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Abstract

Transition metal dichalcogenides (TMDs) monolayers such as MX, (M = Mo, W;
X =S, Se) feature strong exciton properties and spin-valley physics. As a result of
strong quantum- and dielectric confinement in single atomic layer of TMD materials,
the photoexcited electrons and holes are tightly bound via Coulomb interaction to form
excitonic complexes such as charged excitons (trions), biexcitons that offer great oppor-
tunities to study many-body physics. However, the distinct electronic band structure
and possible many-particle components lead to complicated excitonic features especially
in the photoluminescence spectra of W-based monolayers. Their possible origins and
compositions need to be further explored.

In this thesis, we investigate the excitonic structures of TMDs monolayers via optical
spectroscopy. With near-resonance photoluminescence excitation spectroscopy, multi-
ple scattering processes between excitons and phonons carrying non-zero wavevector
are revealed, indicating the presence of indirect excitons whose constituent electrons and
holes locate at different valleys. The momentum-indirect transition in WS, monolay-
ers matches the energies of lower energy features in the PL spectrum, suggesting their
possible origin from the recombination of electrons and holes in different valleys. Such
transitions require additional electrons in order to conserve momentum, which could be
provided by free electrons via the formation of charge states. The encapsulation of WS,
monolayer with hexagonal boron nitride (hBN) greatly reduces the PL linewidth and
enables the observation of fine structures of the lower-energy features. By electrostatic
doping to the hBN-encapsulated WS, monolayer, we observe a Fermi edge singularity-
like transition in the reflectance and PL spectra, reflecting distinct interactions between
excitons and Fermi electrons under different electron densities. The Fermi edge singu-
larity may indicate a transition from a fermion-like charged state to a boson-like particle
(exciton-plasmon).

Due to the inversion symmetry breaking, there are two energy-degenerate but in-
equivalent valleys (X and K'). This degeneracy can be broken by applying a magnetic
field, leading to a valley Zeeman splitting. The different energy splittings of the excitonic
features in a magnetic field arise from several contributions, including spin magnetic mo-
ment, valley magnetic moment and atomic orbital magnetic moment. By examining the
valley Zeeman splitting of different excitonic features of the hBN-encapsulated WS, and

MoS, monolayers, information regarding the band configuration and valley magnetic



moment of the electrons and holes that form the excitonic states is revealed.
Our findings presented in this thesis gain critical insights into the excitonic struc-
tures and many-body physics, leading towards a complete understanding of optical and

electronic properties of TMDs monolayers.
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Chapter 1

Introduction

1.1 Optical and Electronic Properties of Semiconductors

Crystalline solids feature periodic arrangements of atoms and could be divided into
three categories: metal, semiconductor and insulator. Semiconductor and insulator
distinguish themselves from metals by the existence of energy gaps or forbidden energy
region in their electronic band structure. A lot of efforts have been devoted to studying
semiconductors for their optoelectronic applications in modern information industry as
well as many fundamental physical phenomena that are different from the cold atom
system due to their unique band structures. Here we start with the general quantum

mechanical description of the electronic band structure.

1.1.1 Electronic Band Structure

As crystalline solids, semiconductors have the most important symmetry that is the
invariance under translations called translational symmetry. According to the Bloch’s

theorem, the wave functions of the electron states could be written as:

Yp(r) = uk(r)e(ik'r), (1.1)

k) denotes the plane-wave

where u;(r) is the periodic function of the lattice, el
with wavevector k [1]. The motion of an electron is described by a time-dependent
Schrodinger equation:

ih%\ll(r,t) = HU(r,t), (1.2)

where £ is the reduced Planck constant. The Hamiltonian operator is composed of the
kinetic energy and the potential energy H= p?/2m + V, where m is the electron mass.
By separating W(7,t) into the spatial and temporal parts V(r,t) = ¢(r)T'(t), we can

introduce Equation (1.1) into (1.2) and solve the equation independently, from which the



eigenvalue of energy F/(k) is obtained as a function of crystal plane-wave momentum k
(that is the so-called electronic band structure). Due to the translational symmetry of the
crystal, the Bloch function described by k can be extended to any wavevector k + nG,
where n is an integer, G denotes the reciprocal lattice vector. To facilitate the discussion
and minimize the calculation cost, people usually discuss the band structure within the
first Brillouin zone.

In addition, differing from the free electrons in vacuum, the conduction and valence
band electrons have different effective masses, resulting from the interaction between
electrons and periodic lattice potential. Specifically, the effective masses of electrons can
be associated with the conduction band and valence band dispersion near the extrema in

a parabolic approximation by:

h2Kk?
E.(k)=E , 1.3
h2k?
E,(k) = — " (1.4)
2my,

where I is the bandgap, m and m;, the effective masses of the electron and hole in the
conduction band and valence bands [1]. From Equations (1.3) and (1.4), we can estimate
the value of m}/mj by deducing the curvature of the band dispersion near the extrema,

where normally critical points are located in the Brillouin zone.

1.1.2 Interband Absorption

As mentioned in the previous section, semiconductors have electronic band structures
that are gapped by an energy L, into two: conduction band and valence band. Without
external excitations, all the electrons will occupy the valence band while the conduction
band remains unoccupied. However, when an external excitation is applied, e.g., light
illumination with the photon energy larger than the bandgap (hw > FE), an electron
in the valence band can absorb a photon and will be excited into the conduction band.
This process is called interband absorption. Due to the small photon momentum, the
band edge absorption is much more efficient in direct bandgap semiconductors, where
the electron momentum almost does not change after being promoted to conduction
band. However, for above-bandedge absorption, the transition requires the assistance

of phonons (excitation of acoustic or optical phonons) to scatter the electron to its



dispersion of conduction band. As the opposite process, the electron in the conduction
band decay via photon emission and return to the valence band, which is called interband
luminescence.

For the direct absorption process near the band edge, the interband transition rate is

calculated by Fermi’s golden rule:
2T o

where M is the transition matrix, g(7uw) the density of states [1].
The transition matrix elements denote the effect of perturbation on the electrons due
to light absorption, which reflect the oscillator strength of interband transition. It gives

the probability of electrons that transit from initial state |¢) to final state (f| by:

M= (L) = [ ) ). (16)

where H' is the Hamiltonian operator of light perturbation, = the electron position
vector [1]. In a semi-classical approach, the interaction between the photons and the
electrons is given by:

H' = —Pe - Ephoton7 (17)

where p. denotes the electron dipole moment and equals to —ef. The light wave is

given by the form of plane waves:

Ephoton(r) = Eoeik-r’ (18)
then H' is thus:
H'(r) = eEy-re*™, (1.9)

According to Equation (1.1), the electron wave functions before and after photon

absorption can be written as:

1 )

ei(r) = ﬁuz‘@)el’“ (1.10)
1 iksr

Vi(r) = —=uy(r)e®s T, (1.11)

VvV

where u;, uy are the envelope functions at valence band and conduction band, respec-



tively, and V' is the normalization factor.
By introducing Equation (1.9), (1.10), (1.11) into (1.6) and consider the momentum
conservation between the electron and the photon fik; — hk; = hk, we can get the matrix

elements:

|M| = %/u}(r}e_ikf’"(Eo cre® TV, (r)e* T dPr

(1.12)
x / wl(r)rup(r)dir.
unitcell
Secondly, the joint density of states g(hw) is given by [1]:
2V 5
g(hw) = ) Slhw + Ey(k,) — Ec(k.)]d*k. (1.13)
T

In a simple parabolic electronic band for the direct interband transition, the law of

energy conservation requires that:

R*k? R2k?
hw=FE . 1.14
9 2m*  2m} (1.14)
Here we define the reduced electron-hole mass p by:
1 1 1
— = + —, (1.15)
pooome o my,
so Equation (1.14) can be rewritten as:
h2k?
hw=FE,; + . (1.16)
21

To evaluate g(F) for the band edge transition with £ = fuw, the joint density of states
read as:
1

9,,\ 3/2
g(hw) = 5 (h—’;) (hw — E,)"?, hw > E, (1.17)

So far we introduce the transition matrix M and joint electron-hole density of states,
then the interband transition rate WW;_,  can be calculated by substituting Equation (1.12),
(1.17) into (1.5). The calculation for different materials has to be treated differently due

to their unique atomic orbitals, which give rise to different electron Bloch states.



1.1.3 Interband Luminescence

As the opposite process of light absorption, the luminescence for a direct bandgap
semiconductors happens when the excited carriers relax their excess energy (kinetic
energy) towards the band extrema and then radiatively recombine, accompanied by the

emission of one photon, as shown in 1.1.

conduction band

E

electrons

NAVAVAVAVC 2 799,

k=0
valence band

Figure 1.1: Schematic illustration of the interband luminescence in a direct bandgap

semiconductor. The shading area represents the occupied states by electrons. [1]
The intensity at frequency w can be similarly written as [1]:
I(hw) o< |M|*g(hw) x level occupancy factors. (1.18)

After the system reaches the quasi-equilibrium, the electrons will obey the Fermi-Dirac

distribution and the total number has to satisfy the following equation [1]:

o0

Ne - gc(E)fe(E>dE7 (119)

Eq

1

. 1.2
exp(E — ES) kT + 1 (1.20)

fe(E) =

At low carrier densities, the Fermi-Dirac distribution can be approximated by the Boltz-

mann statistics:

E

f(E) o exp <_kB_T> . (1.21)
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Thus, the luminescence intensity can be evaluated by the following relation [1]:

I(hw) o (hw — E,)"?exp (—%) : (1.22)
B

However, for an indirect bandgap semiconductor, the luminescence process needs
the absorption/emission of phonons to conserve momentum, as depicted in 1.2. Such
process needs to consider the many-body interaction including carrier-phonon, carrier-
photon or carrier-carrier interaction at high carrier densities, which is more complicated

than the direct transition.

conduction band

electrons

valence band

Figure 1.2: Schematic illustration of the interband luminescence in an indirect bandgap
semiconductor. The luminescence process requires the assistance of phonons to conserve
momentum. [1]

1.1.4 Excitons in Bulk Semiconductors

The interband transition lifts an electron to the conduction band, leaving a hole in the
valence band. Such photo-excited electron and hole could interact with each other via
Coulomb attraction, which creates a new type of quasiparticle, called excitons. Based on
how strong the electron is bounded with a hole, excitons are classified into two types: the
Wannier-Mott excitons and Frenkel excitons. As shown in Figure 1.3, the Wannier-Mott
excitons are weakly bound electron-hole pairs. The envelope of exciton wave functions
extends to several unit cells (see Figure 1.3). On the contrary, the Frenkel excitons are

smaller, of the same order as the size of the unit cell. In general, the Wannier-Mott



exciton exists in most of the inorganic semiconductors while the Frenkel exciton does in

organic semiconductors.

(@) (b)

©

Wannier-Mott Exciton Frenkel Exciton

Figure 1.3: Two types of excitons. (a) the Wannier-Mott exciton. (b) the Frenkel

exciton.

In analogy to the hydrogen atom, free excitons in a bulk semiconductor can be

characterized by the exciton binding energy and Bohr radius, as given by:

Eyn) = —— 2 — = (1.23)

ag(n) = @e*nQaH =nax, (1.24)

where the exciton reduced massis 1 = (1/m}+1/mj) ™!, the Rydberg energy Ry = 13.6
eV and Bohr radius ag = 5.29 x 107'! m of the hydrogen atom [18]. In the exciton
case, they are replaced by the exciton binding energy [, x and Bohr radius ax. Same
as the discrete energy levels of hydrogen atoms, the Coulomb attraction of excitons in
semiconductors will lower down the energy of the system by E},/n? for different exciton
species. The exciton energy is given by:

Eyx 12k,
n? 2(m: +mj)

(1.25)

The existence of excitons plays an important role in light-matter interaction, leading
to strong light absorption and emission. As shown in Figure 1.4, the dashed line gives

the absorption profile of (hw — Eg)l/ 2 in a direct gap semiconductor. When the excitonic



effect is considered, it will introduce discrete energy levels within the bandgap, leading

to strong excitonic absorption lines labeled by the quantum number 7.

A

Absorption

~_— (ho-E )"
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E Photon Energy

g

Figure 1.4: The schematic of an excitonic band edge absorption spectrum for a direct

gap semiconductor. The dashed line is the expected absorption without exciton effect.

However, the formation of excitons requires their binding energy to be strong enough
to overcome the thermal energy, which means £}, > kg1, where kg is the Boltzmann
constant and 7" is the lattice temperature. If the binding energy is below the thermal
energy, excitons will be dissociated via phonon scattering and thus only free carriers
exist above the critical temperature (£, = kgT). The binding energy of excitons in a
bulk semiconductor is typically several meV or tens of meV. With the development of
techniques in material synthesis, people have found that, by introducing quantum con-
finement in the crystal dimensions, the exciton binding energy can be greatly enhanced.

The excitons in a two-dimensional semiconductor shall be discussed in the next section.

1.1.5 Excitons in Two-dimensional Semiconductors

In two-dimensional semiconductors such as quantum wells, one dimension of the
crystal size is reduced to only few unit cells, which is set as z-direction. As a result, the
electrons and holes experience strong confinement in z-direction while move freely in
the other two dimensions (set as xy-plane). The wavefunctions of electrons and holes
shall be written as ®(z,y,z) = ¥(z,y)¥(z). In the zy-plane, the wavefunctions are
taken as the same form of the Bloch functions of carriers in free motion (see Equation

1.1). In the z—direction, we consider the simplest case of infinite confining potential in



an L-thick well, the Schrodinger equation for the z-direction is written as:

_ W d*()
2m*  dz?

= E.(2). (1.26)

To satisfy the boundary condition (¢)(z = L) = ¢(z = 0) = 0), the equation should

have a standing-wave solution with the form of

Un(2) = \/%sin(knz + %b), (1.27)

where n denotes the quantum number and k,, = n7/d is the quantized wavevector at

z-direction. The eigen energy F,, corresponding to quantum number 7 is given by

G R* nw

2
(=) (1.28)

E,(z =
n(2) 2m* 2m*
In addition to the quantized eigen energies at z-direction, the quantum confinement effect
enhances the exciton binding energy as well since the wavefunctions of electrons and
holes overlap more compared with the case in bulk crystal. The exciton energy in a
two-dimensional structure is given by [18]:

h2k3 E, x

E*(n)=E,, + F. — =1.2.3... 1.29
X (n) y+ +2(m2+m2) (n_1/2>27n ) <y ( )

The enhanced electron-hole interaction due to quantum confinement leads to larger
exciton oscillator strength and binding energy, which makes excitonic features dominate
in optical processes. Compared with conventional group III-V quantum wells, the
layered-two-dimensional semiconductors are natural quantum-well-like materials that
have even stronger excitonic features (with hundreds of meV exciton binding energy). In
addition to the quantum confinement effect, the dielectric confinement is reported to be
another important factor to boost the exciton behaviour in two-dimensional materials,

which will be discussed later in Section 1.2.3.



1.2 Exciton Physics in TMDs Monolayers

Two-dimensional (2D) materials have attracted enormous attention due to their unique
optical and electrical properties. In general, 2D materials are the atomic layer of their
bulk counterpart, which interacts with the adjacent layers via van der Waals (vdWs)
force. Typically, 2D materials have a morphology with sub-nanometer thickness (e.g.,
graphene ~ 0.35 nm), providing huge potentials for integration in optics and electronics.
The study on 2D materials has attracted worldwide interest again since the graphene
was first obtained by mechanical exfoliation in 2004, where its electronic properties
were intensively investigated in the past decade. It shows gapless Dirac-like electronic
structures, leading to ultrahigh carrier mobility and properties such as unusual tunneling,
confinement and the integer quantum Hall effect [19]. Inspired by the finding of graphene
as a semimetal, researchers are also motivated to explore semiconductors and insulators
in the layered-material family. In 2010, researchers found group-VIB transition metal
dichalcogenides (TMDs) MX, (M = Mo, W; X = S, Se) exhibit strong optical emission
with electronic bandgaps in the visible light region (~ 1.7-2.0 €V) when thinning down to
monolayers [3,4]. In addition, the unique spin and valley properties stimulate appreciable
interest to explore their potential applications in spintronics and valleytronics. In the

following, I will briefly review those properties on TMDs monolayers.

