced in Fig. 2(b), where the peak intensity for each
emission is plotted as function of the excitation power (P). The solid lines represent fittings
with Ip. = APP, where A and P are constants. We observe that X and LS emissions increase
sublinearly with B values of 0.72 and 0.65, respectively. The tendency for a faster saturation
of the LS band is consistent with the limited density of localized and donor—acceptor states in
the material. T and T» emissions increase faster with power. T» increases at a slightly faster
rate (B = 1.1) as compared to T1 (B = 0.93). As shown on the inset of Fig. 2(a), T2 can be
observed even at the smallest power we detected the PL signal (7.95 W c¢cm™), which is more
than one order of magnitude lower than the power needed to observe XX emission in WS>
MLs grown on boron nitride.®® It is well known that the presence of boron nitride
considerably suppresses laser induced doping with carriers injected from the substrate into the
TMD ML.? As we will discuss in the next paragraphs, our samples show strong laser induced
doping effects. Considering also that our samples are not defect-free and electron-doped, we
believe that, at such lower powers, XX formation would not be favoured in the experiments
reported in Fig. 2(a). In this way, we attribute T> to a second negatively charged exciton

emission, in agreement with other reports in the literature.'!1>3°
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Figure 2 (a) Macro-PL measured at 12 K for WS2 monolayer as function of excitation power. Inset:
Main excitonic emission band measured at 7.95 W cm™. (b) PL intensity as a function of excitation power for X,
T1, and T2, and LS emission. Solid lines correspond to fits with Ip, = APF, where A and B are constants. The

values of f obtained from each fit are displayed for each emission.

It is already known that different configurations of three particle complexes such as
intravalley- (carriers are located within the same valley) and intervalley-(carriers are in
different valleys) trions can be formed in WS,. In the lowest energy bright trion configuration
(T1), the excess electrons occupy the lowest energy sub band in the conduction band.!! In this
case, the excess electron that constitutes the charged exciton might be in the same (singlet) or
different (triplet) valley state. An energetic splitting between these two configurations (which
is not resolved in our experiments), usually called trion fine structure, is determined by
intervalley electron-hole exchange interaction.!*?**’ In the highest energy trion configuration
(T2), both electrons occupy the upper conduction-band sub band and, therefore, are expected
to be brighter at higher excitation intensity conditions. T> also comprises an intravalley singlet
and an intervalley triplet trions (also not resolved in our experiments). The energy separation
between Ti and T» observed in our experiments is 20 meV, which is also in very good
agreement with literature reports.!!"!* Note that we also considered the possibility of assigning

the rise of T> to a dark trion brightening process. However, our assignment of T> peak to a
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bright trion is supported by the fact that the energy separation between the T: and T»
emissions expected for the dark trion process is 2Aso!® which, given the experimental value of
20 meV, would imply in Aso values considerably smaller than the predicted ones.*!™*

Fig. 3(a) presents macro-PL spectra (at a fixed laser power) taken with time intervals
of few minutes between each measurement. We observed that, in approximately 40 minutes,
X and LS emissions decrease by considerable amounts, with LS emission decreasing more

than X in absolute values. T; also decreases at a slower rate while T, increases with time.
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Figure 3 (a) PL spectra at 12 K and fixed excitation power for different times after the first measured
spectrum (black curve). (b) PL intensity of X, T;, and T> emissions normalized by the LS emission intensity

(shown on the inset) for different times after first measured spectrum.

The quenching of LS emission under strong laser pumping and the appearance of an
emission band at the lower energy side of T has already been reported in literature.?! The
quenching of LS has been interpreted as laser induced removal of surface adsorbents

(associated with LS emission).?!** Surface desorption may leave carriers in the system.
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However, laser exposure has also been demonstrated to lead to another efficient way to dope
the system via carrier injection from the substrate.? We, therefore, attribute the increase of T»
emission with time to an enhanced probability that electrons occupy the upper conduction sub
band states due to high electron doping induced by laser irradiation.?>* This enhancement of
T2 emission (in comparison to X and Ti) with photo doping is consistent with the results
obtained by electron injection in gated devices.!! In this way, we use laser irradiation as a
contactless approach to induce changes in the spectrum of WS» and identify T» as a trionic
state. This is further confirmed in Fig. 3(b), where the intensities of X, T, and T> as function
of time are normalized by the LS emission since this emission is associated with surface
desorption and, therefore, also responsible for doping the system. We observe that, relative to
LS emission, Ti and T2 emissions increase at very similar rates when electrons are added to
the system. This behavior further corroborates our attribution of T to a trion state rather than
a XX one. As also seen in Fig. 3(b), X emission is more independent of the changes in LS.
The absolute decrease in X intensity is attributed to the formation of charged complexes as the
system is further doped with increase of time.

In order to obtain more information about the doping dynamics and emission stability
in our sample in a microscopic level, we performed p-PL measurements under different
excitation power conditions. Fig. 4 presents a p-PL experiment performed at 10 K with a laser
spot diameter of approximately 5 um at 532 nm. Fig. 4(a) presents a sequence of
measurements where laser power is increased (blue curves) and then lowered (red curves).
The first spectrum (at 50.9 W ¢cm?) shows a pronounced LS band and the excitonic features of
X and T; emissions. As power is raised T> emission becomes more pronounced and the
excitonic emissions dominate the spectrum in comparison to LS emission (1528 W cm™). As
power is lowered, however, the spectra do not resume back to their initial characteristics.
When we compare the spectra measured at 50.9 W cm™, the X emission is similar in the blue
and red curves, but LS emission is weaker and T2 maintains its dominant behaviour in the red
spectrum. This irreversible behaviour of LS band is consistent with the already mentioned
surface desorption induced by laser power.?! The desorption seems to leave electrons in the
system which contribute to the preservation of the T emission even at very low laser powers.
Moreover, the fact that the X emission changes very slightly while T> changes drastically
when power is lowered also corroborates our attribution of T to a trion state. If T> was due to
a biexciton recombination, which depends strongly on the exciton density, T2 should more or

less follow the X emission behavior.
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When the power density is high, however, other emissions might also contribute to the
intensity of T2 peak. This is shown in Fig. 4(b), where the logarithm of the peak intensity of
this emission is plotted as a function of the logarithm of the excitation power. Blue dots
represent power increase and red dots represent power decrease. It is observed that the
behaviour is definitely non-linear and it is not possible to fit the data (in the same way we
performed in macro-PL experiments) with a dependence such like IpL = APP with a single
value for B. At very high carrier densities, other excitonic peaks like bound XX'>!4!> and/or
charged XX* (which are observed/expected to be observed in the same energy range) may

also be contributing to the overall T intensity.
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Figure 4 (a) From bottom to top (blue curves): PL spectra of WS> monolayer as excitation power is
increased from 50.9 to 1528 W cm™. From top to bottom (red curves): PL spectra as excitation power is

decreased back to 50.9 W cm™. Dashed squares indicate small changes in the spectra which do not behave in a
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consistent way as power is increased or decreased. (b) Integrated PL intensity versus excitation power extracted

from (a).

Another feature observed in the spectra shown in Fig. 4(a) (highlighted by dashed
square boxes) is the random appearance of extra emission lines in the lower energy side of To.
For example, the features highlighted at 1528 W cm™ laser power have not been detected in
the previous measurement at 1019 W cm™ (blue spectrum) and are hardly seen again in the
sequence at 1019 W cm™ (red spectrum). Other examples can be seen at 254.7 and 127.3 W
cm 2 spectra (red curves), where the highlighted features appear in the lowering of the power
but were not there when power was raised. These unstable peaks appear in an energy region
which is usually expected to present recombination of impurity bound exciton states.'"!* The
high carrier density induced in p-PL excitation seems to be more efficient in activating this
kind of recombination, which is a process possibly linked to the surface desorption already
discussed.