1.2.1 Electronic Band Structure and Optical Properties in TMD

Monolayers.

The electronic band structure of TMDs monolayers are largely determined by their
lattice structure. For the bulk TMDs crystals, there are three different stacking orders
for the layered structures, e.g., 1T, 2H (see Figure 1.5d) and 3R (see Figure 1.5e) [2].
The 1T phase for group-VIB TMDs is not stable. For the 2H and 3R phases, they share
the identical building block, that is, the monolayer. The monolayer is composed of three
atomic planes, of which the top and bottom planes are the chalcogen atom and the middle
one is the metal atom. These three atomic layers form a 2D hexagonal lattice, as shown
in Figure 1.5a. For the 2H-phase bulk crystal, a unit consisting of two monolayers, where
the adjacent monolayers are 180° rotation of each other, is repeated (see Figure 1.5d).
For the 3R phase, the unit is composed of three layers, where the neighboring layers are

translation of each other (see Figure 1.5¢) [2]. Theoretical study has predicted that 2H
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stacking is more stable than the 3R stacking [20].

Figure 1.5: (a) Top view of TMDs monolayers. The blue and orange circles denote M
and X atoms (M= Mo, W; X= S, Se), respectively. (b) Trigonal structure of a unit cell for
the crystals. (c) The first Brillouin zone. b; and b are the reciprocal lattice vectors. (d)
The top and side view for 2H stacking order. (e) The top and side view for 3R stacking
order. [2]

Figure 1.6 shows the calculated MoS, electronic band structures ranging from bulk
to monolayer [3]. According to the calculation, bulk MoS, is an indirect bandgap
semiconductor with the minimum of conduction band located at A point (at the half
point of K and I') while the maximum of valence band located at I point in the Brillouin
zone. As the size shrinks, the energies of several band extrema regarding the A and I'
points, evolves in opposite ways. In particular, the energy of conduction band extremum
at A point increases and the energy of valence band extremum at [' point decreases,
resulting in a transition from indirect bandgap at A/I" points to direct bandgap at K/K
points when thinning down to monolayers. This property is later found to apply to all

the group-VIB TMDs monolayers.
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Figure 1.6: Calculated MoS, band structures of different thickness. (a) bulk, (b)
quadrilayer, (c) bilayer and (d) monolayer. [3]

As aresult of the transition in electronic band structures, optical properties including
light absorption and emission will be significantly enhanced in the direct gap monolayer
semiconductors. Figure 1.7 shows the PL spectra of mono- and bilayer MoS, [4]. The
monolayer PL emission is much stronger than that of the bilayer. The inset in Figure 1.7
also gives the layer-dependent quantum yield, which suggests that the indirect to direct

bandgap transition strongly facilitates the light emission efficiency.
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Figure 1.7: Layer-dependent PL spectra of MoS,. PL spectra of mono- and bilayer.
Inset: the quantum yield of MoS, of different layers. [4]

1.2.2 Coupled Spin and Valley Physics and Valley-dependent Optical
Selection Rule

In addition to the enhanced PL emission, unique properties such as spin and valley
physics arise from the structural symmetry and electronic band structure in TMDs
monolayers. To start with, I will first introduce the structural symmetry in TMDs
monolayers. TMDs monolayers have the hexagonal lattice structure similar to graphene

but with different adjacent atoms as shown in Figure 1.8 [5].
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Figure 1.8: Structure of MoS,. (a) The unit cell of bulk 2H-stacking MoS,, where
inversion symmetry holds but is absent in monolayers. (b) The hexagonal lattice structure
of MoS, monolayers. R; are the vectors connecting nearest Mo atoms. (c) The Brillouin
zone and band structure at the K points. The blue and red arrows denote opposite

electron spins. [5]

In the bulk 2/ -stacking MoS,, the unit cell has an inversion center located in the
middle plane (see Figure 1.8(a)), but it is broken in the monolayers. The inversion
symmetry breaking leads to six energy-degenerate band edges located at the K points
(see Figure 1.8(c)). Taking into account the spin-orbital interaction, first-principles
calculations have predicted large spin-splitting in the valence band edges (~ 148, 183,
426 and 456 meV for the MoS,, MoSe,, WS, and WSe, monolayers, respectively) at K
points while the energy splittings of conduction band edges at K points are much smaller
(tens of meV) [21]. Another important symmetry called time-reversal symmetry requires
that the spin signs of the band edges at different adjacent K valleys must be opposite [5],
as shown in Figure 1.9. In other words, the spin indices of the both conduction band
and valence band edges (spin up and spin down) are locked with the valley indices (K
or K'). This spin-valley locking leads to unique valley-selective optical selection rules

as described in Figure 1.9.
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Figure 1.9: Valley-selective optical selection rules. The schematic shows the spin-
split conduction and valence band edges at K and K& points. The dashed (solid) curves
represent bands with spin-up (down) pointing to the out-of-plane direction. The interband
transition at K () valley requires the absorption/emission of a photon with left-handed

o+ (right-handed o—) circular polarization. [5]

The interband transition at & (K) valley requires the absorption/emission of a photon
with left-handed o (right-handed o) circular polarization. This property enables us
to selectively generate carriers with various combination of valley and spin indices by
using light with different circular polarizations and energies [5,22]. To characterize the
valley polarization of carriers, one can define degree of valley polarization (DVP) by
|(I,+ — I%)/(I,+ + I,+)|, where I,+ denotes the detected PL intensity of left-handed
+ (right-handed -) circular light. The property of creating carriers with certain spin
and valley index via optical injection makes TMDs monolayers promising candidate for

spintronics and valleytronics.

1.2.3 Valley Excitons: Bright and Dark Exciton

Besides the unique electronic band structure and spin-valley locking in TMDs mono-
layer, the atomically-thin thickness of monolayers leads to strong quantum confinement

for carriers, giving rise to prominent excitonic features in optical processes. Figure 1.10
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shows the real space schematic of excitons in 3D bulk and 2D monolayer [6].
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Figure 1.10: Strong confinement in 2D monolayers. (a) The real space schematic of
excitons in 3D bulk and 2D monolayer. The dielectric environments are characterized
by the vacuum permittivity €y, e€3p for bulk and ¢;p for monolayer. (b) The change of
electronic and excitonic band features in optical absorption. The transition from bulk to

monolayer will increase both the band gap and the exciton binding energy. [6]

In the 2D limit, the exciton wave functions that exist in 3D bulk lattice will extend
outside of the lattice, leading to a reduced dielectric screening effect. In addition to the
spatial quantum confinement, such "dielectric confinement" is another important factor to
cause the significant enhancement of Coulomb interaction between electrons and holes,
which facilitates the formation of strongly bound excitons. The strong excitonic effect
also reflect in the observation of Rydberg-series excitonic states in WS, monolayer [6].
As shown in Figure 1.11 [6], the spectrum shows the reflectance contrast derivative of
the WS, monolayer. The ground state (AX) and its higher Rydberg-series states of A
exciton labeled by their quantum numbers (1s, 2s, 3s...) are clearly resolved, from which
a binding energy of 0.32 €V is extracted. This value is much larger than the binding
energy of conventional semiconductors (such as GaAs with £, ~ 5 meV [23]) and makes

excitons in TMDs monolayers stay even at room temperature.
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Figure 1.11: Rydberg-series excitonic states in WS, monolayer. The spectrum shows
the reflectance contrast derivative ((d/dFE)(AR/R)) of the WS, monolayer. The ground
state (AX) and its higher Rydberg-series states of A exciton are labeled by their quantum
numbers (1s, 2s, 3s...). The inset shows the original reflectance contrast AR/ R spectrum,
in which the A, B and C' transitions can be resolved. [6]

The optical selection rule allows a spin-like transition while forbids the spin-unlike
transition by the law of conservation of angular momentum. As a result, the excitons
can be classified into two types: the optically allowed (bright) and the forbidden (dark)
ones as shown in Figure 1.12 [7]. Theoretical work has calculated for the four TMDs
monolayers for the dark-bright splitting for both A and B transitions, in comparison with
experimental results shown in Table 1.1. For the A transition, the bright exciton band
lies energetically lower in Mo-based monolayers while higher in W-based monolayers
than the dark excitons. The different dark-bright energy separation in Mo- and W-based

monolayers will strongly alter their optical yield, especially at low temperatures [24].
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Figure 1.12: Bright and dark excitons in TMDs monolayers. (a) Calculated dark-
bright energy splitting of the ground A excitons in MoX, and WX, monolayers (red
bars). The energy of bright excitons is set to zero, in comparison with the spin-split
energy of conduction band A, (grey bars). The insets show the exciton representation
for MoX, and WX,. (b) Schematic of interband transition for MoX, monolayer in the K
valley, where the red arrow means the optically-allowed transition while the grey arrow
denotes the optically-forbidden transition. [7]
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Table 1.1: Calculated energy splitting of Ap_4 ground A and B excitons, and
Adark—bright splitting for TMDs monolayers, in comparison with experimental results.
The values in parentheses are obtained from G(W,-PBE calculations, in comparison
with the GGoWy-HSE calculations. [7]

Monolayer Ap_4 (eV) A dark—bright (MeV)
GoWy-HSE  Expt. A excitons B excitons
MoS, 0.18 (0.16) 0.16 [25] O (-5) -24 (-20)

MoSe, 0.24 (0.21) 0.22[26] 16(11) -45 (-37)
MoTe, 0.33(0.30) 0.26 [27] 34 (25) -30 (-9)
WS, 0.45 0.38 [28] -11 -6

WSe, 0.49 0.43[29] -16 -37

1.2.4 Charged Valley Excitons and Many-body Physics in TMDs

Monolayers.

Beside the neutral exciton states, charged exciton states such as trions can be formed
by the strong spatial and dielectric confinement. In principle, a trion is a hydrogen-ion-
like particle consisting of a neutral exciton (X)) and an extra charge. Depending on the
type of extra charge, the trion can be negative trion X ~ (for an electron) or positive trion
X (for a hole). The trion states also play important roles in optical transitions, which
relies on the extra charge densities and can be tuned via electrostatic doping. Figure

1.13 shows the reflectance contrast and PL spectra in MoSe, monolayer [8].
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Figure 1.13: Reflectance contrast and PL spectra of monolayer MoSe, at 20 K. (a)
Reflectance contrast spectrum shows the A and B resonances. (b) PL spectrum shows
the emission features from neutral A exciton X° and negatively-charged exciton (X 7).
The inset gives the binding energy of charged exciton of ~ 30 meV. [§]

The absorption features of A and B excitons are clearly resolved in Figure 1.13(a)
while trion state X ~ is resolved in the emission spectrum with a binding energy of ~
30 meV. Further, it is shown in Figure 1.14 that the neutral exciton and its charged states

can be tuned via electrostatic doping [8].
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Figure 1.14: Electrostatic control of neutral exciton and trions, (a) 2D mapping of
PL spectra as a function of bottom gate voltage. (b) Schematic of the gate-dependent
exciton and trions. (c) Extracted intensities (at dashed arrows in (a)) of exciton and two

types of trions as a function of bottom gate voltage V. [8]

AtV =~ 0, the neutral excitons dominate the emission process while the emission of
positive (negative) trions are enhanced by hole (electron) doping, as illustrated in Figure
1.14(b). The extracted intensities of excitons and trions (see Figure 1.14(c)) indicate the
transition of neutral excitons into trions with carrier doping, which serves as an efficient
way to modulate many-body interactions in TMDs monolayers.

The representation of trions stands well for moderate carrier-doping density. How-
ever, with the increase of carrier-doping density (electrons for example), the lattice will be
filled by the "sea" of electrons. This "electron sea" could polarize the lattice and strongly
interact with the lattice phonons in polar semiconductors, which alters the electronic band
structure. In this sense, people tend to use the concept "polaron" to describe this new type
of quasi-particle caused by the strong interaction of electrons and lattice phonons. M. G.
Kang er al. have reported the observation of Holstein polarons in a surfaced doped MoS,
monolayer by using angle-resolved photoemission spectroscopy (ARPES) [9]. Several
theoretical works have predicted that, under strong electron-phonon coupling strength,
electrons in a parabolic band (see Figure 1.15(b)) will be scattered by phonons to form
e + nph continua, where n is the involved phonon number. These continua state will
mix with the parabolic band and make it separate into a series of subbands, accom-
panied by gap opening and flattening of the dispersion at the phonon-scattered energy

—nfy,n = 1, 2... (see Figure 1.15(c, e) [9].
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Figure 1.15: Holstein polaron of MoS, monolayer. (a) Representation of a polaron (an
electron surrounded by phonon could cause by lattice deformation) in MoS, monolayer.
(b) Energy spectra of Holstein polarons arising from a strong coupling between the K’
and K valleys mediated by zone-edge phonons (the arrows denote intervalley scattering).
The dashed lines represent the original electron bands in a non-interacting situation.
The red and blue lines show the polaron dispersion caused by strong electron-phonon
coupling. It shows a band renormalization as well as a series of flat dispersions separated
by phonon energy () in the continuous band. (c) The simulated dispersion of polarons
with zero (A = 0) and intermediate (A = 0.5) electron-phonon interaction. (d) 3D plot
of ARPES spectra measured for MoS, doped with Rb atoms at 80 K. (e) High-resolution
ARPES spectra taken near the conduction band of K point. The dashed lines represent
the energy position of the gaps; the red, yellow and green arrows indicate a series of
subbands due to the electron-phonon coupling. [9]

Besides the change of dispersion spectra for electrons, a polaron that drags phonon
clouds becomes heavier, with a mass-enhancement factor of m*/mg ~ 3 as depicted in
Figure 1.16(a). These findings suggest that the intervalley coupling of polarons between
K/K' in the exchange of acoustic phonons may be crucial in the formation of Cooper
pairs (see Figure 1.16(b)) and could also gain insights into carrier mobility and dynamics

in valleytronics.
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Figure 1.16: Electron-phonon coupling strength and superconductivity. (a) Ef-
fective mass of polarons (red circles) and bare bands (blude circles) as a function of
electron intensity. The green region shows the superconducting region of MoS, [10]. (b)
Valley dependent polarons with opposite spin are coupled via the exchange of phonons
(bipolaronic coupling). [9]

Overall, the strongly bound excitons as well as their different spin-configuration and
valley properties make TMDs monolayers the ideal platform to study excitonic physics.
Besides the neutral excitons, charged exciton states (trions) are also formed. Carrier
doping to monolayers could tune the system from weak coupling (trion) into strong
coupling (polaron) regimes, where we can study the many-body physics such as the rich

optical and transport properties of these valley-dependent excitonic trions or polarons.
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1.3 Motivation

Low-temperature optical spectroscopy has revealed the PL spectra for Mo-based and
W-based monolayers, as shown in Figure 1.17 [11]. In general, the Mo-based monolayers
show simple emission features. Taking the spectra of MoSe, and WSe, monolayer on
Si0,/Si substrate for example, the MoSe, spectra can resolve two features that are
attributed to the neutral exciton X 4 and its negatively-charged state X ~. However, the
WSe, spectra show additional features below the X4 and X, which is much more
complicated compared with Mo-based compounds. It indicates different formation
mechanisms of the excitonic states in W-based monolayer, which is related to its distinct
electronic band structures. However, the origins of these additional emission features in
W-based monolayers remain ambiguous and their relationship with the electronic band

structures needs to be further explored.
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Figure 1.17: Low-temperature PL spectra for MoSe,, MoS,, WSe,, WS, monolayers
on SiO, and encapsulated by hBN [11].

Herein, our motivation is to understand the complex excitonic features in W-based
monolayers and their carrier dynamics in optical processes including exciton formation,

relaxation and decay, in which the exciton-phonon, exciton-charge and exciton-exciton
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scattering processes play important roles. On the other hand, the change of dielec-
tric environment could change the linewidth broadening and renormalize the electronic
bandgap of TMDs monolayers (see the spectra of hBN-capped samples in Figure 1.17).
Thus, by employing such techniques, we aim to fabricate samples with higher optical
quality, which allows us to reveal more detailed emission structures that could not be
observed in monolayers on SiO,/Si substrate.

In addition, we are also motivated to study the optical properties of excitonic features
in TMDs monolayers under external control such as electrostatic doping and magnetic
field. Carrier doping can tune the exciton from neutral state to charged state, which
helps identify the complicated features in W-based compounds that is under debate in
many studies. It also enables us to gain insights into the underlying carrier dynamics
and many-body physics. By applying magnetic field, we are able to destroy the valley
degeneracy, examine the valley polarization and extract important physical parameters
such as g-factors for the excitonic species. These studies will advance the fundamental

understanding of excitonic physics in TMDs monolayers.

1.4 Organization of the Thesis

The organization of the thesis is arranged as follows: In Chapter 1, I will introduce
the fundamental knowledge of electronic band structure, interband optical transition and
the concept of excitons. It is followed by the review of TMDs monolayers including
the electronic band structure, lattice structure, symmetry, unique spin-valley physics and
valley-dependent optical selection rules. Finally, I will discuss the excitons and their
charged states, and then explain the motivation of my Ph.D. work.

In Chapter 2, I will introduce the optical spectroscopic techniques that have been
used in the thesis such as reflectance measurement, photoluminescence excitation (PLE)
spectroscopy and polarization-resolved photoluminescence measurements. In addition,
the theory of resonant Raman spectroscopy will be introduced that is useful to probe
exciton-phonon interactions in TMDs monolayers.

In Chapter 3, I will describe the processes to fabricate high-quality samples including
mechanical exfoliation to obtain TMDs monolayers, heterostructure fabrication by stack-
ing layers and electron beam lithography (EBL) used for making field-effect transistor
(FET) devices.

In Chapter 4, I will present the investigations on probing the momentum-indirect
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transition in WS, monolayers that could explain for the low-energy features in the pho-
toluminescence spectrum of W-based compounds. Under near-resonant excitation con-
dition, multiple scattering processes between excitons and phonons carrying non-zero
wavevector are revealed, indicating the presence of indirect excitons whose constituent
electrons and holes locate at different valleys, beside the well-understood direct excitons
with their electrons and holes located at the same valley.

In Chapter 5, I will present the results of electrical control on the optical absorption
and emission of excitons and their charged states in a high-quality hBN-encapsulated WS,
heterostructure. The heterostructure shows much narrower emission linewidth compared
to bare monolayers on SiO,/Si substrate, which enables us to resolve more details on
their excitonic emission features. In addition, via electrostatic doping, we observe the
evolution of PL spectra from a relatively neutral state to the Fermi edge singularity,
where the existence of photoexcited electron-hole pairs changes from as charged states
to exciton-plasmon quasiparticles. The Fermi edge singularity may indicate a transition
from the fermion-like particles to boson-like particles, which changes the interactions
between photoexcited electron-hole pairs and the highly-dense Fermi gas in the TMDs
monolayers.

In Chapter 6, I will discuss the results of magnetic control on the emission features
up to 30 T for hBN-encapsulated WS, and MoS, heterostructures. Under magnetic field,
the valley degeneracy in TMDs monolayers will be broken. Thus, we will compare
their valley polarization combined with polarization-resolved PL. Moreover, by tracking
the energy shift with the magnetic field, we extract the g-factors for different excitonic
states and could gain information on their compositions in terms of spin and valley
configurations. Our results gain critical insights into the magneto-photoluminescence of
different trion species in TMDs monolayers, leading towards a complete understanding
of the optical and electronic properties of TMDs monolayers in the magnetic field.

In Chapter 7, all the findings will be summarized and an outlook for further research
on TMDs monolayers will be discussed such as interlayer spin and valley transfer of
charges in a heterostructure, that provides new possibilities to control carriers’ spin and

valley properties.
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Chapter 2

Optical Spectroscopy

The optical properties of the TMDs monolayers were investigated via steady-state
spectroscopy techniques. In this chapter, [ will first introduce the experimental setup used
for reflection, polarization-resolved photoluminescence measurements. Combined with
multiple laser excitation energies, photoluminescence excitation spectroscopy (PLE)
technique is used to study the emission features, from which we can look into the
underlying absorption and relaxation processes. As a special case, when the laser energy
is in near resonance with the electronic band transition, the intensity of Raman scattering
will be greatly enhanced, from which important electron-phonon scattering processes

can be resolved.

2.1 Experimental Setup

General steady-state optical spectroscopy includes absorption (A), reflection (R) and
photoluminescence (PL) spectroscopy. The intrinsic optical transitions that depend on
the electronic resonances can be detected by the mentioned techniques.

Figure 2.1 shows the schematic illustration of the setup for steady-state reflection and
PL measurements. In general, the setup consists of the excitation and detection system.
For the reflection measurements, the sample is excited by a white light source that
covers a broadband wavelength range (e.g., a quartz tungsten halogen lamp). For the PL
measurements, the sample is excited by lasers with linear polarization. The wave vectors
of the excitation and detection light are denoted by k... and k4, respectively. The
excitation light beams are focused onto the sample surface by a microscope objective.
A variety of objectives are available including 10x, 50x and 100x. The choice of
objectives depends on the sample size and laser spot size needed for the measurements.
In the back-scattering configuration as described in Figure 2.1, the scattered light is
collected in the opposite direction (k4.;) through the same objective, which collects both

the PL signals as well as the reflected and scattered laser light from the sample surface.
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To sort the signals out and protect the detector from intense laser intensity, proper optical
filters are needed in front of the entrance slit of the spectrometer to remove the strong laser
background. The filters could be long-pass, short-pass or notch filters. After passing
through the optical filter, the signals are focused onto an entrance slit by a lens and then
directed to a dispersive grating that can spatially separate light of different wavelengths.
Multiple blaze gratings are available including 150 grooves/mm, 300 grooves/mm, 600
grooves/mm and 1800 grooves/mm, depending on the blaze wavelength, wavelength
resolution or spectral range that is needed for the measurements. For example, all the
measurements in this thesis are within the range of visible light, from which we should
choose blaze wavelength accordingly. For the wavelength resolution, a 300 grooves/mm
grating has a resolution of ~ 0.11 nm while a 1800 grooves/mm grating has a resolution
of ~ 0.02 nm. On the contrary, the 300 grooves/mm grating can acquire a spectral
range of ~ 110 nm within a single window, which is more efficient for broad spectral
measurements, compared to 1800 grooves/mm grating that has a spectral range of ~ 16
nm. Therefore, one needs to choose the proper grating accordingly.

When the signals are sorted out by wavelength, it is reflected by a mirror and finally
detected by a charged-coupled-device (CCD) detector, which is cooled by liquid nitrogen
to reduce the dark currents and achieve a better signal-to-noise ratio. In addition, the
sample can be mounted inside the cryostat cooled by a continuous flow of either liquid
nitrogen (77 K) or helium (4.2 K), depending on how much the temperature is needed for
the measurement. To perform the polarization-resolved PL. measurements, two polarizer
sets consisting of a linear polarizer (LP) and a quarter waveplate (\/4) are needed to

generate and detect circularly-polarized excitation and signal light, respectively.
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Figure 2.1: Schematic illustration of the set up for reflection, polarization-resolved
PL measurements. For the reflection measurement, the excitation is from unpolarized
white light sources. For PL measurements, the excitation comes from linearly-polarized
lasers. The light beams are focused onto the sample surface via microscope objectives.
The signals are collected by the same objective and sent into a spectrometer, in which
the signal is dispersed by a grating and detected by a CCD detector. The directions of
the excitation and detection are indicated by k... and k4. For polarization-resolved
measurements, a polarizer set consisting of a linear polarizer (LP) and a quarter waveplate
(A\/4) is used to generate or detect circularly-polarized light, indicated by R’ for right-

handed polarization and 'L for left-handed polarization.

2.1.1 Triple-grating Spectrometer for Near-resonance Measurements

When the laser excitation is extremely close to the PL signals, it is difficult for
normal filters to remove the reflected laser beam, thus making it difficult to detect the
PL signal. To overcome such problem, the triple-grating spectrometer configured in
subtraction mode was invented so as to detect optical signals that are extremely close
to the laser excitation. As shown in Figure 2.2, the triple-grating spectrometer literally
has three gratings, among which two gratings (Grating 1 and 2) together with the Slit

2 work as a bandpass filter to allow a window of light with wavelength in the range
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of \; and ), to pass. Finally, Grating 3 disperses the signal in the window onto the
CCD detector. By calibrating the Grating 1 and 2, we are able to approach the limit
with Ay or Ay = A.xc so that the laser light is excluded in the collected signal. The
triple-grating spectrometer enables us to perform near-resonance PL. measurements and

detect low-frequency phonon mode.

CCD detector

A
7\'1 7\'2
Grating 3
A
Slit3 —,—
Grating 2
)\'1 7\'2
Slit2 ——
Grating 1
A
Slit1 —|——

Figure 2.2: Schematic illustration of a triple-grating spectrometer. Grating 1 and
2 together with the Slit 2 work as a bandpass filter to allow a window of light with

wavelength in the range of A; and ), to pass.

2.2 Photoluminescence Excitation Spectroscopy

As a specific type of photoluminescence technique, photoluminescence excitation
(PLE) spectroscopy is used where the energy of the excitation light is varied and the
typical emission feature of the material is monitored. After the light absorption, the
photoexcited carriers will relax towards lower energy states and reach a quasi-equilibrium

with the lattice temperature, during which multiple scattering processes happen such as
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carrier-carrier and carrier-phonon interaction. One would expect that the carriers will
"forget" how they are created rapidly after the relaxation process, that is, the information
on the absorption. However, the PL emission intensity /., is related with the excitation
intensity /... given by:

Iem = PabsPrelPem[exca (21)

where P, Pre, Per, denote, respectively, the absorption probability of an incident pho-
ton, the probability that the carriers will relax to the emission states, and the probability
of radiative recombination for those states. P.,, can be assumed as a constant while P,.;
mainly depends on the kinetic energy of carriers after excitation. In high-quality sample,
the photoexcited carriers relax their energy mainly via carrier-carrier, carrier-phonon
scattering processes instead of being trapped by defects or nonradiative recombination.
Typically the relaxation processes occur on subpicosecond and picosecond time scales,
which are significantly shorter than the radiative lifetime of the PL emission (tens of
picoseconds or even longer). Therefore, P,.; can be regarded as unity and independent
of the kinetic energy of carriers. In this sense, the PLE can be correlated with absorption
spectra as

Lo (hw) o Pops(Aw). (2.2)

Figure 2.3 shows the PLE spectra for TMDs monolayers [12]. The PLE spectra are
monitored by the integrated A exciton emission in the PL spectra at each excitation energy.
In general, the profiles of the PLE spectra follow their absorption profiles (AR/R).
Therefore, PLE spectroscopy is a useful technique to study the electronic transitions of

materials with low absorption by measuring the relatively strong PL emission instead.
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Figure 2.3: PLE spectra for TMDs monolayers. PLE intensity map (left panel), PLE
spectra and differential reflectance spectra (right panel) for monolayer (a) MoS,, (b)
MoSe,, (c) WS, and (d) WSe,. The relative quantum yields (QY) of emission are also
calculated for comparison. The PLE spectra are monitored by the integrated A exciton
emission in the PL spectra at each excitation energy. All the PLE spectra are normalized
by the B exciton peak. [12]

2.2.1 Near-resonance Excitation

When the excitation energy is tuned to be in near resonance the electronic band tran-
sition, the PLE spectra will be greatly changed, from which important electron-phonon
scattering processes can be resolved. It is also referred as resonant Raman spectroscopy.
Herein, I will review the quantum mechanics used to describe the microscopic theory of
such scattering processes.

In principle, the scattering processes involve the states of three systems: incident
photons (with energy Aw;) and scattered photons (fws), electrons in the material, the
phonons involved in the scattering. The scattering process undergoes three steps: (i)
the incident photons excite semiconductors into a virtual state by creating electron-
hole pairs, which is denoted by the electron-radiation interaction Hamiltonian H.p.
(i1) The electrons (or holes) are scattered by phonons into another state via electron-
phonon interaction, denoted by Hamiltonian f._,,. (iii) The scattered electron-hole
pairs radiatively recombine and emit the scattered photons. The scattering probability

for the transition from the initial state (i| to the final state | f) can be calculated via the
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Fermi’s golden rule by [18]:

e—ph |n TL| Her(wi) |i) ?

Fon(ws) = (QW) ‘Z |H6R w;; 39)][5% hwo — (B, — E;)]

X O[hw; — hwy — hwg),

(2.3)

where n and n’ denotes all the intermediate states, /iw, the phonon energy, F; the initial
state energy, £, the energy of intermediate electronic states. The term §[fuww; — hwo — hws]
represents the energy conservation of Raman scattering. It is noted that the electrons do
not change after the scattering process. Therefore, the final state | f) should be identical
to the initial state (7|, which has been replaced in Equation 2.3.

The scattering probability provides the information of electron-radiation interaction,
electron-phonon interaction and the electronic band structure. However, due to too many
intermediate states, Equation 2.3 is difficult to calculate. It becomes feasible only if
by tuning the incident photon energy to resonate with the electron interband transition
resonance, which involves only one or small number of states. Under resonant condition,

Equation 2.3 can be approximated by:

where E denotes the energy of electronic resonance. To avoid the divergence of Equation

(i| Hr(ws) |a) (a] He_pp [b) (0] Hep(w;) Ji) |
(Eo — hwi)(Eo — hws) 7

(2.4)

2.4, it needs to introduce a damping term into the electronic state F, by £, — iI', due to
its radiative and nonradiative decay processes, where the damping term I, is related to

a finite lifetime 7, by I, = h/7,. Thus, the scattering probability is given by:

2w
Pph ~ (f)

In principle, the probability of scattering events in resonance with excitons depends

(i Her(ws) |a) (al He—pn [0) (b Her(w:) |1) |
(EO — hwl — ZF())(EO — hws — ZF()) ’

(2.5)

on the exciton oscillator strength and its lifetime. Therefore, to measure the scattered
photon intensity as a function of the incident photon energy near the exciton resonance,
we are able to extract important information about excitons such as the exciton energy,

oscillator strength and exciton lifetime.
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Chapter 3

Sample Fabrication

Since the graphene was first obtained in 2004 [30], mechanical exfoliation has been
widely used to fabricate atomically-thin 2D materials. By using standard dry transfer
technique, different 2D materials can be stacked together to form heterostructures which
exhibit novel optical properties. By fabricating a TMDs monolayer field-effect transistor
(FET) device with electron beam lithography (EBL), the charge density or the Fermi
level of electrons in the TMDs monolayer can be tuned via electrostatic doping. In this

chapter, all the fabrication processes used throughout this thesis will be described.