Fig. 5 presents time stability of the p-PL emission of our sample when the laser spot is
further reduced to 2 pm. As we observe in Fig. 5(a), when the probing spot size is reduced it
is easier to identify the contribution of T and bound states (labeled Xg). Fig. 5(b) shows how
the pu-PL spectrum changes with time in an interval of 20 minutes under 318 W cm™
excitation at 488 nm. A few minutes after the first spectrum is acquired, we observe that X
and LS emissions almost vanish in intensity. T1 also decreases initially but seems to keep its
intensity as time passes. T2, on the other hand, gains intensity with time. This is consistent
with macro-PL results shown in Fig. 3 and illustrates once more the role of carrier doping
induced by laser excitation on the optical emission of neutral and charged excitons. It is
interesting to note the behaviour of X emission in Fig. 5(b). The sharp lines which
characterize this emission (with linewidths which can reach 2 meV) are not stable, with
variations in intensity and spectral position. This is an indication that the carrier trap/release
process by impurity states happens in a time scale of minutes which is the same scale that T»
gains intensity with time. The same behaviour is observed when the measurement is
performed at different positions on the sample surface. This is presented in Fig. 5(c) and (d).
The main difference here is that, due to the higher excitation power (637 W cm), X and LS

emissions seem to be almost immediately quenched due to the accelerated doping process.
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Figure 6 Color code map showing the variation of u-PL of WSz monolayer in time. First row:
Excitation power set at 637 W cm™2. Second row: Power is increased to 31.8 kW cm™2. Third row: Waited for 10
minutes under 31.8 kW cm™? and repeated previous measurement. Fourth row: Power is decreased back to 637
W cm™2. The same procedure is repeated for different temperatures [4 K (left column), 50 K (middle column),
and 160 K (right column)].
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Fig. 6 shows how the emission of our WS, monolayer changes in time when it is
submitted to extreme laser powers (laser spot of 2 pm at 488 nm). Each column of viewgraphs
represents measurements at different temperatures (4, 50, and 160 K). Horizontally, power is
changed. In this way, for each temperature, p-PL evolution in time is tracked in a sequence of
four measurements. First, immediately after the sample is subjected to a laser excitation of
637 W cm™, the PL emission is tracked for 20 minutes. Then the power is increased to 31.8
kW cm? and the measurement is performed once more (for 60 seconds). Subsequently, the
laser incidence is maintained on the sample and, after 10 minutes, the last experiment is
repeated. Finally, the power is lowered again to 637 W cm™ and the PL is measured once
more during 20 minutes. At 4 K and 637 W cm™ (first measurement), the behaviour is exactly
the same as illustrated in Fig. 5(c) and (d). When the power is increased to 31.8 kW cm?, a
strong redshift of the emission band is observed. Nevertheless, the emission is still unstable
and seems to increase in intensity as time passes. This is an indication that electron doping is
still taking place in the system. After 10 minutes of exposure under strong pumping
conditions, the emission is slightly more redshifted and has gained intensity in comparison to
the previous measurement. Instability still takes place, as we can observe the
appearance/disappearance of sharp lines with time in the lower energy side of T2 band. As
power is reduced back to 637 W cm™ (lower viewgraph in the first column), the emission does
not blueshift back and the intensity is higher than in the first measurement at the same power.
Fig. 7(a) summarizes these experiments by showing the time integrated pu-PL for each view
graph of the first column of Fig. 6. By reducing the power after strong pumping conditions,
we observe that the neutral exciton emission is quenched (blue curve), while the spectrum is
dominated by T» and X emissions which are strongly favoured after laser doping. The
process is, therefore, irreversible and the spectrum maintains its redshift with respect to the

initial measurement.
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Figure 7 (a) Time integrated u-PL spectra for the four viewgraphs shown in the first column of Fig. 6
(4 K). (b) Time integrated p-PL spectra for the four viewgraphs shown in the last column of Fig. 6 (160 K).

Fig. 6 also shows how the emission instability varies with temperature. At 50 K and
low power, p-PL spectrum is slightly broader, but it is still possible to see the enhancement of
T, emission with time and the appearance/disappearance of sharp peaks in the X emission
region. As power is increased, the PL spectrum gains intensity with exposure time. As power
is lowered back, the redshift is also not reversed and the intensity is higher than at the
beginning of the experiment, in a similar way to what happens at 4 K. A different behaviour is
observed at 160 K. At this temperature, under low power, the PL spectra exhibit broad
emission and the whole spectrum moves to the lower energy as time passes. Besides, the Xg
related sharp peaks are no more observed. As power increases the redshift is enhanced. As
power is lowered again, the spectrum is dominated by a broad emission which superimposes

trions (PL measurements as function of temperature, not shown, demonstrate that at this
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temperature T1 and T» emissions tend to merge and have comparable intensities) and Xg
emission bands. This is shown in Fig. 7(b) (blue spectrum). However, the lower viewgraph of
the third column of Fig. 6 indicates that, when power is lowered back to its initial value at 160
K, a slight blueshift of the emission starts to happen in a very slow time scale. This indicates
that elevated temperatures are possibly an important ingredient to revert laser induced doping
in these TMD monolayers. However, the time scale seems to be slow enough even at room
temperature.”® The overall behaviour of our sample clearly shows that doping/undoping of the
WS> monolayer is a very slow process which depends on time and pumping laser power.
Moreover, we show that the effect is present even at relatively elevated temperatures. These
are very important issues which can affect the performance of future optoelectronic devices

based on this type of TMD.®

III.  Conclusions

We have investigated the nature of optical emission and laser irradiation effects on the
optical properties of large-scale van der Waals epitaxially grown WS, monolayers. We
showed that laser irradiation results in dramatic changes in the relative intensity of the
individual exciton emission lines. As power or laser exposure time are increased, we show
that monolayer doping builds up on a time scale of minutes and can be detected by the
pronounced increase in the emission intensities of the two trion emissions T1 and T2. The
enhancement of trionic emissions, particularly Tz, is demonstrated to be due to carrier
injection from substrate and desorption of surface molecules which contribute to the doping
process. Reduction of the probing area shows that local carrier recombination dynamics under
continuous doping conditions is complex. In particular, bound electron states which present
sharp emission lines show considerable intensity instability with time. Under strong laser
pumping conditions, the spectra of exposed areas are irreversibly changed, presenting large
redshifts due to the dominance of the spectra by trions, bound exciton states, and possibly XX
complexes. Temperature increase may contribute to reverting the process, but our experiments
indicate that the time scales are still long. Our results can contribute to a better understanding
of the optical properties and photo-induced doping process mechanism in laser-scale VAWE
WS, monolayers, which is of great interest for future nanodevices employing this material

system.



36

IV. Experimental methods

We investigated large-scale (10 mm by 10 mm) WS2 MLs grown on 300 nm thick
thermal oxide (SiO2) on silicon substrates by van der Waals epitaxy (VAWE) process. VAWE
can provide the vapour phase epitaxy of these layered TMDs on the substrates even with
mismatched lattice constants.>* Here, for the first time VdWE technique has been successfully
developed to fabricate large-scale ML WS> on quartz and SiO»/Si wafers. Different from
typical CVD growth which has been demonstrated to provide large-scale ML films formed by
the growth and merging of individual TMD flakes,*** VAWE technique allows very fast
growth (typically 5 minutes) of continuous and homogeneous WS2 ML films (typical sizes are
25 mm by 25 mm with in-house built system at the University of Southampton). VdWE-
grown ML characteristics can be found in the ESI section.f Figure S1{ shows the spatial
homogeneity of a ML of WS2 grown on 300 nm Si02/Si and quartz substrates. The spatial and
structural homogeneity of our WS, ML films are demonstrated by using Raman (see Figure
S27) and PL (see Figure S3) spectroscopy measurements taken at room temperature.

In the preparation of our VdAWE-grown WS, MLs samples, WCls (99.9% pure from
Sigma Aldrich) was used as the precursor, kept in a bubbler at room temperature and
delivered to VdAWE quartz tube reactor (with 50 mm diameter and 1000 mm length) to react
with H2S gas (99.9% pure from BOC) to form WS2 epitaxially on SiO2/Si substrates at
temperatures in the range of 700-1000 °C. WCle vapors were delivered with argon gas
(99.999% pure from BOC) through a mass flow controller (MFC) and the H2S gas was
delivered through another MFC. The flow rates of argon and H2S gases were in the ranges of
50-300 mL min'. These van der Waals epitaxially grown WS2 MLs on SiO-/Si substrates are
illustrated in Fig. 1(a). Hall measurements show that samples are n-type.