3.1 Mechanical Exfoliation

The structures of 2D crystals are formed with stacking layers that interact with their
adjacent ones via van der Waals (vdW) forces. This feature enables us to exfoliate layers
from its bulk counterpart by simply using adhesive tapes as shown in Figure 3.1. The
first step is to press the adhesive tape against the 2D crystal to attach the top layers. Next,
the tape is lifted to exfoliate few layers off the 2D crystal and then pressed against the
substrate (SiO, for example). After peeling off the tape, bottom layer could be left on the
substrate. It is noted that good crystallinity of the 2D crystal is the key factor to exfoliate

large monolayers instead of breaking them into pieces.

34



D ~
g -
-

Figure 3.1: Mechanical exfoliation of 2D crystals. (a) Adhesive tape is pressed against
the 2D crystal to attach the top layers. (b) Lift the tape to exfoliate few layers off the 2D
crystal. (c) Press the tape with few layers against the substrate. (d) After peeling off the

tape, bottom layer could be left on the substrate. [13]

To distinguish whether the layer is monolayer or not, some simple skills are needed
for identification. A common practice is to identify monolayers via the optical contrast
under an optical microscope, especially on Si substrate capped with SiO, layer. Figure
3.2(a) shows the optical image of exfoliated monolayer WS, and its bulk crystal on a Si
substrate with 285 nm-thick SiO, layer. The shallow-blue monolayer clearly distinguishes
itself from its colorful bulk counterpart and the deep-blue substrate. This practice is an
experimental skill, which can serve as a preliminary test. For MoX, and WX, compounds
(X= S, Se), it is further confirmed by its fluorescence image. When thinning down to
monolayer, the TMDs monolayers being studied experience a transition from indirect
bandgap to direct bandgap, giving rise to strong light emission upon external excitation.
As shown in Figure 3.2(b), the region labeled WS, monolayer shows strong red-light

emission while its bulk counterpart does not when excited with a UV lamp.
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monolayer

Figure 3.2: Identification of monolayers. (a) Optical image of exfoliated monolayer
WS, and its bulk crystal on a Si substrate with 285 nm-thick SiO, layer. (b) Fluorescence
image of WS, excited by a UV lamp.

This technique applies to good visible-light emitters for convenient confirmation.
Other techniques such as atomic force microscopy (AFM) and Raman spectroscopy are
also available ways to identify the thickness of exfoliated layers, which can apply to the

general 2D materials.

3.2 Dry Transfer of Two-dimensional Materials for Fab-
ricating Heterostructures

The fabrication of heterostructures achieves the design of artificial lattice structure
by stacking 2D materials. It requires the deterministic transfer of mono- or few layers
that are obtained by mechanical exfoliation. The most-widely-used method is the all-dry
transfer that relies on viscoelastic stamps [14]. Figure 3.3(a) shows the schematic of the
setup for dry transfer. It consists of a microscope for monitoring the sample position and

a stamping stage for controlling the sample position during the transfer process.
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Figure 3.3: Dry transfer setup and processes. (a) Schematic illustration of the setup

for dry transfer. It includes a microscope for monitoring the sample position and a
stamping stage for controlling the sample position. (b) Diagram of process to transfer

exfoliated flakes onto a designated location. [14]

The transfer process, as shown in Figure 3.3(b) [14], can be divided into the following
steps: First, flakes on the tapes are transferred onto one side of the stamp (Polydimethyl-
siloxane, a transparent polymer stamp used in our case); The stamp is turned upside down
and sticks to a glass slide; The flake is aligned and pressed against the target substrate
monitored under the microscope; Then, the stamp is peeled off very slowly to avoid
breaking the flake, leaving the flake on top of the substrate. To make the high-quality
heterostructure, it is important to avoid contamination of the sample surface during
the transfer process. The dry-transfer technique is used in this thesis to fabricate the

hBN-encapsulated WS, and MoS, monolayer, which will be shown in Chapter 5.

3.3 Device Fabrication

To tune the charge density in 2D materials, field-effect transistor (FET) devices are
fabricated for both hBN-encapsulated WS, and MoS, monolayer via the electron beam
lithography (EBL). In our FET device, we choose the back-gate device with 285 nm SiO,
layer as the insulating layer, which gives a weak leakage current. The device fabrication

process is summarized in Figure 3.4.
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Figure 3.4: Schematic of FET device fabrication process.

After the transfer of exfoliated flakes onto the Si substrate with 285 nm SiO, layer,
a PMMAA resist is spin-coated onto the substrate and sample surface at 4000 rpm for 60
seconds. Then, it is baked on a hot plate (180 °C) for 5 minutes. The next step is the EBL
exposure. It is separated into two steps. The first step is to write the marker to locate
the sample. After the e-beam exposure, the sample is developed for 40 seconds in the
developer solution (a mixture of methyl isobutyl ketone (MIBK) and Isopropyl alcohol
(IPA) water by the ratio of 3 : 1. It is rinsed by IPA and blown dry with a nitrogen gun.
To locate the relative position of the flakes and the marker, it needs to take photos of the
sample image under a microscope for the reference of EBL exposure in the next step.
The second step is to write the electrode pattern on the flakes, followed by the same
development process. Then the sample is placed into a thermal evaporator to deposit
metal materials for the electrode. The materials are chosen as 50 nm Au and 5 nm Cr for
better electrical contract with the flakes. Finally, the sample is put into acetone solution

to lift off the PMMA layer for ~30 minutes.
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Chapter 4

Probing Momentum-Indirect Excitons by Near-
Resonance Photoluminescence Excitation Spec-

troscopy in WS, Monolayer

4.1 Introduction

Atomically thin layers of group-VI transition metal dichalcogenides (TMDs) such as
MX, M =Mo, W; X =S, Se) and hexagonal lattice feature prominent exciton properties
and spin-valley physics. As a result of strong quantum- and dielectric confinement
in single atomic layer of TMD materials, the photoexcited electrons and holes are
tightly bound via Coulomb interaction to form excitons with the binding energy of
hundreds meV [6,31-35]. The large exciton binding energies reinforce the stability of
exciton complexes such as charged excitons (trions) [8,25,36,37] and biexcitons [37-39]
that offers great opportunities to study many-body physics. In addition, the inversion
symmetry breaking in TMDs monolayers gives rise to the energy-degenerate but non-
equivalent K/K' valleys, which are coupled with electron spins [5]. This unique spin-
valley coupling enables the use of light helicity to selectively excite valley excitons at
K or K’ valley [5], making TMD monolayers ideal candidates for opto-valleytronic
applications [5,21,40].

The presence of neutral excitons and trions has been widely observed in previous
optical studies on TMD monolayers [3, 8,25]. The substitution of the metal element
M, e.g., W into Mo, reverses the energetic order of the optically allowed (bright) and
optically forbidden (dark) states at the K/K ' valley [24]. In particular, W-based mono-
layers harness the dark exciton band lying at lower energy than the bright band, leading
to the poor emission efficiency at low temperature [38]. Instead, the photoluminescence
spectrum of WX, monolayer is dominated by several features arising at the low-energy

side of the exciton energies, which is currently under intense debate among defects,
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bound excitons and biexcitons [37,38]. For example, the strongest peak that lies be-
low the charged exciton (trion) was previously assigned to biexciton emission [37,38].
However, the discrepancy lies in that the PL intensity of that peak shows a sub-quadratic
increase with excitation power and the binding energy (~52 meV) [38] is much larger
than the theoretically predicted value ~20 meV [41-45]. In addition, the energies of
lower energy features in WX, monolayers coincidently match the calculated momentum-
indirect exciton transitions, which arises from the recombination of electrons and holes
in different valleys [46-52], suggesting a more complicated nature of these low-energy
peaks. Therefore, a detailed investigation on the exciton dynamics of WX, material is
needed.

In this chapter, by using photoluminescence excitation spectroscopy, we probe the
momentum-indirect transition in WS, monolayers that could explain the low-energy fea-
tures in the photoluminescence spectrum of W-based compounds. Under near-resonant
excitation condition, multiple scattering processes between excitons and phonons carry-
ing non-zero wavevector are revealed, indicating the presence of indirect excitons whose
constituent electrons and holes locate at different valleys, beside the well-understood
direct excitons with their electrons and holes located at the same valley. Furthermore,
we find that phonon scattering contributes to valley depolarization during hot exciton
relaxation. Our results advance non-trivially the fundamental understanding of the pho-
toluminescence spectra of W-based monolayers that can shed light to intrinsic exciton

properties in TMD monolayer semiconductors.

4.2 Sample and Optical Characterization of WS, Mono-
layer.

The high-quality monolayers of WS, were prepared by mechanical exfoliation onto
a Si/Si0, substrate and extensively characterized by optical spectroscopy at cryogenic
temperatures (7' =20 K). Figure 4.1(a) shows the reflectance-contrast spectrum, in which,
three sharp resonances are clearly resolved. Specifically, the features arising at ~2.09 eV
and ~2.50 eV are attributed to A-exciton (X 4) and B-exciton (X ) whose constituent
electrons and holes are excited at K or K’ valleys in the Brillouin zone [3,4,21,31]. The
energy splitting of ~400 meV between A and B originates from the spin-splitting of the

valence band at K and K~ points [4,21,31]. In addition, the energy structure observed
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at ~2.06 eV is ascribed to a charged exciton state (trion), which is formed by the neutral

A-exciton and a free charge (electron or hole) [8,25,36,37].
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Figure 4.1: Optical characterization of WS, monolayer. (a) Reflectance contrast
spectrum. Three resonances corresponding to trion, A-exciton and B-exciton are clearly
resolved. (b) Schematic energy diagram illustrating the absorption energy positions
of A-exciton, B-exciton and continuum of A. The photo-generated carriers/excitons
can relax to the lower-energy states via phonon scattering (wavy arrow) or directly
recombine (straight arrows). The exciton formation, relaxation and recombination were
monitored by varying the laser-excitation energy across the electronic bands (coloured
arrows). Representative photoluminescence spectra taken with the excitation energies of
(c) (off-resonance) 2.707 eV and (d) (near-resonance) 2.103 eV.

A schematic diagram of the energy structure of WS, monolayer is illustrated in Figure
4.1(b). The energy positions of A-exciton and B-exciton are taken from the reflectance
measurement. The continuum band of A-exciton is located at ~2.44 eV [6], which is
close to the energy of B-exciton. The existence of different electronic states around
the energy of A-exciton and B-exciton suggests nontrivial exciton behaviors, especially
under near-resonant excitation conditions. For example, with excitation energies of ~2.5
eV (see the black arrows in Figure 4.1(b)), excitons can be directly generated at B

resonance or free carriers are created at the continuum of A. In the first case, B-excitons
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can either radiatively recombine in a so-called hot luminescence process [3,53-55], or
relax non-radiatively to X (A-exciton with zero center-of-mass momentum). On the
other hand, when free carriers are generated at the continuum of A, an electron and a hole
can relax and later bind together to form exciton at A to result in photoluminescence.
Alternatively, when the excitation energy is well below 2.45 eV (see the red, green,
orange arrows in Figure 4.1(b)), X excitons are directly generated and later radiatively
recombine. Here the exciton formation, relaxation and recombination processes in WS,
are intensively investigated by varying the excitation energy across the resonances.
Figure 4.1(c) presents the low-temperature photoluminescence spectrum under Awey.
= 2.707 eV excitation. Several optical features are resolved, including the radiative
recombination of the neutral A-exciton (~2.09 eV) and the charged state trion (~2.06
eV). The energy positions are in good agreement with the reflectance contrast spectrum
shown in Figure 4.1(a). Interestingly, the PL spectrum is dominated by very intense
features (F;) at the low-energy side of the trion, where the light-absorption is negligible.
The origin of the peaks P; (especially P, and F%) is currently under debate, which will
be discussed later in this chapter. On the other hand, when the excitation energy is tuned
close to the resonance A (hwey. = 2.103 V), additional sharp features are resolved on
top of A-exciton. The behaviors of these emission features are carefully monitored while

varying the excitation energy from 2.103 to 2.707 eV across the A and B resonances.

4.3 PLE with Near-Resonant Excitation of A Excitons.

In the case of the A resonance, up to eighteen excitation energies from a continuous
tunable laser ranging from 2.103 to 2.173 eV are used to excite the WS, monolayer,
as shown in Figure 4.2. In the vicinity of A resonance, sharp features labeled by X;
to Xg are resolved on top of A-exciton with the linewidth of ~0.4 meV. The origin of
these peaks arises from the exciton-phonon scattering events, as will be discussed in this

section.
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Figure 4.2: Photoluminescence spectra with excitation near A-excitons. Eighteen
excitation energies from a continuous tunable laser ranging from 2.103 to 2.173 eV (from
up to bottom) are used to excite the WS, monolayer. The spectra are plotted relative to
the laser excitation energy. Sharp features labeled by X; to Xy are resolved on top of
A-exciton with the linewidth of ~0.4 meV.

4.3.1 Identification of Exciton-Phonon Scattering Processes.

Figure 4.3(a) shows PL spectra acquired with selected excitation energies of 2.103 eV,
2.111eV,2.125eV and 2.136 eV. All the spectra are plotted relative to the energy position
of the zero phonon line of X (ZPL X)), which corresponds to the direct transition of
excitons with zero center-of-mass momentum and is independent of excitation energy. On
the other hand, the narrow features clearly shift while changing the excitation conditions.
For instance, while changing hw.,. closer to the A resonance, from 2.136 eV (top panel)
to 2.111 eV (middle panel), the peak marked by blue arrow (later identified as 2L A(M))
shifts in accordance with the excitation. The rigid shift of the peak position with
excitation energy together with the narrow linewidth approaching the resolution limit,
are typically observed in scattering processes between carriers/excitons and phonons that
is usually referred to as resonant Raman scattering [18]. We, therefore, attribute these
features to near-resonant scattering events between exciton and different phonon modes
of monolayer WS,, which exhibit much richer information than previous non-resonant

Raman study [56-58].
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Figure 4.3: Photoluminescence excitation spectroscopy near A resonance in WS,
monolayer. (a) Selected low-temperature (7 = 20 K) PL spectra obtained with different
excitation energy. The sharp features are labeled according to the energies of the different
phonon modes that are involved in the exciton-phonon scattering event. The dashed-line
illustrates the evolution of the 2L A(M) mode as the excitation energy varies, taken as
a representative example. In the bottom panel, an illustrative fitting procedure to the
PL lineshape (black solid-line) is shown. Voigt functions are used to model each of
the different peaks, where the blue solid-curve centred at zero represents the ZPL X.
Green solid-lines indicate scattering events between excitons and phonons, while red
solid-curve is the cumulative fitting of all curves. (b) The identified phonon energies and
their maximum intensity over all excitations. The typical lattice vibrational modes are
depicted where blue (red) circles represent W (S) atoms. Arrows indicate the direction
of atomic motion for each vibration mode. (c) The obtained excitation intensity profile
of 2LA(M) mode is shown as a representative case. The orange and purple arrow
indicate the excitation energy position of 2.136 eV and 2.125 eV used in (a). The solid
curve is the fitting to the profile by using Equation (1). The data points are plotted
with excitation energies ranging from 2.114 eV to 2.173 eV, as in this energy range the

resonance condition is achieved between 2L A(M) phonons and neutral X excitons.

In total, we identify up to eight modes from Figure 4.2, whose energies match well
with recent resonant Raman studies [59-61] and theoretical calculations [62] as listed in

Table 4.1. The first-order optical modes A;,(T") and £, (I') are located at the Brillouin
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Table 4.1: Phonon Modes Identification

Peak Phonon modes Phonon Energy (meV) Raman shift (cm™1)
Xs Ay (l) 52 419
X; E} () 44 356
X  2LAM) 43 352
X5 LAM)+ZAM) 41 332
Xy  2ZAM) 36 293
X3 E%g(M) -LA(M) 23 185
Xy LAM) 22 176
Xy, ZAM) 18 145

zone center (I'-point), while the first-order acoustic modes LA(M) and ZA(M) are
located at the edge (M -point) of the Brillouin zone. The other four modes are assigned

to the linear combinations of different first-order M -point phonons.

4.3.2 Dependence on Excitation Energy of Exciton-Phonon Scatter-
ing Intensity.

In addition to the energy shift, the scattering intensity of the all phonon modes also
varies drastically with the excitation energy. The lineshape of the PL spectrum has
been fitted as shown in the bottom panel of Figure 4.3(a) (2.103 eV excitation). For
the fittings, we used Voigt functions to model each of the different peaks, where blue
solid-lines refer to excitonic resonances. The Voigt function is given by the convolution
between a Lorentzian function and a Gaussian function: V (w;wo, 0,7) = A ff G(w —
wo; 0)L(w — W' yo)dw', G(w; o) = #gexp(—%), L(w; ) = W(w;—oﬂg) Specifically,
the blue solid-curve centred at zero represents the ZPL X4. Green solid-lines indicate
scattering events between excitons and phonons, while red solid-curve is the cumulative
fitting of all curves. From the fitting, the intensities of individual features are extracted
(all the spectra are normalized by excitation power). The fitting procedure is repeated for
all the spectra, from which the maximum of scattering intensity for each phonon mode
among all excitation energies is given in Figure 4.3(b). Figure 4.3(c) shows the intensity
profile of a representative scattering event involving the 2L A(M') mode as a function of

excitation energy (the complete evolution of strongest Z A(M ) mode is not available due

to limited excitation wavelength). The intensity profile of the exciton-phonon scattering
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events can be well reproduced by using Equation 4.1 [18] :

2r(C? 1
P ( s ) ‘ ‘ . @.1)
h ‘(FLWZPL — NWexe — ZFZPL)(hWZPL — hWdet — ZFZPL)’

where h is the reduced Planck constant, C' is the amplitude of the resonant-scattering
event, hwey. 1S the excitation photon energy, hAwqe the detected/scattered photon energy,
hwzpr, the exciton resonance energy, ['zpy, is a damping constant that is related to the
radiative lifetime of the exciton transition. The intensity of the scattering event is
maximal at the resonant condition when the difference between the excitation laser and
detection photon energy matches the phonon energy (fwyy), i.€., heze — thPLX}; =
Twpr, (Nwger = thpLXR ). The fitting parameters are C' and I'zpy,, while the resonance
energies of excitons and phonons obtained from the modelling in Figure 4.3(a) are
fixed. The extracted I'zpy, for other phonon modes are shown in Figure 4.4, which
approximately have the same value of 4 mev. The fitting results in ['zpp, = (4+1) meV
corresponding to an exciton radiative lifetime of ~1 ps, which is in excellent agreement

with experiments [63] and theoretical calculations [64,65].
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Figure 4.4: The intensity profile as a function of excitation energy for different
phonon modes. The I';p; for each phonon mode is extracted from the fitting by
Equation 4.1.

Moreover, the strongest scattering intensity among different phonon modes comes
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from the scattering with zone-edge phonons (M -point) (see Figure 4.3(b)). Therefore, we
highlight that most of the scattering features resolved in our optical spectra involve zone-
edge phonons, suggesting that they originate from the collisions between real excitonic

states and phonons.

4.3.3 Evidences of Indirect Excitons in WS, Monolayer.

Figure 4.5(a) demonstrates the exciton-phonon scattering processes in single-particle
(left panel) and exciton (right panel) representations. Excitons are composed of electrons
and holes, both of which can be scattered by phonons. The exciton momentum is
defined by center-of-mass momentum Qfx given by the momentum difference between the
electrons and holes Q% = k! — k!, while the phonon momentum is gy, (i corresponds to
the position in the Brillouin zone). During the events of exciton-photon (light absorption)

and exciton-phonon collisions, the momentum is conserved and obeys the relationship

~

— 0 5
kphoton - QX + Qph'
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Figure 4.5: Exciton dispersion, formation, relaxation and recombination processes
in WS, monolayer. (a) Electron-hole picture involving the scattering with A -point
phonon. The black hexagon represents the free-particle Brillouin zone. The blue hexagon
represents the phonon lattice. It has been shifted to match with the electronic K -valley,
where direct photoexcitation takes place in WS, monolayer. With the assistance of )M -
point phonons, photoexcited electrons at & (K) valley can be scattered into A or K (K)
valleys, to bind with a scattered (or residing) hole at respectively /& (/) or K’ (K) valley
to form excitons with nonzero wavevector (Q/}( or Qﬁ) (b) The hexagonal Brillouin
zone of excitons. The wave vectors for each band are indicated. The coloured legend
indicates the valley from where carriers originate to form excitons. (c) Exciton dispersion
as a function of its center-of-mass momentum Q x. Exciton formation and relaxation
are mediated by exciton-phonon scattering. In the electron-electron representation,
the dashed curves represent the spin-forbidden (dark) excitons consisting of electrons
and holes with opposite spin. The solid line represents spin-allowed (bright) excitons
consisting of electrons and holes with the same spin. Green curved arrows indicate for
intervalley scattering and formation of excitons. Black curved arrows indicated for intra-
valley relaxation. Broken orange arrow represents the optically direct transition from
I'-point exciton band. Broken purple arrow represents the optically indirect transition
from A-point exciton states. The indirect transition from K -point excitons has been
omitted for clarity.

In monolayers TMDs, direct photoexcitation of electrons and holes takes place at /'

and K valleys, generating Q§ excitons (see Figure 4.5). In the following, the generated
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carriers are scattered by phonons, involving the zone-center (the I'-point, (jgh ~0) and
the zone-edge (the M -point, cjévfl #0) of the Brillouin phonon zone (see blue hexagon at
Figure 4.5(a). Phonons at I'-point (cjgh ~() scatter the electron-hole pairs generated at
the light cone into the zone-centre (I'-point) of exciton dispersion (see orange symbol
and parabola at Figure 4.5(b) and (c)). When only a single phonon mode is involved in
the collision, either an electron or a hole is scattered after the photoexcitation. As both
electrons and holes have similar effective masses (m ~0.42m,) [66,67], their first-order
phonon-scattering probability is likely comparable, in clear contrast to conventional
semiconductors such as II-VI and III-V, in which the exciton scattering is normally
dominated by lighter electrons [18]. More interestingly, phonons at the M -point have
non-zero momentum (cijh #0), which implies that the virtually generated excitons are
scattered out of the light cone to their dispersion at other high-symmetry points in their
Brillouin zone to satisfy the momentum conservation (jﬂﬁ ~ —Qy (see bluish parabolas
at Figure 4.5(c)).

We find that the first-order scattering of electron-holes pairs photoexcited at /K or
K’ valleys takes place via two M-point phonons (see Figure 4.3(b)), suggesting that
both electrons and holes are scattered to their dispersions. There are several pathways
to form an exciton from these carriers in monolayer WS,, depending on the exact valley
where they reside after being scattered. Photoexcited electrons at K (K)-valleys can
be scattered into A (A’)-valleys by one M-phonon because the momentum conservation
is satisfied &% — kA = gy, (and BE — kA = gp). Furthermore, since A-valley is an
energy minimal [68], the electrons preferentially reside on this band. In other way,
the M -phonon could scatter the electron from K (i) to the KX (K) valley. In this
case, k.-momentum is not strictly satisfied, lowering the probabilities for this scattering
channel. For photoexcited holes at K (K)-valleys, the situation is slightly different.
By considering just momentum, they could be scattered to the A (A')-valley. However,
this valley-extrema is hundreds of meV lower in energy that the & (K)-valence band
maxima. Therefore, in our near-resonant excitation conditions, this event is unlikely to
take place. Most probably, M-point phonon modes scatter holes from K~ (K) to the K
(K') valley. Scattering events via M-point phonon modes have been proposed as being
responsible for valley depolarization in TMDs [69]. Nonetheless, no direct experimental
evidence was yet reported, while the sharp features we observed in Figure 4.3 provide

strong evidence for the scattering between exciton and M -point phonons.
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4.3.4 Exciton Formation Pathways in WS, Monolayer.

Following near resonant photoexcitation and subsequent phonon-scattering by I'-
or M-modes, electrons in monolayer WS, can reside at /-, K - and A-valleys, while
holes can locate mostly at /- and K -valleys. After scattering by zone-center (I'-point)
phonons, tightly bound A-excitons are formed at the I'-point (X}, Q& = I, see Figure
4.5(b)) from photoexcited electrons and holes at the same K- or K ' -valley. On the other
hand, owing to strong electrostatic interactions between electrons and holes in monolayer
TMDs, whose large reciprocal Bohr radius 75 ~ 0.8 nm™! is about one third of a typical
lattice wavevector k; ~ 3 nm~', the wavefunctions of electrons and holes located at
different valleys can spatially overlap to form excitons at A-point. For example, after
scattering by zone-edge (M -point) phonons, electrons at A-valleys bind with holes at
the momentum-nearest K -valley to form momentum-indirect excitons at the A-point
(XA, Q% = —A). Moreover, electrons at the K-valley could bind with holes at the

K'-valley to form momentum-indirect excitons at the & -point (XX @§ = K).

4.3.5 Light Emission from Momentum-Indirect Transitions in WS,.

Figure 4.5(c) shows a schematic structure of the lowest-energy exciton bands as a
function of the center-of-mass momentum Q x- The location of the excitonic valleys, the
dispersion of the parabolas and relative energies are reproduced from calculations for
excitons in TMD monolayers [50,51] and from our scattering features with phonons of
non-zero wavevector (see Figure 4.3). In W-based monolayers, for Q x = I'', two kinds of
exciton branches exist due to different spin configurations of electrons and holes. When
the electron and hole exhibit the same spin orientation, the resultant exciton transition
is spin-allowed (orange solid parabola). In contrast, the opposite spin orientation of the
constituent carriers gives rise to the spin-forbidden exciton band (grey dash parabola).
For Qy = K (K -valley), the spin configuration is opposite to the exciton at the ['-valley.
Specifically, the spin-forbidden band of X energetically lies above the spin-allowed
branch. The energy splitting between allowed and forbidden spin-states (AE! ;, so-
called (spin) bright-dark splitting) varies for different compounds, being ~50 meV as
recently reported for W-based monolayers. [7, 50, 70-72] The spin order of each band
is reversed in Mo-based monolayers. [7,24,70-73] For Q/)\( (A-valley), the calculated
lowest-energy exciton branch is spin-allowed. Interestingly, the momentum-indirect

exciton X* lies energetically below the momentum-direct X, which is due to the larger
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exciton effective mass at A-valley [50]. The energy separation between spin-allowed
excitons at I'- and A valleys (AEL =) in WS, monolayer has been calculated in the range
of 70 to 100 meV. [46,50] The formation of the excitons at A-valley is elucidated by the
observation of first-order intervalley scattering events assisted by M -point phonons in
our near-resonance experiments.

The spin-allowed X branch possesses a giant oscillator-strength that allows for a
transient decay (~ 1 ps) of excitons. At the same time, the excitons decay into spin-
or momentum-forbidden branches at lower energies of ~50 meV [7, 50, 70-72] and
~70 meV [50] respectively, from which the luminescence is nominally forbidden. The
complexity of the excitonic landscape determines the light emission properties of two-
dimensional W-based semiconductors. The lineshape of the PL spectrum in Figure 4.6
has been fitted by using Voigt functions to model each of the different peaks, where
blue solid-lines refer to excitonic resonances, green solid-lines indicate scattering events
between excitons and phonons, while red solid-curve is the cumulative fitting of all
curves. The parameters obtained from the fitting to the PL spectrum are listed in Table
4.2. The PL spectrum exhibits several features whose origin is currently under intense
debate. An overall consensus exists on the high-energy structures, attributed to radiative
recombination of the neutral X (~2.09 eV) and its charged state trion T (~2.06 eV),
whose energy separation is AEXQ _7r ~30meV. However, the largest contribution to the
PL spectrum comes from the energy structures lying 50-100 meV below A-exciton (P -
P,), at which the light absorption is negligible. They have been attributed to biexciton
luminescence [37,38, 74] and to localized exciton states [75—77]. Similar PL structures
have been resolved in boron nitride encapsulated WS, (and WSe,) monolayers, while only
excitons and trions are present in MoS, (and MoSe,) monolayers [11,74] that strongly
suggests the contribution of intrinsic exciton-states emission into the energy features

below the A-exciton.
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Table 4.2: Fitting parameters of spectrum with 2.103eV excitation in Figure 4.

Peak Relative Energy to ZPL X}; (meV) Area (counts) FWFM (meV)
ZPL X 0 267 12

Trion -30.0 7058 22

Pl -53.7 7441 17

P2 -64.5 12138 16

P3 -79.7 5236 19

P4 -105.3 706 11

ZAM) 2 120 0.3
EQIQ(M) - LA(M) -29 13 0.3
2ZAM) -16.4 13 0.3

B3, (T) 244 29 0.4

Ayg(1) 31.9 156 1.2
— | ho,.=2.103ev » T=20K ;
:.é \
S5 F P, |
© |
8 |
> ZPLxr \
g i -106 -80-65-54 -30 0 AE (meV) \ 1
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Figure 4.6: Multicomponent fitting of the low-temperature (7' = 20 K) PL spectrum

in WS, monolayer after near-resonant excitation. The PL energy is plotted relative to
ZPL X The raw PL spectrum is shown by the black solid-line, while the red-solid line
is the global fitting by using multiple peaks with Voigt lineshapes, indicating for exciton-

like (blue solid-lines) and exciton-phonon (green solid-line) scattering processes. The

inset shows the relative energy of excitonic-like peaks with respect to the ZPL X. As

obtained from the fitting, the height of the color bars indicates the relative contribution

of each line to the total PL spectrum.

Our PLE experimental results, otherwise, provide evidence for the indirect nature of
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the optical transition from P, to ;. Atlow temperatures, most of the exciton population
resides at the lowest-energy and momentum-indirect exciton at the A-point. This is
confirmed by the observation of 1) first-order scattering events with non-zero wavevector
phonons and of ii) weak light emission from the zero-phonon-line X1 (ZPLXQ ) in
our near-resonant excitation experiments. For radiative recombination to take place
from the indirect-X*, the assistance of phonons, carrier doping or disorder scattering
might provide additional momentum to the optical transition. For phonon-assisted
recombination, different types and combinations of lattice vibrations might contribute
[78], leading to various phonon-assisted features. As a result, several lines are expected
at energies AEL~* ~70 meV below the ZPLxr. A peak at energy ~ AEIA — nApy
below the ZPLyr, where nA, is the energy of the n-phonon mode (n= 1, 2,...) assisting
the optical transition.

For light emission arising from the indirect-X*, the constituent electrons of these
indirect excitons located at the A-points (see Fig. 4.5(a)) need to be scattered into the
light cone at K- or K -valleys. There could be two possible scenarios. Firstly, with the
assistance of zone-edge phonons, electrons at A-valleys can be scattered to K -valleys
and then recombine with K -valley holes. Due to strong exciton-(zone-edge)-phonon
coupling, it might give rise to several phonon replicas. Interestingly, the energy AE; =
Ep, - Ep, and AE, = Ep, - Ep, is ~26 meV (1LA(M) ~26 meV) as can be observed in
Figure 4.6, suggesting evidences for the phonon-assisted processes. Secondly, it is also
possible that electrons at A-valleys are scattered to the nearest K -valley to recombine
with resident K -valley holes via other type of phonons with non-zero momentum,
which could lead to a different emission energy. A way to distinguish between the two
recombination pathways would be by investigating the polarization response of the PL
spectrum under near-resonant excitation and/or by external magnetic fields.