Macro-PL measurements were performed using a closedcycle refrigerator cryostat. -
PL measurements were carried out in vacuum with He cryostat equipped with three-axis
stepper motors to control the sample position. The samples were excited using 488 and 532
nm solid state laser sources. The laser spot diameter on the sample for Macro-PL
measurements is approximately 400 pm. For p-PL spot sizes of 5 and 2 pm were employed.
In all experiments, detection was performed with 0.5 m spectrometers coupled with Si CCD

detectors.
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In this section, we present additional characterization results which demonstrate the
large-scale uniformity of our Van der Waals epitaxially (VAWE) grown WS> monolayers.
Figure S1(a), Figure S1(b), and Figure S1(c) show a photo, an optical microscope image, and
a SEM image, respectively, of samples grown on 300 nm SiO; on a Si wafer. Figure S1(d)
shows a picture of a WS> monolayer grown on quartz substrate. The images present no color
variation/pattern and/or structural non-uniformity, thus demonstrating the large-scale
homogeneity of the thin films. The samples are also homogeneous over larger scales such as
35 by 30 mm. As observed in Figure S1(a), the films on SiO2/Si have a purple-ish colour
which is due to optical contrast with the substrate. When the monolayer WS, is grown on
quartz or c-plane sapphire substrates, the colour of the monolayer on these transparent
substrates is usually light-yellow, as observed in previous reports 2], This is shown in Figure

S1(d) for a monolayers grown on quartz.

FIG. S1: (a) A photo of VAWE-grown WS> monolayer on large-scale (35 mm by 30 mm) 300 nm SiO/Si wafer.
(b) An optical microscope image of VAWE-grown WS> monolayer shown in (a). (c) A top view SEM image of
VAWE-grown WS; monolayer shown in (a). (d) A photo of typical VAWE-grown WS> in quartz
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Figure S2 shows Raman spectroscopy characterization of the samples. Figure S2(a)
illustrates Raman spectra (excited at 514.5 nm) obtained in VdWE-grown monolayer on
Si0O2/Si substrates. We can clearly observe the two main Raman modes of WS> monolayers,
namely the 2LA+ E1 (356 cm™) and A0(418.5 cm™) modes [3]. The inset in Figure S2(a)
shows Raman spectra measured at 3 different positions separated by 6 mm along the surface
of one of the samples. As it can be seen, the shape of the spectra and peak position do not
vary with position on such scale. Figure S2(b) presents the intensity of the 2LA+ E1 mode
(excited at 532 nm) obtained in a two-dimensional Raman mapping over an area of 4 mm by 5
mm. We observe relatively small variations in peak intensity over such large scale, which
demonstrates the structural homogeneity of our WS> monolayer films. Figures S2(c) and (d)
show Raman spectra (excited at 514.5 nm) of monolayer and few monolayers WS2 grown on
quartz, respectively. Figure S2(c) shows that the Raman spectra of monolayers on quartz
subtrates agree with the ones shown in Figure S2(a) for SiO»/Si substrates. Comparing
Figures S2(c) and (d), we observe an inversion of the relative intensity between the 2LA+ El
and A0 peaks. This is a characteristic behavior of the Raman spectra of WS> when one goes
from monolayer to more than one monolayer. Due to change in the band structure, the 2LA+
E1 mode scattering is a resonant process for monolayer samples for excitation at 514.5 nm,

which makes the intensity of this peak higher than the AO[3].
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FIG. $2: (a) Raman spectrum of VAWE-grown monolayer WS2 on SiO2/Si at 300K using 514.5 nm excitation
with low laser power. The inset shows the Raman spectra at different positions on a dierent piece of the wafer.
(b) Raman of VAWE-grown WS> monolayer on quartz. (c) Room temperature Raman spectra mapping of VAWE-
grown monolayer WS> on 300nm SiOJ/Si substrate corresponding to the intensity ratio of WSz (2LA+E1) peak to
Si peak over the area of 4 mm by 5 mm using 532 nm laser excitation. (d) Typical Raman spectrum of few
monolayers of VAWE-grown WS2 on quartz at 300K using 514.5 nm laser excitation.

Figure S3 presents the photoluminescence (PL) characterization of our samples at
room temperature measured with 532 nm laser excitation. Figure S3(a) shows the PL of a
monolayer grown on SiO/Si. The PL peak position at approximately 2.01 eV is in good
agreement with previous literature reports [4]. Figure S3(b) shows the PL. mapping at 2.009
eV over an area of 4 mm by 5 mm (the same area probed in Figure S2(b)), demonstrating
good homogeneity in PL intensity over such scale in our VAWE samples. Figure S3(c)
compares the emission energy position between a monolayer and a few monolayers WS> on

quartz. As can be seen, the recombination energy decreases by approximately 27 meV as
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additional layers are grown on the system, which is consistent with the bandgap decrease

expected for such situation [5].
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FIG. S3: (a) Typical room temperature PL spectrum of VdAWE-grown monolayer WS2 on SiO2 using 532 nm
laser line as excitation. 300K PL spectra mapping at 2.009eV of VAWE-grown monolayer WS> on 300nm SiO./Si
substrate using 532 nm laser excitation for the same area on the sample shown in Figure S2(c). (c) PL spectra at
300K using 532 nm excitation at low laser power of monolayer and few monolayers of WS> on quartz substrate.
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Artigo 2: Revealing the impact of strain in the optical properties of bubbles in
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Strain plays an important role for the optical properties of monolayer transition metal dichalcogenides
(TMDCs). Here, we investigate strain effects in a monolayer MoSe; sample with a large bubble region
using p-Raman, second harmonic generation (SHG), p-photoluminescence and magneto p-photo-
luminescence at low temperature. Remarkably, our results reveal the presence of a non-uniform strain
field and the observation of emission peaks at lower energies which are the signatures of exciton and
trion quasiparticles red-shifted by strain effects in the bubble region, in agreement with our theoretical
predictions. Furthermore, we have observed that the emission in the strained region decreases the trion
binding energy and enhances the valley g-factors as compared to non-strained regions. Considering
uniform biaxial strain effects within the unit cell of the TMDC monolayer (ML), our first principles calcu-
lations predict the observed enhancement of the exciton valley Zeeman effect. In addition, our results
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TMDC ML. In summary, our study provides fundamental insights on the behaviour of excitons and trions
DOI: 10.1039/d2nr00315¢ in strained monolayer MoSe> which are particularly relevant to properly characterize and understand the
rsc.li/nanoscale fine structure of excitonic complexes in strained TMDC systems/devices.
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Strain plays an important role for the optical properties of monolayer transition metal
dichalcogenides (TMDCs). Here, we investigate strain effects in a monolayer MoSe2 sample
with a large bubble region using p-Raman, second harmonic generation (SHG), p-
photoluminescence and magneto p-photoluminescence at low temperature. Remarkably, our
results reveal the presence of a non-uniform strain field and the observation of emission peaks
at lower energies which are the signatures of exciton and trion quasiparticles red-shifted by
strain effects in the bubble region, in agreement with our theoretical predictions. Furthermore,
we have observed that the emission in the strained region decreases the trion binding energy
and enhances the valley g-factors as compared to non-strained regions. Considering uniform
biaxial strain effects within the unit cell of the TMDC monolayer (ML), our first principles
calculations predict the observed enhancement of the exciton valley Zeeman effect. In
addition, our results suggest that the exciton—trion fine structure plays an important role for
the optical properties of strained TMDC ML. In summary, our study provides fundamental
insights on the behaviour of excitons and trions in strained monolayer MoSe> which are
particularly relevant to properly characterize and understand the fine structure of excitonic

complexes in strained TMDC systems/devices.

I. Introduction

Monolayer (ML) transition metal dichalcogenide (TMDC) materials have attracted
great attention in recent years due their unique optical and electrical properties for possible
application in the next generation of optoelectronic devices. ! Strain engineering is a powerful
tool to control the physical properties of few layers of TMDCs and consequently it could be
used for the development of strain based devices.*® TMDCs can support large strain fields
before they rupture which could open new opportunities for novel 2D devices.* It was
previously shown that the presence of strain can change considerably the optical properties of

ML TMDCs due to the change in band-gap, even inducing a direct to indirect transition. %'
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In addition, strain can also affect the value of the valley g-factors of ML TMDCs and
consequently explain the dispersion of reported values in the literature.!”2

Strain-induced bubbles are usually formed during the transfer of ML TMDCs on the
substrate and can create smooth>*~> or localized strain profiles*>2® depending on the size of
the bubble. Localized strain in small bubbles usually gives rise to single photon emission with
high brightness, which can be accurately controlled by the strain profile.?> Larger bubbles can
be prepared by different approaches and depending on the preparation technique the emission
from these bubbles is very uniform and shows a strain-induced bandgap reduction as expected
for a given monolayer/substrate combination.?> Bubbles can also be formed by irradiating the
sample with ionized hydrogen, which also offers the possibility to control the size, position,
and shape of these dome-like structures.?>°! Despite the availability of previous studies in
the literature, the second harmonic generation (SHG) and the optical properties of TMDC
bubbles as a function of temperature, laser power and magnetic field strength are far from
being explored.

Here, we have investigated the impact of the strain and dielectric environment on the
optical properties of a MoSe, ML sample with a large bubble region. We probed the optical
properties of our sample at room and low temperatures and under perpendicular magnetic
field. We have observed photoluminescence (PL) peaks at lower energies in the bubble region
which were associated to a red-shift of the exciton and trion emissions due to the presence of
tensile biaxial strain. This interpretation is consistent with our theoretical calculations and to
our results of the PL decay times and the laser power and temperature dependence of the PL
peaks. Furthermore, the observation of red-shifted Raman modes and the reduction of the
SHG intensity in the bubble region confirms the presence of non-uniform biaxial tensile strain
in the bubble region. Remarkably, we have observed a decrease of the trion binding energy,
an increase of exciton and trion g factors and an increase of the exciton polarization degree in
the bubble region. Performing realistic first principle calculations we confirm the
enhancement of the valley g-factor due to the tensile biaxial strain, but we also found that
additional mechanisms are present in the real sample. Particularly, we speculate that the
spatial changes in the dielectric screening, doping and strain have a non-trivial impact on the
fine structure of the excitons and trions. Our results offer new insights and open new
opportunities to modify exciton and trion energies and g-factors in TMDC based devices

under strain.
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II. Results and discussion

a. SHG, PL and Raman characterization

Let us start with the general optical characterization of the studied sample. Fig. 1(a)
shows the typical optical image of the monolayer MoSe>/hBN/SiO2 sample which is covered
by Poly (methyl methacrylate) (PMMA). We remark that the dark image at the edge could be
due an interference effect, related to region in which the layers are folded.?>*® We observe the
presence of some small bubbles with typical sizes of ~1 um and a large bubble with diameter
size of ~15 um. These bubbles are filled with hydrocarbon (HC) residues.** Therefore, the
MoSe2 ML is not directly in contact to the h-BN substrate in these bubble regions. In order to
probe the strain profile of this sample we have performed SHG, p-Raman spectroscopy and pi-
PL measurements as a function of the position (vertical black arrow in (a)).

Fig. 1(b) shows the SHG intensity mapping of our MoSe> sample at room temperature.
The SHG measurements have a higher spatial resolution (around 600 nm) as compared to the
PL and Raman measurements, which have typical spatial resolution of 1-3 um depending on
the actual experimental setup used. We remark that the SHG intensity decreases in the small
bubbles and also within the large bubble. The SHG intensity is very sensitive to the structural
configuration of 2D materials and therefore can also be used to probe position dependent
strain in 2D materials.*’ It was shown that the presence of mechanical strain reduces the
symmetry of a crystal and that even small strain values can have a considerable impact on the
SHG intensity.*** Interestingly, Fig. 1(b) also shows that the SHG intensity is not
homogeneous in the large bubble region showing changes of the SHG intensity which
evidences spatial variation of the biaxial strain in this region. Recent studies have evidenced
doughnut-like patterns.***® Our SHG results evidenced localized patterns in the bubble region
(dark regions in SHG intensity mapping of Fig. 1(b)) which are similar to the doughnut-like
patterns observed in nano-bubbles but with a more complex strain field. However, further
studies using nano-optical measurements would be necessary to understand in more details
the strain fields of larger bubbles. Furthermore, we also remark an important increase of SHG
intensity on the edge of the bubble, which indicates the presence of compressive strain in this
region. These SHG results are similar to previous results observed in folded and wrinkled

regions in ML TMDCs.*
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Fig. 1(c) shows the color plot of the position-dependent PL spectra of the MoSe> ML
also at 4.2 K along the direction indicated by the vertical arrow in Fig. 1(a). We observe some
small changes of the PL peak position in the flat region and an important red-shift in the large
bubble region. In the flat region, we clearly observe two emission peaks associated to the
neutral exciton (X) and the negatively charged exciton, or trion (T), as observed in other
studies. Fig. 1(e) shows typical PL spectra in the flat and bubble regions at 4.2 K, at the
positions indicated by the white dashed lines in Fig. 1(c). The exciton peak is observed at
around 1.648 eV and the trion peak at an energy of about 1.619 eV. These PL peaks have a
typical full width at half maximum (FWHM) of =8 meV. As expected the observed FWHM is
higher than that usually observed for h-BN encapsulated samples, which we attribute to the
broadening effect of disorder (inhomogeneous broadening).*’*® Due to the local strain and
dielectric*’ fluctuations in the flat region, these PL energy peaks also show small changes with
the laser position. Furthermore, we remark that, near the edges of the bubble, a small blue
shift of the PL peaks with respect to the flat region is observed, confirming the presence of
compressive strain in this region, which is consistent with the observed increase of the SHG
intensity and the blue shift of the Raman modes (see Fig. S37). Remarkably, in the large
bubble region we observed the emergence of red-shifted emission peaks (labelled L4 and L3)
in the PL spectrum. An additional, less intense and broader emission peak, labelled L2, is also
observed. These observed emission peaks in the bubble region are very sensitive to the laser
position, consistent with a spatial variation of the strain. In particular, we observed that in the
middle of the bubble the PL peaks are blue shifted relative to the PL in other regions in the
bubble, indicating a complex spatial change of the strain on the bubble region, which is
consistent to the SHG mapping and Raman results in this region. We also observed changes in
the relative intensities of the trion and exciton PL intensities with varying position, attributed
to the spatial variation in the doping level in the bubble region. We have estimated the doping
level*>* for different studied positions and obtained values on the order of 1 x 1072 cm™. For
higher doping levels it is more difficult to observe spectra in which both L3 and L4 PL peaks
are clearly peaks, because of the very intense trion (L3) peak, which is dominating the
emission. As we are mainly interested in the effect of strain, we have focused our attention on
positions on the sample with a relatively low doping level, in which both L3 and L4 peaks are

visible in the PL spectrum, permitting a detailed study of the nature of these peaks.
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Figure 8 (a) Optical microscope image of the MoSe2/hBN sample with a large bubble. (b) SHG
intensity mapping at 300 K showing the intensity variation due to strain. (c) Color code map of the PL intensity
(~1.5 um step size) as a function of the position indicated by the vertical arrow in (a) measured with 488 nm
laser excitation at 4 K. (d) E’ Raman peak and color code map for different positions measured with 488 nm
laser excitation at 4.2 K. (e) Typical PL spectra of the flat and bubble regions. (f) Theoretical dependence of the
excitonic energy as a function of the dielectric constant of the substrate, indicated by the dashed vertical lines
Jor HC?*? SiO, 33 and h-BN.3*3° The unstrained and 1.3% tensile biaxial strain situations are shown. We
considered &, = 3’ for the top dielectric region composed of PMMA. The experimental data for the different
regions (on h-BN, on SiO; and the bubble) is shown in rectangles. The excitonic peaks X and L4 from panel (e)
are highlighted with the closed circles.

Furthermore, we observed that the emission peaks in the bubble region are usually

broader (FWHM = 10 meV) than in the flat region (FWHM = 8 meV). In general, it was
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observed that the PL peaks in the bubble region are always red-shifted with respect to the
emission peaks in the flat region, which indicates the presence of tensile strain (Fig. 1(c)).
This redshift depends on the laser position. Typically, the PL peak energies of the emission
peaks in the bubble region (Fig. 1(e)) =1.603 eV for the L4 peak, =1.579 eV for the L3 peak
and ~1.557 eV for the L2 peak. As mentioned above, this .2 band is broader and has much
lower intensity. The laser power dependence of this L2 peak indicates that this emission could
be associated to localized states (Fig. S47). Therefore, we will focus our attention on the more
intense and narrow L3 and L4 PL peaks. The nature of these emission peaks will be discussed
in more detail below.

Further details of the strain profile in the sample are revealed through Raman
spectroscopy. Usually, the Raman modes of ML TMDCs are red-shifted under increasing
biaxial tensile strain and blue shifted under compressive strain.’' In addition, it was shown
that the polarization dependent Raman shows a splitting of the E’ mode under uniaxial
strain.’>** The position dependent E’ Raman modes4 is shown in Fig. 1(d), again for the
positions along the arrow direction indicated in Fig. 1(a). In the bubble region, we have
observed a red-shift (with a maximum value of ~2 cm™) for the E> Raman mode, which
confirms the presence of tensile strain. Similar results were also observed at room
temperature. We remark that no splitting of the E’° Raman mode was observed, which
indicates the presence of biaxial strain. This result is consistent to our results of polarization
resolved SHG (not shown here). We have estimated a maximum strain of about 1.3% on the
bubble region. We also observe that the maximum strain does not occur in the middle of the
bubble, suggesting a complex strain profile across the bubble. Furthermore, as mentioned
above, we observed a small blue shift of Raman modes close to the edge of the large bubble
(see Fig. S37), which can affect the exciton energy at these regions. In general, the observed
Raman results are consistent with the results of the PL. and SHG intensity mapping.