Interestingly, as reported in previous studies, different substrates could strongly alter
the PL spectrum of TMDs monolayers [79-83] and, especially, are important for phonon
behaviours of two-dimensional materials [80, 82—87]. Depending on the symmetry of
the phonon mode, the substrate could modify both the vibrational energy and/or the
electron-phonon coupling strength. It has been reported that the doping levels of the
TMD monolayers could vary for different substrates, and such a change on the carrier
concentration can influence the atomic motion, leading to slight variations in the phonon
energy [80-84]. As a result, different carrier doping and/or substrates might lead to

energy shifts of the PL resonances related to the phonon-assisted indirect-exciton X*
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and a change of the energy separation among their phonon replicas. Another scenario is
the modification of the phonon amplitudes by the damping induced by the mismatch in
the acoustic impedance between the monolayer and the substrate. It will be particularly
relevant for out-of-plane modes. Theoretical and experimental studies have reported
the increase in the acoustic phonon relaxation times and charge mobility by ten times
for suspended graphene, as compared to graphene on top of silicon dioxide [85-87].
Therefore, we expect different substrates to have dissimilar interfacial interaction, leading
to distinct phonon-phonon and electron-phonon coupling strengths. Consequently, the
change in the phonon and carrier dynamics might alter the spectral weights of the
phonon-assisted resonances.

On the other hand, electrostatic doping might lead to the formation of a negatively
charged state of the indirect A-exciton or intervalley A-trion (T'*). In a simple scenario,
the additional charge would locate at either K or K, depending on the spin-valley
configuration (K or K ") of the hole to which the A electron is bounded. The additional
electron will lead to intervalley Coulomb scattering between carriers providing additional
momentum and turn the optical transition brighter. The associated peak will appear at the
energy of ~ AEI~A — A below the ZPLyr, . The binding energy Ara of the intervalley
A-trion will be smaller than that of T}, as the the k-overlap between T*-carriers might
be smaller.

Therefore, besides the features below ZPLXQ that have been attributed to lumines-
cence from biexciton and localized states, we argue that a multitude of available radiative
recombination pathways of the lowest-energy and indirect-exciton X, might contribute
to the low-energy peaks (P, to P,) in the photoluminescence spectrum of WS, mono-
layer. We highlight that multiple phonon-scattering processes could contribute into
lines with similar energies, leading to super-linear power-dependence that is often ob-
served in literature [38,74]. Biexciton emission with a nonquadratic power-dependence
(Ipy, = P, a ~1.4) in WS, monolayers at energies of ~50 meV below ZPLXQ , which
largely deviates from theoretical predictions [88], might be reconsidered.

A superlinear emission with excitation power could also be attributed to the increase
of the PL quantum efficiency with the increase of excitation power. It is due to the
coexistence of nonradiative decay pathways and a nonlinear increase of the radiative re-
combination efficiency. The nonlinearity could result from the increase of the relaxation
rates or from the saturation of the nonradiative channels [89]. Within the drawn picture, it

is very likely that the nonlinearity appears due to the saturation of the nonradiative recom-
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bination channel of the indirect-exciton X*. We believe that future power-dependent
time-resolved PL experiments could distinguish the origin of the nonlinearity in the

power law of the low-energy structures (FP;-Fy).

4.4 PLE With Near-Resonant Excitation of B Excitons.

Besides the excitation near A exciton, we also investigated the relaxation processes
of excitons after resonantly creating B excitons. Specifically, we have monitored the
spectral changes on the PL spectra as a function of the excitation photon energy, as
shown in Figure 4.7. All the PL spectra are taken with the same excitation power. It can
be found that the emission intensity of A exciton varies for different excitation energies.
The integrated intensities of A exciton emission are extracted and plotted in Figure 4.9
(blue squares). The excitation intensity profile follows the absorption-like spectrum
shown in Figure 4.1(a), showing a resonance at the energy of exciton B. The equivalent

profiles suggest the efficient exciton relaxation from B to A.
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Figure 4.7: Photoluminescence spectra with excitation near B-excitons. (a) Full
range PL spectra excited from 2.412 eV to 2.707 €V. (b) Zoon-in spectral range around

A exciton emission.

In addition, polarization-resolved PL spectra are taken for four excitation energies
as shown in Figure 4.8. Their associated degree of valley polarization (DVP), defined
as DVP = (I — IF) /(I + IF) after o laser excitation, are calculated and plotted in

Figure 4.9 (red circles).
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Figure 4.8: Polarization-resolved PL spectra in Monolayer WS, at 20 K. The red-
color denotes the co-polarized excitation and detection while the black-color denotes the

cross-polarized excitation and detection.
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Figure 4.9: Exciton relaxation and valley depolarization under near-resonant exci-
tation of B-excitons. (a) The extracted polarization degree and integrated PL intensity
of A as a function of excitation energy. (b) Schematic of excitons relaxation in WS,
monolayer. F denotes the valley degree of freedom. The generated excitons near B with
F = +1 could quickly relax its energy by intravalley scattering (the wavy arrow) to A
with F = +1; Relaxation can also happen by intervalley scattering (the dashed arrow) to
X 4 in the opposite valley with F = —1, leading to the so-called valley depolarization.

In TMDs, A- and B-exciton bands are described by valley-pseudospins o,,, whose
eigenvalues are o, & 1 indicating that electron-hole pairs are photoexcited at K= valleys,
or alternatively, by a net angular momentum F, = o,. Therefore, c* (07) polarized
light selectively couples to valley A- and B-excitons Fx+ (Fk-), as schematically shown
in Figure 4.9(b). Interestingly, in Figure 4.9(a) we observe that the photogenerated

DVP is negligible under resonant excitation with B-excitons and it only increases with
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employing lower laser energies. The lack of valley polarization during the fast cooling
of B- to A-excitons strongly suggests that intra-valley and inter-valley relaxation are
equally probable, causing the valley-pseudospin depolarization of the PL emission.
Intra-valley (inter-valley) processes involve the decay of holes from valence band
B to A, while holes flip (preserve) spin and preserve (flip) valley-pseudospin during
relaxation. Therefore, several phonons modes are involved in the process. For intra-
valley relaxation, zone-center (i.e., I'-points) modes leading to a hole spin flip are
more likely to be involved, while for inter-valley relaxation, zone-edge (i.e., M-point)
modes whose symmetry preserves the hole spin will dominate. As the PL emission is
depolarized, hole scattering by zone-edge and zone-center phonons might be comparably
efficient during the hot exciton relaxation. Therefore, the scattering of hot excitons with
zone-edge phonons should be considered as a valley depolarization channel in addition

to electron-hole exchange interaction [78].

4.5 Conclusion

In summary, by using near-resonant excitation experiments, we prove exciton-phonon
scattering events with non-zero wavevector that provide strong evidence for the momentum-
indirect nature of the optical bandgap in WS, monolayer. The scattering between carriers
and zone-edge phonons creates excitons at different valleys, among which, the lowest-
energy band is momentum-indirect. Our findings advance the understanding on the
inherent bandgap nature of TMD monolayers and highlight that more efforts are required
for a complete understanding of the complex photoluminescence spectrum reported
on W-based compounds. In addition to biexciton and localized states, the low-energy
emission features observed at low temperature could arise from momentum-indirect tran-
sitions. Moreover, further experiments are conducted on high-quality hBN-encapsulated
TMD monolayers, as will be discussed in chapter 5. Such samples benefit the clear
identification of the different PL resonances. Furthermore, by fabricating a back-gate
FET device, the charge density could be tuned to clearly distinguish between charge-
and phonon-assisted recombination pathways for momentum-indirect excitons. Finally,
one could use magneto-optical spectroscopy to obtain g-factors that might vary across
different valley excitons. These further experiments will shed light on the origin of the
low-energy features observed in the low-temperature PL spectrum in W-based monolayer

semiconductors.
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Chapter 5

Observation of a Transition from Charged Indirect-
Valley Excitons to Exciton-Plasmon Quasiparti-
cles across the Fermi Edge Singularity in WS,

Monolayer

Atomically-thin transition metal dichalcogenides (TMDs) feature strongly bound
excitons and charged-states due to the strong quantum- and dielectric- confinement
effects [6, 8, 25,31-35]. Combined with their unique spin-valley locking properties
[5,21,40], they have emerged as ideal platforms to study many-body physics and to
explore potential applications in optoelectronic devices, quantum information processing
and so on. Recently, there are tremendous studies on the low-temperature PL spectra of
W-based monolayers reporting the special excitonic complexes below the neutral exciton
emission such as spin-forbidden dark trion state (three particles) [90-92], biexcitons
(four particles) [93-97], and charged biexcitons (five particles) [93-97]. All of those
features appear at a low doping regime while disappear at elevated electron densities.
However, with the Fermi level lifted into the conduction band in W-based monolayers, the
spectral features change dramatically, while the understanding of the interaction between
photoexcited electron-hole pairs and Fermi electrons remains mysterious yet. Moreover,
as we proposed in Chapter 4, the low-energy features below the bright exciton in WS,
monolayer could result from the momentum-indirect state, with the assistance of either
charges or phonons. To confirm such assumptions, better samples with higher optical
properties and tunable charge density are needed to perform further experiment.

In this Chapter, I will show the hBN-encapsulated WS, monolayer heterostructure
with much narrower emission linewidth, which allows us to clearly identify new trion fine
structures that are attributed to the charged momentum-indirect A-valley excitons. By
fabricating the sample into a FET device, the Fermi level of the WS, monolayer can be

efficiently tuned, during which both the reflectance and PL spectra change dramatically.
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More interestingly, at high gate voltages (above 60 V), a feature called Fermi edge
singularity is observed in the reflectance and PL spectra, which is ascribed to the exciton-
plasmon quasiparticles. The change from the charged indirect A-valley excitons to
the exciton-plasmon quasiparticles across the Fermi edge singularity could indicate a
transition from fermion-like particles to boson-like particles. We demonstrate that the
transition happens as a result of combined effect of short range and long range Coulomb
potential induced by the Fermi electron gas. Our study provides essential insights into
the different interaction mechanisms between the photoexcited electron-hole pairs and
the two dimensional Fermi gas. These findings are crucial to understand the complicated

PL spectra and many-body physics in TMDs monolayers.

5.1 Sample Characterization of hBN-encapsulated WS,
Monolayer

The hBN-encapsulated WS, monolayer sample shows much different PL spectrum
with the bare monolayer on the SiO,/Si substrate, as shown in Figure 5.1. The differences
feature three aspects. First of all, the energy of the neutral exciton X 4 has red-shifted
~30 meV from 2.079 eV of the bare WS, monolayer on the SiO,/Si substrate to 2.064
eV of the encapsulated one, which is confirmed by both the reflectance spectra and PL

spectra.
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Figure 5.1: The comparison of low-temperature optical spectra for WS, on SiO,/Si
substrate and hBN-encapsulated WS, monolayer. (a) Reflectance spectrum and PL
spectrum for WS, on Si0O,/Si substrate. (b) Reflectance spectrum and PL spectrum for
the hBN-encapsulated WS, heterostructure. The PL spectra are taken with a 532 nm
laser excitation at 15 K. The peak position and FWHM of neutral A exciton emission are
given in the plot.

The energy shift is caused by the change of dielectric constants at both sides of the
monolayer, leading to different dielectric screening effect. The Rydberg exciton states
and the exciton binding can be calculated via the Keldysh model [98,99] in the form of

the 2D effective-mass Hamiltonian:
H = 1V} /2 + Ve (r), (5.1)

where 1 is the reduced exciton mass with = (m_-* +m;')~! and V,,(r) is the 2D

nonlocally-screened Coulomb potential [99]. V., (r) is given by:

2

Vin(r) = —— [HO(L)—YE)(L)}a (5.2)

8egkTy 0 70
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where Hj and Y| are the Struve function and the Bessel function, respectively. The rg
denotes the screening length and « the average dielectric constant of the top and bottom
layer given by £ = (€0p + €pot)/2. The K is ~2.5 for the WS, on the SiO,/Si substrate
while ~3.9 for the encapsulated sample. Equation 5.2 indicates that the larger ~ leads to
a reduced exciton binding energy. In addition, the A exciton shows a 30 meV red shift
when x changes from 2.5 to 3.9, indicating a shrinkage of the renormalized quasiparticle
bandgap, as shown in Figure 5.2. To conclude, the increased dielectric constant leads
to an enhanced dielectric screening effect, which is accompanied by a shrinkage of the

exciton binding energy and quasiparticle bandgap.
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Figure 5.2: Dielectric environment induced electronic structure change. Schematic
illustration of a change on the exciton binding energy and continuum band gap for (a)
the WS, on Si0,/Si substrate and (b) hBN/WS,/hBN sample. The increased dielectric
constant leads to an enhanced dielectric screening effect, which is accompanied by the

shrinkage of exciton binding energy and quasiparticle bandgap.

Secondly, the hBN/WS,/hBN sample has a much narrower linewidth with a full width
half maximum (FWHM) of 5 meV compared to the WS,/Si0,/Si sample (FWHM = 22
meV). The atomically flat hBN layer can smooth the potential variation at the interface,
which greatly reduces the inhomogeneous broadening. The encapsulated sample shows
much higher optical quality that enables us to resolve more detailed excitonic structures
in the PL spectrum.

Thirdly, the spectral weight of the neutral exciton X 4 emission for the hBN/WS,/hBN
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sample dominates the whole spectrum while it shows a weak emission for the WS, on
SiO,/Si substrate compared to the lower-energy charged exciton complexes. While
almost all of the exfoliated WS, monolayer by previous studies are intrinsic n-type
semiconductors, our result suggests that the doping level in the hBN/WS,/hBN sample
can be greatly reduced. Therefore, it gives rise to the PL spectrum that approaches the
one of intrinsically charge-free WS, monolayers. One of the reasons is that the hBN layer
can act like a charge absorber to the electrons generated from localized states (or dopants)
at the interface upon light excitation, and thus reducing the doping level. On the other
hand, it is reported that, at a small exciton density, the hBN/WS,/hBN sample exhibits
an exciton-exciton annihilation (EEA) rate (6.3% 1.7) x 1073 cm?s~!, being 2 orders of
magnitude smaller than that of hBN/WS,/SiO, sample due to the nonradiative exciton-
exciton-annihilation-mediated recombination (see Figure 5.3) [15]. It gives us hints that
different dielectric environments could change the relaxation and decay pathways of the

exciton species, leading to dissimilar PL spectra, as we observed in Figure 5.1.
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Figure 5.3: Time resolved exciton PL decay curves for (a) hBN/WS,/hBN and (b)
hBN/WS,/Si0, at different exciton densities. The dashed curves show the instrumental
response function (IRF). (c) Average decay times as a function of photo-excited exciton
densities for hBN/WS,/hBN (filled circles) and hBN/WS,/Si0, (open circles). [15]

5.2 Spectral Analysis and Power Dependent Photolumi-
nescence Spectra

Overall, by fabricating the hBN-encapsulated heterostructure, we have successfully
reduced the inhomogeneous broadening of the linewidth and the doping level of WS,
monolayer. Next, we performed further optical characterization on this sample to inves-
tigate the lower-energy excitonic complexes.

To resolve the different components in the complicated PL spectrum, it is fitted with
multiple Gaussian functions, as shown in Figure 5.4(a). With the best fitting results,
nine components are resolved in total, which corresponds to different excitonic features.