To provide further insight into the complex behaviour of the optical spectra observed
across the sample, we theoretically investigate the total energy of the exciton peak
(specifically, the 1 s state of the A exciton) as a function of strain and dielectric environment.

The exciton energy can be written as

Ey (& & 8p) = Eg(gt' ep) — Qu(er &p) + Dae (1)
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in which € is the strain, &) is the dielectric constant of the top (bottom) region
adjacent to the TMDC, Eg is the TMDC band gap, Qa is the exciton binding energy and AA is
the gauge factor. The band gap and the binding energies depend on the dielectric constant of
the top and bottom dielectric layers.>> The effect of strain can be incorporated via the gauge
factors. Using the Raman and PL data, we estimate a gauge factor of Ax = 54 meV %! for
biaxial strain in the bubble region of our sample. We note that the gauge factor for biaxial
strain is approximately twice the value of the gauge factor of uniaxial strain reported in
experiments,*!456-58

We summarize in Fig. 1(f) the dependence of the exciton energy on the dielectric
constant of the substrate and for different values of the biaxial strain (0% and 1.3%). The
theoretical parameters used for MoSe> ML were obtained by analyzing several high-quality

measurements> !

of the exciton energies in h-BN encapsulated samples. The ~10 of meV
energy window from the theoretical calculations account for the dielectric disorder present in
real samples.*’ Looking at the measured exciton energy in the flat region, we note that they
nicely fall on top of the theoretical curve for zero strain and h-BN substrate. For the bubble
region (not on h-BN but on top of HC residues), we also found a very good agreement
comparing the calculated exciton energies with the experimentally determined value of 1.3%
of biaxial strain. The larger rectangular region incorporates the strain fluctuation in the
bubble. Our results in Fig. 1(f) also reveal that the spectra taken at the SiO> region very close
to the h-BN also exhibit a nonzero strain value, and hence shows a reduced exciton energy
when compared to the unstrained curve. We also incorporate in Fig. 1(f) the selected peak
positions X of the flat region and L4 of the bubble region [from Fig. 1(e)], since these are the

two different spectra we investigate in further detail below. Additional details of the exciton

calculations and parameters used to compute the exciton energy are discussed in the ESIL.f

b. Temperature and laser power dependencies

In order to investigate in more detail the nature of the observed emission peaks in the
bubble region, we have investigated the PL spectrum as a function of temperature and laser
power for different positions on the MoSe> ML. Fig. 2 shows the PL spectra for the different
positions labelled A1 and A2 in the optical microscope image in the inset of Fig. 2. Position
Al corresponds to the flat MoSe, ML which shows an exciton peak at ~1.648 eV and a trion
peak at ~1.619 eV (Fig. 2(a)). Position A2 corresponds to the bubble region (also a region
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with reduced doping). The PL spectrum from this region shows two lower energy peaks (at
~1.604 eV and ~1.579 eV) (Fig. 2(d)).

The temperature and laser power dependencies of the PL spectra were analyzed by
fitting them by using Voigt functions. Fig. 2(c) and (f) show the double logarithmic
representation of the PL intensity of the observed peaks as a function of laser power for both
positions. The laser power dependence can be expressed as I a P¥, where I is the integrated PL
intensity and P the laser power. The k values for each emission peak are indicated in these
figures. The obtained values are close to unity as expected for exciton and trion PL peaks. On
the other hand, the laser power dependence of the L2 peak of Fig. 1(e) (laser power results in
Fig. S4t) is not linear and at higher laser power has a slope lower than 1, which is typical for
emission of localized states. As a consequence, we attribute L4 and L3 peaks on the bubble
region to exciton and trion emission rather than originating from localized excitons. These
peaks can not be associated to localized quantum emitters which are observed in regions with
high local strains exhibiting sharp PL lines over a wide range of energies, usually at an energy
below the trion emission.®*® Actually, the L4 and L3 emission peaks have typical linewidths
that are much broader than these strain-induced quantum emitters. Previous studies of
straindependent measurements on ML-MoSe> were performed at 300 K3 and have shown a
uniform red shift of the exciton and trion peak energy, without the appearance of lower-
energy emission features. Furthermore, the emission from higher order exciton complexes for
MoSe> ML, such as neutral or charged biexcitons, have also been observed at low
temperatures at lower energy than the exciton PL peak.5>*® However, their binding energies
are not consistent with the energy positions of the L4 and L3 emission peaks and their linear
laser power dependence. To further confirm the nature of L3 and L4 emission peaks we have
investigated the temperature dependence of their integrated PL intensity, which usually

provides key insights into a possible localized nature of PL peaks.®’
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Figure 9 (a) Typical PL spectrum of ML MoSe; for position Al at 4 K. (b) Temperature and (c) laser
power dependence of the integrated PL intensity for the peaks X and T using 405 nm laser excitation. (d) PL
spectrum for position A2 at 4 K. (e) Temperature and (f) laser power dependence of the integrated PL intensity

for L3 and L4 peaks using 730 nm laser excitation.

The temperature dependence of the integrated PL intensity (Fig. 2(b) and (e)) was

fitted using a modified Arrhenius formula:®®

Iy
I(T) = s = (2)

1+ a,eksT + a,eksT

where 10 is the integrated PL intensity at T = 0 K, kB is the Boltzmann constant, and
a; and a, are fitting parameters.®® The temperature dependence arises from thermal
equilibrium between dark and bright excitons (with a E1 separation) and the second term
arises from defects and phonon scattering at higher temperatures (E2 energy scale).®® Fig. 2-
(b) and (e) show the curve fitting for the trion and exciton peaks for the Al and A2 positions

respectively. The obtained parameters for X, T, L4 and L3 have similar values, which
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disregards a localization nature of the L4 and L3 emission peaks. Finally, we have performed
time-resolved PL (RTPL) spectroscopy at 4.2 K for all emission peaks (Fig. S51). We
observed two PL decay components. A first fast component (t1), which is limited by our
temporal resolution, and a long component (12). We have observed that X, T, L3 and L4 have
similar decay times. It is well known that the PL decay time of the bright exciton and trions
are usually ~1.8 and ~15 ps respectively, depending on the thickness of the h-BN layer.48,69
However, the exciton decay times can also increase to ~100-300 ps if the bright excitons are
localized.”®’! For defect bound bright exciton longer values are usually observed with typical
PL decay times of ~200 ns.”® In addition, for dark excitons/trions values of decay times of
~1.3 ns” were usually observed. In addition, we remark that the long decay times observed
for all emission peaks have similar values which are usually observed for excitons trapped by
deep localized states or for emission of dark states. In general, the obtained decay time values
in the region of the bubble sample do not indicate that the main contribution to these peaks
(L3 and L4) could be due to localized exciton emission as it is also not consistent with the
temperature and laser power dependence of PL peaks.

Furthermore, we observed that the energy separation of L4 and L3 is smaller (=24
meV) than the energy separation between X and T (=28 meV). It was previously reported that
the trion binding energy depends on strain74 and the dielectric environment.”>~’’ Particularly,
since the trion binding energy increases with a decreasing dielectric constant,”’ the observed
reduction of the trion binding energy in the bubble region can be attributed to the presence of
tensile biaxial strain. As a result, we associate the L4 and L3 mainly to the exciton and trion
emission, respectively, which are red-shifted due to biaxial tensile strain. We also remark that
the L4 exciton peak is more intense than the L3 trion peak in this region. Therefore, for this
laser position our experimental results show that the MoSe2 ML has reduced doping relative
to the flat region. A detailed spatial mapping of the PL intensity in the bubble region show a
significant spatial dependence of doping (see the PL spectrum for another laser position in
Fig. S67). In order to probe the effect of the strain on magnetooptical properties in the bubble
region, we have focused our attention in the positions with reduced doping (namely, the

position A2).
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c. Magneto-optics

We now turn to the magneto-PL properties of the studied sample under a
perpendicular magnetic field. Fig. 3(c) and (d) show typical circularly polarized PL spectra
for the flat and bubble regions at 0 and 6 T, respectively. Additionally, Fig. 3(e) and (f) show
the resulting field-dependent valley Zeeman splitting, AE, fitted (solid curves) using

AE = E°" —E°” = gugB (3)

where pg = 58 pueV T is the Bohr magneton, B is the applied magnetic field, and g is
the valley g-factor. E°" and E® are the peak energies of the ¢* or ¢ polarized PL of each
species. For position Al (flat region), we obtained gx = —4.3 and for gr ~4.4 in agreement
with the literature values.!>”® For the A2 position (bubble region) we obtained gi3 = —5.9 and
grs X —4.8 for the L3 and L4 emission peaks, respectively (Fig. 3(f)). The estimated error for

the extracted g-factors is =0.1.