Their peak positions are extracted in Table 5.1. The peak with the highest energy at
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~2.063 eV is identified as the neutral exciton state X 4 from the K/K transition in the
Brillouin zone, whose energy matches its absorption resonance in Figure 5.1. The peaks
at ~2.033 eV and 2.027 eV are identified as the intervalley trion state (the so-called
triplet state 7'~) and intravalley trion state (singlet state S™) states with the trion binding
energies of ~ 30 meV and 36 meV, respectively, as reported in previous studies for
W-based monolayers [90,93-97,100-103]. The energy splitting between the triplet and
singlet state Ag_7 is ~6 meV, arising from the exchange interaction J between the excess
electron and the electron-hole pair that have the spin configuration (see the inset in Figure

5.4(a)).
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Figure 5.4: Power-dependent photoluminescence spectra. (a) Multi-peak fittings of
the PL spectrum with Gaussian functions, in which nine peaks are resolved with different
colors. The inset shows the valley configuration of the singlet and triplet trion states, in
which the blue and red color denote the spin-up and spin-down band edges, respectively.
The yellow arrows represent the exchange interaction § between the electrons and the
hole with the same spin. (b) Power-dependent photoluminescence spectra taken with a

532 nm laser. (c¢) Power law of the different components.
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Table 5.1: Energy positions of different components

Peaks XA P1 T S~ PQ P3 P4 P5 P6
Peak energy (V) 2.063 2.043 2.033 2.027 2.018 2.011 2.001 1991 1.971

To further confirm the origins of other components, power-dependent PL spectra are
taken with the 532 nm excitation, as shown in Figure 5.4(b). The spectra are fitted by the
same amount of peaks as Figure 5.4(a) shows. Figure 5.4(c) gives the power law plot of
the integrated intensities for several peaks. For neutral exciton X 4, the intensity shows a
linear dependence with the excitation power. The triplet 7~ and singlet state S~ exhibit
a power law of 1.20 and 1.32, respectively. Interestingly, the peaks Py, P, P; also have
a superlinear dependence with the power of 1.47, 1.18 and 1.12, while the P, P5 and Fg
have a sublinear dependence. P; with a strong superlinear power-dependent behaviour
has been observed by previous studies that is attributed to the biexciton emission with
a binding energy of ~ 20 meV [93-96, 104]. P, can be attributed to the localized
state due to its saturation at high power excitation. The energy differences of A(P2Ps)
and A(PsP;s) are equally 20 meV, which could be attributed to the phonon replicas as
described in Chapter 4. While P; and P both disappear at higher doping density, we

shall focus on the behaviours of P, and P; in this work.

5.3 Gate Tunable Reflectance Spectra

In order to identify the nature of being charged states for the unknown peaks, we
fabricated a back-gate heterostructure FET device to tune the charge density in WS,
monolayer, as shown in Figure 5.5(a). Figure 5.5(b) gives the gate sweep curves across
-60 V to 60 V. It shows a n-type conducting regime when it exceeds a threshold V;;,
around 40 V. To estimate the maximum of the gate voltage induced carrier density nsp,
a parallel-plate capacitor model nyp = C(V, — V};,) is used where C is the back-gate
capacitance of C' = 1.2 x 1078 F ¢m~2 [25]. The maximum of the carrier density at 60

V is estimated as 7,4, = 1.5 X 10" ecm™2.
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Figure 5.5: Gate sweep of the hBN/WS,/hBN FET device. (a) The schematic illus-
tration of the hBN/WS,/hBN heterostructure FET device. (b) The source-drain current
plot as a function of gate voltage. The threshold voltage V;;, for the conducting regime is
estimated to be 40 V.

Next we investigate the gate dependent reflectance spectra. Figure 5.6(a) shows
the reflectance spectra mapping of our WS, heterostructure device with a white light
excitation. The selected spectra at several voltages are presented in Figure 5.6(b).
For V;, below ~10 V, a dominant feature identified as neutral exciton X, is clearly
resolved. When the V, exceeds ~10 V, the feature X 4 shows a clear blueshift and a
vanishing amplitude until it disappears at ~40 V. Such phenomenon could be explained
through three mechanisms: elastic Coulomb scattering, Pauli blocking and screening
of the Coulomb interaction [105]. The elastic scattering of excitons with free charge
carriers reduces the exciton coherence lifetimes, thus leading to a broadened spectrum of
the exciton transition. Pauli blocking and the screening of the electric fields by the free
charges will induce a decrease of the exciton oscillator strength and binding energy [105].
Moreover, it is also pointed out that the screening of the repulsive interaction within
electrons induces a decrease of the quasiparticle self-energy, which gives rise to the
renormalization of the band gap to a lower energy [105]. The exciton transition, therefore,
blue-shifts as the result of the joint effect of band gap renormalization and reduced binding

energy [105].
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Figure 5.6: Gate-dependent reflectance spectra. (a) The reflectance spectra mapping
of the WS, heterostructure device as a function of gate voltage V;, at 15 K. The color
represents the reflectance intensity. (b) The selected reflectance spectra under specific
gate voltages. The dashed lines show the evolution of the absorption features (X 4 and
Trion) from a relatively neutral state to the broad, asymmetric Fermi edge singularity
(FES) due to the increasing electron doping. (c) The gate voltage induced Fermi energy
change E'r relative to the conduction band bottom (defined as £ = 0), which is estimated
from the energy splitting between neutral exciton X 4 and trion in the reflectance spectra.
The dashed line denotes the zero-density trion binding energy. The inset shows the
schematic illustration of the gate-induced electron doping effect in WS, monolayer,
where the blue curves denote the spin-up bands and the red one denotes the spin-down
band at K valley.

In the meantime, a lower-energy feature becomes observable and starts to dominate
the spectra with V;, > 10 V, which is attributed to the creation of negatively charged
excitons (trions) in the 2D system. When it reaches a higher density of two-dimensional
electron gas (n = 1.5 x 102 em™2 at V, = 60 V, estimated from the gate sweep), the
trion feature is replaced by a broad, highly asymmetric dip called Fermi edge singularity,
which is typically observed in quantum well structures that contains a two-dimensional
electron gas [105-108]. Such phenomenon arises from intense scattering processes
involving electrons near the Fermi level, which strongly alters the spectral shape [108].

The energy separation between the exciton X 4 and trion feature defines the trion
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binding energy AF(X 4 — T'), which represents the energy it takes to remove one of
its two electrons. It almost increases linearly with the gate voltage when V; is above
10 V(see Figure 5.6(c)), as was observed in previous reports [37, 105, 109]. Due to
the electron doping in the 2D system, the Fermi energy, that can be considered as the
kinetic energy of Fermi electrons, increases, leading to an increase of AE (X4 — T')
as well. The relationship between AE(X4 — T') and the Fermi energy is given by
AE(X4 —T) = Ey + aEr, where Ej is the trion binding energy at zero density for
free electrons, E is the Fermi energy relative to the bottom of the conduction band
(defined as Er = 0). A simple model can be used to estimate the gate-induced Fermi
energy [105].

After photon absorption, excitons (X 4) are resonantly created in the system, which
simultaneously binds a free electron in the system to form a trion. Later the trion will

radiatively decay, emitting a photon E7, and leaving a free electron with energy E*™"

‘photon

in the system. Energy conservation for the two processes requires:

EL on+ E¥" = Ex — By + E&" (5.3)

photon

where E™ is the kinetic energy of trion. On the other hand, momentum conservation
requires:

Zhoton + Qe = QXA + Qe = QT (54)

The momenta of emitted photon () and resonantly excited exciton () x, are almost

photon
zero, which gives (). = (7. Due to the almost equal effective masses of the electrons and
holes at band edges in TMDs monolayers, (). = ()7 leads to the relationship of kinetic
energies between the emitted photon and free electron by EX™ ~ 1/3E*™. Therefore,
the energy separation between exciton and trion AE(X 4 — T') is given by

2 )
AE(X,—T)=Ex, — E% ..., = Eyp + -E"", (5.5)

photon 3

where the kinetic energy E*" could be considered as the Fermi energy of the free
electrons, which is relative to the conduction band minimum. According to this model,
the binding energy of trions at zero free electron density is obtained as 40 meV and the
estimated change of Fermi energy is plotted as a function of gate voltage in Figure 5.6(c).
The increase of V, by 10 V gives rise to an increase of Fermi energy by ~23 meV at

V, > 20V.
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5.4 Gate Tunable Photoluminescence Spectra

In the following we further investigate the evolution of excitonic features in PL
spectra from the low doping regime to the Fermi edge singularity. Figure 5.7(a) shows
the PL mapping at 15 K as a function of gate voltage with a 532 nm laser excitation.
The PL spectra at several gate voltages are sorted out in Figure 5.7(b) for a comparison.
The integrated intensities of individual features are extracted from multi-peak fittings of
multiple spectra and plotted as a function of gate voltage in Figure 5.7(c).

In the mapping plot, several main features are clearly resolved. First of all, the neutral
exciton X 4 emission gradually vanishes until 1, exceeds 40 V, similar to what is observed
in the reflectance measurement (see Figure 5.6(a)). This observation indicated a reduced
oscillator strength of the exciton transition due to the Pauli blocking and screening of the
Coulomb interaction. Secondly, the peak X X identified as biexciton emission vanishes
quickly at V; = 10 V because its binding energy (~20 meV) is too small to overcome the
free charge screening. Thirdly, the emission from triplet 7~ and singlet S~ trion states
shows a non-monotonic evolution. Specifically, the emission intensity of 7'~ increases
for V;, <30 V and decreases for V; > 30 V, which reaches the highest intensity at ~30
V. While the singlet state S~ experiences the same change, it reaches maximum at ~30
V with 5 V delay, as shown in Figure 5.7(c). It is ascribed to the combined result of
increased trion population with higher electron doping and reduced oscillator strength
due to the Coulomb screening effect.

More interestingly, the intensities of % and P increase rapidly until they dominate at
higher doping regime. Previous studies have revealed the many-particle complexes within
the same energy range (~ 50 meV below X 4) under a low doping regime. For example,
several works have reported a five-particle structure called exciton-trion complexes in
the W-based monolayer while they disappear rapidly with increasing electron doping
[93-96, 104]. In addition, dark excitons or dark trions due to the spin-forbidden exciton
are reported to exist within the same energy range, but still in the low doping regime
[90,92-97,103, 104]. The only feature that extends to a higher doping regime is simply
attributed to the double-negatively charged trion (X ~7) [95,96]. However, we do not
believe such structure could still exist even after the trion states (7'~ and .S™) with larger
binding energy have dissociated in the high doping regime. Our PL mapping result is
very different from previous reports that it clearly shows P, and P increase continuously

with electrons injection, and finally become the Fermi edge singularity, which confirms
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their nature of being charged states. Moreover, they behave as trion fine structures split
by an energy of 7 meV, similar to the triplet 7'~ and singlet S~ trion states but from
different excitonic species. In our previous Chapter, we indicate that the lower-energy
momentum-indirect excitons could contribute to the lower-energy emission structure in
WS, monolayer. In addition, recent studies have both theoretically and experimentally
revealed the existence of momentum-indirect excitons at A valley [110-112]. Therefore,
we attribute the formation of P, and Pj to the charged momentum-indirect A valley
excitons. In the following, we shall discuss in detail the possible mechanism of how the

electron Fermi sea facilitates the formation of different charged valley excitons.
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Figure 5.7: Gate-dependent PL spectra. (a) PL spectra at 15 K as a function of gate
voltage, with a 532 nm laser excitation. The color represents the PL intensity. The
excitonic features are labeled according to the fitting results in Figure 5.4(a), among
which the P is identified as the biexciton emission. (b) Selected PL spectra at several
gate voltages. The dashed lines show the evolution of individual peaks. (c) The integrated
intensities of individual peaks as a function of gate voltage, extracted from the fitting
results. The vertical dashed lines mark out the voltages that correspond to the highest
intensity of 7'~ and S~ at ~30 V and ~35 V, respectively.

5.5 Formation of Charged Indirect-Valley Excitons As-
sisted by Fermi Electrons

In the Chapter 4, we have demonstrated the possible formation and relaxation path-
ways of momentum-direct excitons at ['-valley and momentum-indirect excitons at A-
valley, where the lowest-energy band is momentum-indirect A-band [111]. As a result,
most of the excitons should occupy the A-band. Moreover, we suggest that the A-valley
excitons could contribute to the emission of P, and P in the PL spectrum of WS, mono-

layer. However, due to its momentum-indirect nature, the oscillator strength of A-valley
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excitons is very small that limits their optical yield under a low-doping regime, which is
confirmed by the PL spectra in Figure 5.4(a). While the Fermi level of WS, monolayer
at elevated electron densities is lifted into the conduction band, the two-dimensional
electron gas, that could act as quasiparticles with a well-defined energy and wavevector,
will interact with excitons through Coulomb interactions [113, 114].

The previous work by Tuan et al. [114] explains the similar structure (in the energy
range of P, and P5 in our case) to the exciton-plasmon quasiparticle due to intervalley
(K-K") Coulomb excitations. However, it does not fully apply to the state-of-art studies
including our and other results. For example, the exciton-plasmon quasiparticle picture
could not explain the fine structure of P and P features. Secondly, the indirect excitons
that they associate to form the exciton-plasmon quasiparticle come from the opposite
K valleys [113,114], while recent experimental work in [112] directly visualized the
momentum-forbidden A-valley excitons in WSe, monolayer that dominates the exciton
population via a time, momentum and energy-resolved ARPES technique. Based on the
mentioned facts, we associate P, and P, to the charged A-valley trions and propose the
mechanism of charge-assisted recombination process.

Figure 5.8 shows the formation of charged momentum-direct /- and momentum-
indirect A-K excitons at elevated electron densities. The formation of charged exciton
states benefits from the Fermi electron gas in the conduction band that interact with both
direct- and indirect-excitons through Coulomb interactions.

The Coulomb potential of the Fermi electron gas could work as two parts through
electrons cross the Fermi edge, that is, the long-range part and the short-range part

[114,115]. The energy dispersion of the long-range part is given by

22 Fpk
Ey(k) =/ i(k; , (5.6)

where e is the unit charge, k the wavevector of the collective Fermi excitation, the Fermi

energy Er = mh*n/2m.e? and the static dielectric coefficient (k) [114].

The long-range Coulomb potential is almost independent of the electronic band
structure due to its much longer wavelength than the lattice constant, which only leads
to intravalley processes (with small momentum change). As a result, it leads to the
screening of the electron-hole attraction, the reduced exciton oscillator strength and the
renormalization of the band gap. Moreover, the intravalley Coulomb interaction could

prevent the formation of trion states due to the screening effects. When the system is
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under a weak long-range interaction, the excitons can bind with Fermi electrons to form
trions. As shown in Figure 5.8(b), the singlet state is formed with one of the Fermi
electrons binding to a direct exciton. While for the triplet state (see Figure 5.8(c)), the
intervalley electron-hole exchange interaction (denoted by o) between the direct excitons
at K valley and the Fermi electron in K valley with the same spin reduces its binding
energy by 7 meV, compared with the singlet state [100-102]. The enhancement for
the singlet and triplet intensity happens when Er is below ~34 meV (for V;, < 35V
in Figure 5.7), which is comparable to the spin-split conduction band with Agsg ~ 30
meV [16,17]. At the even higher Fermi energy, the binding energy of charged direct
exciton states could no longer hold the binding of the Fermi electrons, thus leading to
their dissociation.