[ (c) — | (e) A (9) Theory (bi. str.)
L6T e T a9l . —O-Ex.
- o Of ® Xl
3 E | c
&, = &
> £-2t &4
= = c
2 3 8
9 -4t ‘0 -46
= % i
1 g I
o 6Fg,=-43%0.1
i e 4.8
g, =-4.4+0.1
i i _8 1 1 1 1 1 I L 1 L L
1.62 1.65 0 5 10 15 20 25 3 00 05 10 15
Energy (eV) Magnetic field (T) Biaxial Strain (%)
70
(b) PL (d) —| o 4| LM “
oo g __|6T —0c | > of ahak
5T 2 <50 A
L = = < A
& = > Zaol -
ki = St 5
MoSe, € [oT >-2| % 20 oA T
b L3 = | o 10} o o s
o O rg,=-482%01 ® A 13
Watg,=-59+01 or e X
L . M s 1 L 1 1 " 10 1 L 1 L 1 1
1.55 158 1.61 1.64 0 2 4 6 8 10 0 5 101520 25 30
Energy (eV) Magnetic Field (T) Magnetic Field (T)

Figure 10 Schematic representation of the magneto-PL experiment for the MoSe; ML under

perpendicular magnetic field in the (a) unstrained and (b) bubble regions. Typical polarized resolved PL at 6 T
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at 4 K for the (c¢) flat region, position Al, and (d) bubble region, position A2. (e) and (f) Magnetic field
dependence of the exciton splitting for positions Al and A2 respectively. (g) Theoretical prediction of the exciton
g-factor as a function of biaxial strain calculated from first principles (blue curve), compared to the
experimental values (red curves) for the exciton. (h) Circular polarization degree of different emission peaks as

a function of magnetic field.

To understand the isolated impact of biaxial strain on the A exciton g-factor, we
perform first principles calculations of the orbital angular momentum of the bands that
constitute the excitonic states.!”’*8! These theoretical developments have been corroborated
by recent experiments that were able to disentangle the electron and hole g-factor
contributions in the observed exciton g-factor, providing an excellent agreement to the
measured values.®>%* Within this approach we have access to the g-factors of the conduction,
gc, and valence, gy, bands that constitute the A exciton at one specific valley. The final g-
factor of the A exciton is then written as ga = 2(gc — gv) and incorporates the effect of strain
calculated directly from first principles. Our calculations for the A exciton g-factor under
biaxial strain, shown in Fig. 3(g), reveal that tensile strain increases the exciton g-factor (in
absolute value), in line with the experimental measurements. Therefore, based on these g-
factor calculations and the analysis of previous sections, we then associate the observed
increase of the exciton g-factor in the bubble region, as compared to the flat region, to the
presence of a biaxial tensile strain. We note however that our g-factor calculations consider
solely the A exciton g-factor, which consistently supports the interpretation of the L4 peak
being mainly an exciton state with a g-factor of —4.8. The L3 peak with a g-factor of —5.9 is
then attributed to trion emission. Further details of the first principles calculations are given in
the ESL.¥

Let us now analyze the comparison in Fig. 3(g) on more quantitative grounds. Our first
principles calculations consider a uniform biaxial strain (as a limiting case of the non-uniform
strain present in the sample), which directly probes the fundamental microscopic and intrinsic
physics at the K valleys, indeed predicting an enhancement of the valley g-factors. However,
the exciton g-factor enhancement of ~0.22 (—4.34 at 0 strain to —4.56 at 1.3% strain) is not as
large as the experimental value of ~0.5 (from —4.3 to —4.8). For the trion state, the valley g-
factor enhancement is even larger, ~1.1 (from —4.8 to —5.9). This suggests that there are
additional contributions to the valley g-factors beyond the influence of strain on the orbital
level, and, these contributions very likely depend on the particular strain value (and how

uniform it is), the doping and the dielectric environment, thus influencing the fine structure of
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exciton and trion states. For instance, recent experiments in ML MoS; revealed that doping
effects drastically modify the exciton and trion g-factors®* and that the fine structure of trions
is indeed relevant, with different g-factors associated to different trion states. Furthermore,
recent calculations have shown that the interplay of doping and dielectric confinement can
significantly alter the fine structure of excitons and trions.*® Although there has been some

87-89

recent developments on the theory of magneto-excitons and doping effects on

778690 2 more complete picture that incorporates magnetic field, strain effects, doping,

trions,
and dielectric confinement on an equal footing is still missing. Our results thus highlight the
need for further theoretical developments along this line.

Besides the g-factors, we also analyzed the degree of the valley polarization, defined
as P = (I°" = I)/(I°" + 1%). The value of P is shown in Fig. 3(h) as a function of magnetic
field. We observed that the polarization degree is zero at 0 T for all emission peaks and
increases with increasing field strength as expected. We remark that the field-induced exciton
polarization has a lower value than the trion polarization. Actually, the trion PL emission
usually has a longer decay time and much longer inter-valley scattering time, which explains
its higher field induced circular polarization as compared to the polarization of exciton PL.91
Furthermore, we observed that in the bubble region the field induced exciton polarization is
higher than in the flat region. As mentioned previously it was observed that the exciton PL
decay in the bubble region is longer than in the flat region (Fig. S51). As the valley
polarization depends on the intervalley scattering time and exciton lifetimes as well, the
observed increase of magnetic field induced exciton polarization is probably due to a higher
increase of intervalley scattering times in the bubble region which could be due to an
enhanced contribution of dark states induced by the presence of biaxial strain. However,
further studies are needed to understand this result in more detail.

In general, most of the laser positions in the bubble regions show L2, L3 and L4
emission peaks (please see Fig. 1(c) or Fig. S41). However, as discussed previously, the strain
in the bubble region is not homogeneous as evidenced by the SHG intensity image (Fig. 1(b))
and Raman results (Fig. 1(e)). In particular, it was observed that for some laser positions it is
possible to collect the PL signal from regions with different strains and doping. Fig. S67
shows the magnetic field dependence of the degree of circular polarization for a different
position (labelled AS) in the bubble region with higher doping which shows the emission
peaks X, T1, T2, L3 and L4. For this laser position (AS5), the magnetic field dependence of the

PL spectrum is more complex. The magnetic field dependence of the emission peaks shows
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an unusual behaviour. We have extracted the g-factor for the X emission peak resulting g-
factor gx~ —6.1 (Fig. S6t). This value of g-factor is much higher than that the g-factor of the
exciton observed in the flat region. The energy separation between dark and bright exciton
states can change as a function of the amount of strain and the value of the dielectric
constant.” In addition, effects of disorder could result in some brightening of spin dark exciton
states, which could also give some mixed contributions (unresolved bright + dark
emissions).”>?> However, our obtained values of the g-factor are not consistent with a large
contribution of dark states to the exciton PL in the bubble region.?! Further studies in MoSe»
ML samples with controlled strain would be necessary to understand in detail if there is a
possible contribution of dark states in strained TMDs deposited on different substrates.

In general, the observed results for different laser positions show that the tensile
biaxial strain induces a red-shift of the exciton peak energy in ML MoSe; and enhances its
exciton g-factor. However, this enhancement seems to depend on other effects as well, such as
doping and the fine structure of the exciton and trion states. Finally, our investigations show
that biaxial strain has an important impact on the low temperature optical and magneto-optical
properties of excitons and trions in monolayer MoSe>, which are particularly relevant to
properly characterize and understand the fine structure of excitons and trions in strained

TMDC systems.

III. Experimental methods

a. Sample preparation

The sample was prepared through a dry transfer technique. Monolayer MoSe, was
produced by exfoliation of bulk crystals (HQgraphene) onto a PVA/PMMA double layer. The
MoSe; monolayer was subsequently identified using optical microscopy. To transfer the
MoSe:, the PVA was dissolved using water (without water coming into contact with flakes on
the PMMA). The PMMA membrane together with the monolayer MoSe: subsequently float
on top of DI water. The PMMA membrane is then lifted with a metallic membrane holder,
dried, and then inverted before being aligned using micromanipulators and microscopy to
cover a h-BN crystal exfoliated onto SiO.. After transfer, the membrane together with MoSe>
are heated at 130 degrees for 10 min to improve adhesion to the substrate. The large quantity

of trapped contamination was a random event, likely due to contaminated MoSe; after
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exfoliation or contaminated h-BN on SiO,. No special fabrication approach was used to

increase the probability of bubble formation.

b. Optical measurements

Optical measurements at B = 0 T were performed in homemade p-PL and p-Raman
setups using 405 nm/488 nm laser excitation, a 50x Mitutoyo objective and a 50 cm
spectrometer coupled with a silicon CCD detector (Andor, Shamrock/iDus). A Horiba
LabRAM HR Evolution system with a 1800 g mm! grating and a 50% objective was also used
for complementary p-Raman measurements with 633 nm laser excitation. For magneto-PL
measurements, the sample was mounted on Attocube piezoelectric x—y—z translation stages in
order to control the sample position. In addition, this system was placed inside a helium
closed-cycle cryostat with superconducting magnet coils (Attocube — Attodry1000) with the
magnetic field up to 9 T perpendicular to the sample. PL measurements were performed using
a continuous-wave (cw) laser with a photon energy of 2.33 or 1.70 eV. The PL signal was
collimated by an aspheric lens (NA = 0.64) and the selection of circular polarization
components was performed before to be focused into a 50 um multimode optical fiber, being
dispersed by a 75 cm spectrometer and detected by a silicon CCD detector (Andor,
Shamrock/iDus). For higher magnetic field measurements a Bitter magnet was used allowing
for magnetic fields up to B = 30 T. PL measurements were performed using a cw green laser
with photon energy of 2.33 eV. The laser was focused by an Attocube objective (40x and
numerical aperture NA = 0.55) with spot size of about 3 um. The resultant PL signal was
collected by the same objective and measured by a Princeton spectrometer (Acton SpectraPro-
3001) equipped with a liquid-nitrogen cooled CCD PyLoN from Princeton Instruments.
Circular polarization for excitation and detection were controlled independently with
appropriated optics and a Faraday configuration was used. Time resolved PL measurements
were performed at 0 T by means of a standard TCSPC technique (PicoQuant/Picoharp 300)
using a 1.69 eV pulsed laser (PicoQuant/LDH Serie) delivering 70 ps pulses at a repetition
frequency of 80 MHz with the signal dispersed by a 75 cm spectrometer and detected by a
hybrid PMT device (PicoQuant). SHG intensity mapping measurements were performed
using an inverted Zeiss Laser Scanning Microscope (model LSM 780), a mode locked fs
pulsed Ti-Sapphire laser at 800 nm wavelength (Coherent Chameleon) and 20x objective (0.8
NA).
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IV.  Conclusions

In summary, we have investigated the optical and magnetooptical properties of
strained MoSe> ML bubbles at low temperature. We have observed an significant red-shift of
the emission peaks (=45 meV), a red-shift of the Raman modes (=2 cm™) and a large
reduction of the SHG intensity which depends on the laser position. These results evidence
the presence of non-uniform tensile strain of maximum value ~1.3% in the bubble region.
Furthermore, the analysis of time resolved and temperature and laser power-dependent PL
reveals that the nature of the most intense lines are the same for the bubble and flat regions.
As a result, we attributed the dominant emission from the bubble region to exciton and trion
emission rather than to localized excitonic states. We observed a lower value for the trion
binding energy (=24 meV) in the bubble region as compared to =28 meV in the nonstrained
region of MoSe, ML. Remarkably, a significant increase in the valley Zeeman g-factor was
observed in the bubble region (from —4.3 to —4.8 for excitons and from —4.4 to —5.9 for
trions). The valley g-factor enhancement of excitons can be qualitatively captured by our first
principles calculations. However, our results reveal that only the influence of strain on the
orbital level is not enough to explain our experimental findings. Particularly, our experimental
values suggest that the exciton and trion fine structure plays an important role here and it is
quite sensitive to strain, doping and dielectric confinement, thus requiring further theoretical
investigations to incorporate these effects on an equal footing. In general, our findings open
new routes to modify energies and g-factors of excitonic complexes in TMDC monolayers

materials which are particularly relevant to the development of systems with controlled strain.
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1. Calculation of the exciton energy
The exciton properties of monolayer transition metal dichalcogenides (TMDCs) are
calculated via the effective Bethe-Salpeter equation (BSE)!™ considering parabolic bands
with the Rytova-Keldish (RK) potential>® mediating the electron-hole electrostatic
interaction, which accurately describes 2D monolayers subjected to different dielectric

environments® 1%, The BSE for excitons in k-space reads
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with Oy and Fy (E) being the exciton binding energy and wavefunction for the A-th

state, respectively, and the exciton reduced mass is written as p ' =m. ' +m, ', with me)
being the effective mass of the conduction (valence) band.
The RK potential reads
- 1 & 1 (2)
VRr(K) =
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with ro being the screening length of the TMDC and ¢ being the effective dielectric
constant due to the surroundings, given by € = (& +€b)/2, with &) indicating the dielectric

constant of the top (bottom) region adjacent to the TMDC.
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We take into account the renormalization of the screening length due to the dielectric

surroundings via

de &6
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in which d is the effective thickness of the TMDC and em is the dielectric constant of
the TMDC monolayer®°.

The band gap renormalization of the monolayer TMDC due to the dielectric

screening”!? can be incorporated as
Eo(&.€p) = Eo+2(& &), 4)
With
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in which Li=(em—¢i) / (em*e€i), 1 = t,b. Note that E¢(1,1) = Eo +X(1,1) is the band gap of
the bare monolayer TMDC.

The final exciton energy, associated to the absorption or photoluminescence peak, is

then given by

Ex = Eg(&,8,) — Qx(&,8), (6)

in which X refers to the excitonic state we are interested in. Particularly to our analysis
to calibrate the parameters for MoSe>, we are interested in the 1s and 2s states of the A

exciton.
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Figure S1: (a) Binding energies of 1s and 2s A excitons states, (b) energy difference between 1s and 2s A
excitons binding energies and (c) the total 1s A exciton energy as function of the dielectric constant ¢ = (&
+ep)/2. The inset in panel (c) shows the band gap dependence with respect to ¢, given by Eq. (4). The shaded
regions in panels (b) and (c) represent the experimental data collected in Table S1. The parameter sets pl1-p3
are given in Table S2.

The exciton energy EX depends on the intrinsic parameters of the TMDC monolayer,
namely, p, 10, d and E0Q. To obtain a reliable parameters’ set that captures the experimental
values and allows us to understand the changes in the dielectric environment of the MoSe2
bubble, we average different parameters available in the literature, summarized in Table S1.
The energy variation of ~ 10 meV among the different experiments is consistent with typical
dielectric disorder present in monolayer TMDCs'2. Furthermore, it is also worth mentioning
that the reduced exciton mass is not influenced by the dielectric environment?’. The
experimental values of r0 given in Table S1 are a bit smaller than what is predicted by theory,
for instance, Ref.8 reports t0 = 5.2 nm and d =6.0 A, and Ref.21 provides r0 =5.6 nm and d
=6.5 A. Taking into account the fluctuations in the experimental and theoretical values, we

suggest three different parameter sets that best reproduce

Table S1: Parameters extracted from experimental studies on hBN/MoSe2/hBN samples.

u € To (nm) Ea (meV) Azi (meV) T (K)
Han et al.’s 0.28 4.5 4.5 1636.0 150.0 4
Goryca et al.*® 0.35 4.4 3.9 1643.0 165.0 4
Goldstein et al.” | 0.35 4.5 4.5 1643.6 152.4 4
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Table S2: Calibrated parameter sets used in the exciton calculations. The value of EQ = 1615 meV is
kept the same in all cases.

M ro (num) d(A)
p1 0.30 4.5 6.5
P2 0.35 4.5 6.0
p3 0.35 5.0 6.5

the high-quality experiments in hBN encapsulated MoSe2. These values are given in Table S2
and the calculated results are summarized in Fig. S1. By performing the calculations with
these 3 parameter sets we are able to nicely capture the dielectric dependence in an energy
window of ~ 10 of meV, as expected in real samples due to the dielectric disorder of the
surroundings12, and thus reproducing the experimental values given in Table SI.
Furthermore, in Fig. 1 of the main text we show that these parameter sets nicely describe the
A exciton peaks obtained via photoluminescence at the PMMA/MoSe2/hBN region at
nominally zero strain and allows us to understand the variation of strain and dielectric

surroundings in different regions of the sample.

2. First principles calculations

We performed the first principles calculations of the orbital angular momentum using
the density functional theory (DFT) implemented in the WIEN2k package22. We used the
Perdew-Burke-Ernzerhof (PBE) exchange-correlation functional23, a Monkhorst-Pack k-grid
of 15x15 and selfconsistent convergence criteria of 10-6 e for the charge and 10-6 Ry for the
energy. We considered a core—valence separation energy of -6 Ry, atomic spheres with orbital
quantum numbers up to 10 and the plane-wave cutoff multiplied by the smallest atomic radii
is set to 9. For the spin-orbit coupling effects, the core electrons are treated fully
relativistically whereas valence electrons are treated via a second variational procedure24,
with the scalar-relativistic wave functions calculated in an energy window of -10 to 10 Ry.
The chosen energy window thus provides more than a 1000 bands, which are crucial for a
proper convergence of the angular momentum implementation, as shown in Ref.25. The
angular momenta of the conduction and valence band states that give rise to the A exciton are
calculated with the the state-of-the-art approach given in Refs.25-28. The resulting g-factor of
the Zeeman shift at the K-valley for the relevant conduction and valence bands is then written
as gc(v) = Le(v) +1, with the value of 1 referring to the spin-up character of the bands

involved (spin-conserving optical transition). The A exciton g-factor is then given by gA =
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2(gc—gv) with the prefactor 2 taking into account the time-reversal relation between K and -K

valleys. We considered the unstrained MoSe2 monolayer with lattice parameters of a0 =3.289

A and d0 = 3.335 A?° and the biaxial strain is applied by compressing or stretching the lattice

parameter, accompanied with the change in the thickness as given by from Ref4. For all cases

we considered a vacuum spacing of 16 A to avoid self-interaction.

3. Experiments

Figure S2 shows the color-code mapping of the PL intensity as a function of the

position at 300K for the same positions indicated in Figure 1. We observed that there is a

clear red shift in the bubble region which depends on the laser position. Similar behaviour

was observed in Figure 1 at 4K. Fig. S2-(b) illustrates typical PL spectrum in the flat region

and in the bubble region .
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Figure S2: (a) Color-code mapping of the PL Intensity as a function of the position at 300K (b) Typical PL

spectrum in the flat and bubble region also at 300K.

Figure S3 shows the E' Raman mode for different laser positions on the sample

measured with 633nm laser excitation at 300K. Figure S3-(b) shows the optical image of the
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sample and the laser positions of Raman measurements. We observe a clear blue shift on the
edge of the bubble which indicates a compressive strain. On the other hand, a red shift of E” is
observed in the bubble region. In addition, we remark that this red shift depends on the laser

position in the bubble region. Similar behavior was observed for other Raman modes.

Figure S4-(a) shows typical PL spectra in the bubble region for 633nm laser excitation
and 20 uW at 4K. Figure S4(b) shows the laser power dependence for L2 PL peak in low and
high laser power regimes. In general, we have observed a non-linear laser power dependence
probably due to a saturation of available trap sites in the ML MoSe;. We have fitted the
curves in different laser power regimes using the power law. It is well known that for a free
exciton emission it is expected to observe a linear dependence with k=1. However, we have
obtained lower values for k for both laser power regimes which indicates that the emission L2

is related to localized trap states in the bubble region.
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Figure S3: (a) Typical Raman spectra in the region of the E' mode as a function of laser position measured with
633nm laser excitation at 300K (b) Optical image of the bubble and laser position of Raman measurements



75

- (a) 4K L4 1o0k(b) L2
N ~ k =0.54

- >
% .
g T 2 1
i :
z L g
c L3 £
% 5 T 01 ¢
: ©
i g

I = <001 o

_I [ ] I 1 L 1 L I 1 L 1 [ ]

155 1.60 1.65 10#10310210" 10° 10" 102 103 10?
Energy (eV) Power (MW)

Figure $4: (a) PL spectrum in the bubble region and (b) Laser power dependence of L2 at 4K

Figure S5 shows the PL intensity as a function of time for the X and T emissions in the
flat region and for the L3 and L4 emissions in the bubble region at 4K. We have observed two
decay components, the first being limited by our temporal resolution of our experimental
setup. The PL decay times are shown in Figure S5. In general, We have observed that X, T,
L3 and L4 have similar PL decay times. We remark that the main component of the L4 and
L3 emission has a very short lifetime. This result is consistent with the identification of L4

and L3 as exciton and trion respectively.
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Figure S5: Time-resolved PL of X and T in the flat region and L3 and L4 in the bubble region at 4K. Two decay
components are observed, the first being limited by the temporal resolution of our experimental system.

Normalized Intensity

Figure S6-(a) shown the color code map of polarized the PL intensity as a function of
magnetic field for a different position in the bubble region labelled A5. We have observed a
complex behaviour for the PL peak energies as a function of magnetic field. Figure S6-(b)
shows a typical polarization resolved PL at OT and 6T. Figure S6-(c) shows the exciton

splitting as function of magnetic field and the extracted exciton g-factor.
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Figure S6: (a)Color code mapping of the u-PL intensity versus magnetic field in the bubble region (position AS5)
under linearly polarized excitation.(b) Typical polarization resolved PL at OT and 6T (c) Exciton energy splitting
versus magnetic field at 4K
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CONCLUSAO

Em conclusdo, apresentamos ao longo dessa tese resultados de estudos de
propriedades Oticas sistematicos realizados em diferentes amostras de materiais TMDs, mais
especificamente, amostras de monocamada de WS crescidas por epitaxia de van der Waals, e
monocamadas de MoSe: obtidas por esfoliacdo mecénica e transferidas sob um substrato de

h-BN.

Nosso estudo sobre monocamada de WS> mostrou um efeito importante de
fotodopagem por irradiacdo por laser nos picos de emissdo excitonicos. A fotodopagem
resultou em um aumento intensidade das emissoes de picos de menor energia no espectro de
fotoluminescéncia do material. Mostramos também, que sob certas condi¢des de irradiagdo
por laser, o processo de foto-dopagem ¢ irreversivel em baixa temperatura, apresentando um
deslocamento para o vermelho no espetro de fotoluminescéncia. No entanto, o processo ¢é
reversivel com o aquecimento da amostra. Esses resultados ajudam a obter uma maior
compreensao das propriedades oticas de monocamadas de WS», bem como nos processos de
foto-dopagem, o que ¢ de grande interesse para futuros dispositivos baseados em dissulfeto de
tungsténio. Além disso, os estudos realizados reforcam a necessidade de protecdo da
superficie e interface TMD/Si0O; usando materiais isolantes como h-BN para evitar efeitos de

foto-dopagem nesses sistemas.

Com relagdo ao estudo sobre monocamadas de disselencto de molibdénio,
investigamos os efeitos de tensdo mecanica biaxial sob as propriedades oOticas desse material.
Observamos que a tensdo modificar a energia de ligagdo dos complexos excitonicos e altera
os valores do fator-g de éxcitons e trions. O comportamento do fator-g observado em nossos
experimentos pode ser explicado de maneira qualitativa através de célculos por primeiros
principios, porém nossos resultados mostram que apenas considerar efeitos de tensdo ndo ¢
suficiente para explicar todos os efeitos observados, indicando assim que a estrutura fina tanto
do trion quanto do éxciton seria importante para explicar esses efeitos, podendo ser afetada
por tensdo, dopagem e confinamento dielétrico. Em resumo, nossos resultados evidenciam
que a tens@o mecanica biaxial pode ser usada para modificar tanto as energias quanto o fator-g

de complexos excitonicos em monocamadas de TMDs.

Acreditamos que os resultados apresentados nessa tese contribuem para um maior

entendimento sobre as propriedades 6ticas de dicalcogenetos de metais de transi¢do, bem
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como sugerem futuros caminhos de investigacdo desses materiais, como por exemplo a
realizacdo de estudo controlando-se a tensdo aplicada em uma monocamada, podendo assim
investigar os efeitos de tensdo em TMDs de maneira mais controlada. Os estudos também
motivam estudos similares em outros sistemas baseados em monocamadas de TMD e o
desenvolvimento de modelos mais completos para explicar os resultados experimentais nesses

sistemas.
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