On the other hand, the short range Coulomb potential work through electrons between

valleys [113,114], which is treated as shortwave plasmons with the energy dispersion of

3. Q
Ey(q) = Acp+ (1 + et gEF) (5.7)

where o = (Kpas) ™' ~ 0.1, and ¢, = h*(Koy — q)*/2m.. The Ky = 47/3a here denotes
the wave number that connects K/K' valleys (a ~ 3.3 A is the lattice constant) and
as, = h%eprp/e*m, is the effective Bohr radius. However, the situation for the K/K’
indirect excitons needs to be adjusted in our case. Figure 5.8(d) shows the configuration
of a A-valley exciton, that consists of a A-valley electron and a K-valley hole. Similarly,
two charged states of the A-valley excitons could be formed with the assistance of the
electrons dressed by the Fermi sea. Figure 5.8(e) gives the configuration for Ps, that
is the A-valley exciton bind with the Fermi electron in K valley with the opposite spin
(called A-singlet), as shown in Figure 5.8(b). In the photon emission process, the Fermi
electron provides the momentum mismatch required by Aq = ¢ — ¢ = A = 27/3a.
Therefore, the « and €, in Equation 5.7 need to be adjusted as & = (Aas)~! ~ 0.05
and ¢, = h*(A — q)?/2m., accordingly. Moreover, as shown in Figure 5.8(f), the Fermi
electron with the same spin as the indirect A-valley excitons (called A-triplet) could
experience the exchange interaction ¢ among themselves, which introduces an energy lift
compared with the configuration in Figure 5.8(e). The induced energy splitting between
A-singlet and A-triplet state is ~7 meV, which is comparable to ~6 meV between S~
and T~ for charged direct excitons (see Table 5.1). It is noted that, as stated in [114],

the intervalley Coulomb potential does not come from individual electrons in the Fermi
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sea, since the Fermi wavevector kr that can characterize the individual Fermi electrons
is more than 1 order of magnitude smaller than K|, even at n, ~ 10*® cm~2. Instead,
it arises from the collective excitation of the Fermi gas (called plasmon), which is an

independent degree of freedom in the electronic system.
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Figure 5.8: The formation of charged momentum-direct /-K (I'-) excitons and
momentum-indirect K -A (A-valley) excitons at elevated intensities. (a) The direct
K/K exciton. The first K denotes the valley that the hole resides in, while the latter
one denotes the valley that the electron resides in. The conduction band splitting
Acp ~30 meV [16,17]. (b) The singlet state of the charged direct exciton that interacts
with a Fermi electron in the spin-unlike conduction band at K valley. (c) The triplet
state of the charged direct exciton that interacts with a Fermi electron in the spin-like
conduction band at K valley. (d) The indirect A/K exciton, consisting of a A-valley
electron and a K -valley hole. The momentum mismatch between the electron and hole
is Aqg = g — qn = A = K/2. (e) The singlet state of the charged direct exciton that
interacts with a Fermi electron in the spin-unlike conduction band at K valley. (f) The
triplet state of the charged indirect exciton that interacts with a Fermi electron in the

spin-like conduction band at K valley.

5.6 Coulomb Screening Effect of A Two-dimensional Elec-
tron Gas

At higher gate voltage (V, = 60V'), a single peak feature replaces all the charged

states as shown in Figure 5.9.
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Figure 5.9: PL spectrum of WS, at 60 V, showing a single emission feature at high

electron doping.

To demonstrate the evolution of the PL spectra with the change of doping density,
we shall discuss the Coulomb screening effect of a 2D electron gas. In a parabolic band

dispersion, the 2D statically screened Coulomb potential is given by V,(q,w = 0) =

2 . . . .
27‘;6 ﬁ, where ¢ is the screening wavevector. ¢, is the Tomas-screening wave number,
. - 29 o 6;7,2
given by ¢; = P where g, denotes the valley degeneracy and ap = = the electron

Bohr radius.

Here we discuss two doping regimes where the excitons could interact with the Fermi
sea differently. The difference reflects on the screening effect of the 2D Fermi sea on the
excitons, which strongly depends on the density of the 2D electron gas. The Coulomb
screening effect could be divided into intravalley (with small screening wavevector g 0)
and intervalley parts (with ¢ # 0) as shown in Figure 5.10. The screening potential V

scales with the inversed screening wavevector % at large ¢ value.

74



1/g,A Intrava_lley
screening
G
>’ 1724, Intervalle
2/5q ey
0
0 g, A

Wave vector g

Figure 5.10: Coulomb screening effect of a two-dimensional electron gas (a) In-
travalley and intervalley Coulomb screening potential at elevated electron intensities.
(b) Intervalley scattering of electrons between K and A valleys. The conduction band
edges at K and A are plotted in the hexagonal Brillouin zone while the valence band is
omitted. The black arrow denotes the intervalley screening wavevector, while the red

arrow denotes the intervalley radiative recombination process.

In the low-doping regime, the Fermi-polaron (or trion) picture is valid. The intravalley
screening effect is weak and the intervalley screening is negligible. In this case, the
attractive Coulomb interaction between the excitons and Fermi electrons could still exist,
so as to form the bound exciton-Fermi electron complex for both direct and indirect-
excitons, as a result of which we can observe the multiple charged states in Figure
5.7(a).

In the high-doping regime, the intravalley screening effect becomes stronger and
the intervalley screening is not negligible (see Figure 5.10(a)). The strong intravalley
screening potential will screen the attractive Coulomb interaction between the excitons
and Fermi electrons, breaking the binding of the exciton-Fermi electron complex (charged
states). At the same time, the emission from the excitons with small momentums are
quenched due to reduced oscillator strength and binding energy. The enhanced intervalley
screening potential facilitates the scattering of electrons between different valleys, which
drives the electrons at A-valley to move to K -valley and radiatively recombine with the
K -valley holes as shown in Figure 5.10(b). Due to the screened intravalley transition, this
intervalley transition gives the only visible emission feature in the PL spectrum at high
doping regime (see Figure 5.9). In this case, instead of discussing interaction between
excitons and Fermi sea, we shall just discuss the interactions among the electrons. The

collective excitation of the electrons could form plasmons at high doping regime. The
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dressing of the photo-excited electrons by the Fermi sea could be then described by
the plasmon picture. It needs to be pointed out that there are different terms used to
describe the interaction between excitons and Fermi sea, which basically discusses the

same physical phenomena.

5.7 Power Law of the Charged Indirect-Valley Excitons
and Exciton-Plasmon Quasi-particles

Up to now, I have demonstrated the formation and emission process of charged
indirect-valley excitons. The photoexcited electron-hole pairs could interact with Fermi
electrons, either individually or collectively, depending on the strength of long-range
Coulomb potential. For a weak long-range Coulomb potential regime (much below the
Fermi edge singularity), the indirect excitons tend to bind with individual electrons to
form charged states, during which various power laws of their emission observed in
W-based monolayers could be predicted by a simple model. For simplicity, we only
consider the direct bright excitons, momentum-indirect A-excitons and their charged
states, ignoring the spin-forbidden dark excitons and their possible charge states. Their
existence does not change the conclusion here.

We first define the notations as follows: the density of photoexcited electron-hole
pairs n is proportional to the excitation power by n = n, = n, = [P,,. where 3
denotes the absorption coefficient; The Fermi electrons density ny; The direct exciton
population nx,. and indirect exciton population nx,; The corresponding charged states
N and n X5 (we do not distinguish between the triplet and singlet state). Due to the

total hole density conservation, they must satisfy:
nx, —I—nXA—i—nX; +nXX =np=n (5.8)

The population of excitons and their charged states are governed by the Saha equation

[25]:

E
e _ AlkBTexp(—ﬁ) = Ny (5.9
nx,nNg ET2
= AskgT ——) = 5.10
- 2KkB €$P< k:BT> N A2 ( )
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. 4 M Me
where kp is the Boltzmann constant; Ay, Ay = -7 4= ~ 6.18 x 10" —— Epy
Xpo Xy

and 9 are the trion binding energy for X and X, respectively.
The exciton population of nx,. and nx, under the thermal equilibrium should obey

the Boltzmann distribution:

A1"A

Nxp/Nx, = exp(—kB—T) (5.11)

where Apj meV is the energy splitting between the bright exciton X1 and momentum-

indirect X excitons. Thus, the population of the X is:

- 7mﬂ1+€mﬁ—%%ﬂ+jmwmﬂ—g¥
Xn nr nal

) ~1
—i—l) N (5.12)

Due to the involving of the Fermi electrons in the formation and recombination
process of trions, the emission intensity of X, should also consider the change of Fermi
electrons with the power excitation. It is noted in our power dependent PL spectra that
the trion binding energy (take the triplet 7~ for example) increases with the increase of

excitation power, as shown in Figure 5.11.
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Figure 5.11: Excitation power induced Fermi energy change deduced from the
energy splitting between X 4 and 7'~. When the excitation power increases ten times,
the triplet binding energy increases ~1 meV, which corresponds to an increase of the

quasi-Fermi energy by ~1.5 meV .
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We find that when the excitation power increases ten times, the triplet binding energy
increases ~1 meV, which corresponds to an increase of the quasi-Fermi energy by ~1.5
meV (Er = 1.5log1g P...) according to Equation 5.5. Thus, we can expect a relationship

between the photo-induced doping density and excitation power by
np = 710910Pexc, (513)

where 7 is the coefficient of photoinduced electron doping density as the excitation power
increases that is set as a free parameter. In addition, we assume the initial doping in
our sample is nearly zero due to the very weak trion emission with low power excitation
in the PL spectra. Such photoinduced doping could arise from the excitation of defect
states at hBN/WS, that acts as donors to inject electrons into the WS, conduction band.

Therefore, the emission intensity of X, could be estimated from Equation 5.12 and

5.13 as:

nao(1l+ e:r;p(—kABF%)) nAzel’P(—kA;%

—1
)
I - - 1 P 5.14
Xa * nXA > ( ’YloglOPea:c i nal * ( )

To model the power dependence behaviour, the binding energy of X and X, are
assumed to be equal by 30 meV, from which we can estimate the Ar, to be 15 meV
according to energy difference between 7'~ and P». The modelling results are shown in

Figure 5.12
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Figure 5.12: Modelling X, intensity as a function of excitation power for different
7. The power law of « is found to vary from 1.09 to 1.25 as 7y changes from 10% cm™!
to 10° cm™!, indicating the important role of photoinduced doping in power dependent
behaviour.

From the model, the power law of « is found to vary from 1.09 to 1.25 as ~y changes
from 10% cm™! to 10° cm~! which indicates the important role of photoinduced doping
in power dependent behaviour. Such superlinear behaviour has been observed in our
result and also commonly reported in many studies [38,74].

While near the Fermi edge singularity, the emission has a linear power dependence
with a« = 1.04 as shown in Figure 5.13. It exhibits an exciton-like recombination
behaviour similar to the neutral direct exciton (X 4), while the emission of trions (or
charged exciton states) usually shows a superlinear power dependence. In this sense,
the change of the PL emission, from with a superlinear to a linear power dependence,
might indicate a transition from that the excitons binds with Fermi electrons (as trions)
to that excitons interact with the collective excitation of Fermi electrons as loosely bound

electron-hole pairs (exciton-plasmon).
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Figure 5.13: Power law of the Fermi edge singularity at , = 60 V. (a) The PL
spectrum of the Fermi edge singularity. (b) The power law of Fermi edge singularity is

fitted as 1.04, which reveals a linear exciton-like behaviour.

5.8 Conclusion

By fabricating a high-quality WS, monolayer device with ultra-narrow emission
linewidth, we revolve fine structures of different charged exciton states, among which
P, and Pj are attributed to the charged indirect A-valley excitons. In addition, via
electrostatic doping, we observe the evolution of PL spectra from a relatively neutral
state to the Fermi edge singularity, where the existence of photoexcited electron-hole
pairs changes from as charged states to exciton-plasmon quasiparticles. In a low-doping
regime, the long range Coulomb potential from the Fermi gas is too weak to screen the
Coulomb attraction among charged particles so that the charged states can exist. While
above the Fermi edge singularity with a highly-dense Fermi gas, the strong long range
Coulomb potential will screen the attraction of charge states and direct excitons, while
the photoexcited electron-hole pairs interacts with the Fermi sea through intervalley
short-range Coulomb potential. The Fermi edge singularity may indicate a transition
from the fermion-like particles to boson-like particles, where it will be very interesting
to study the interaction between photoexcited electron-hole pairs and highly-dense Fermi

gas in the TMDs monolayers.
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Chapter 6

Valley Zeeman Effect of Excitonic States in TMDs

Monolayers

In group-VIB transition metal dichalcogenides (TMDs) monolayers, there are two
inequivalent but energy-degenerate band edges in the K and K valleys at the adjacent
corners of the hexagonal Brillouin zone due to the broken inversion symmetry and time-
reversal symmetry [S]. The valley index could be as a pseudospin, like the real spin, which
gives rise to the valley-dependent optical selection rule [22, 116, 117] and valley Hall
effect [118]. Asaresult, the valley pseudospin of TMDs monolayers enables the magnetic
manipulation of their electronic band structures via the valley magnetic moment, leading
to a valley Zeeman effect[119-121]. In this Chapter, by performing polarization-resolved
magneto-photoluminescence measurements on the hBN-encapsulated WS, and MoS,
monolayer, we reveal the observation of the valley Zeeman splitting and magnetic tuning
of polarization for different charged valley excitons. The different magnetic response
(valley Zeeman energy splitting) between WS, and MoS, monolayer arises from their
distinct band configurations and valley magnetic moments of the electrons and holes
that form the excitonic states. Therefore, by looking into the magnetic response of the
excitonic states, we are able to access the information of their valley and spin properties.
Our findings will advance the understanding of optical and electronic properties of TMDs

monolayers in the magnetic field.
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6.1 Magnetic-field-dependent and Polarization-resolved
PL Spectra in WS, Monolayer

Figure 6.1 shows the PL spectrum with a2 mW 532 nm excitation at 5 K, from which
we can resolve three peaks. The triplet (7'~) and singlet (S7) trion are resolved at 2.029
eV and 2.023 eV. The singlet-like charged indirect A-valley exciton (labeled by S, ) is
resolved at 2.006 eV. Due to the high power excitation, the doping density is increased
in the monolayer, leading to the enhancement of emission intensity from S, while its

triplet-like counterpart could not be resolved.

T=5K

PL Intensity (arb. u.)
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Figure 6.1: Photoluminescence spectrum of WS, monolayer with high excitation
power. To enhance the intensity of charged indirect-A-valley exciton, a high power (2
mW) 532 nm excitation was used to excite the sample. The spectrum is best fitted with
three Voigt functions. The energies of the triplet (77~) and the singlet (S™) trion are
resolved at 2.029 eV and 2.023 eV. The singlet-like charged indirect A-valley exciton
(S}) is resolved at 2.006 eV, while its triplet-like counterpart could not be resolved with

such high excitation.

By performing the polarization-resolved photoluminescence measurements with the
high power excitation in a magnetic field perpendicular to the 2D plane of WS, monolayer,
we investigated the valley Zeeman splitting and valley polarization for charged direct and
indirect excitons.

Figure 6.2(a) shows the polarization-resolved PL spectra at selected magnetic field
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strength. The spectra are taken with a o~ excitation and detected with ¢~ and o™,
respectively. The spectra are best fitted with Voigt functions and the energy positions of
T—, 5™ and S, components are indicated by the arrows. With the increase of magnetic
field B, the o~ and ot components are split, with ¢~ shifting to higher energy and o
shifting to lower energy relative to the zero field. Figure 6.2(b) shows the peak energies
for T, S~ and S components as a function of magnetic field. The energy splitting
for three components are extracted in Figure 6.2(c). The energy splitting could be fitted

with a linear relationship given by

AE = Eg+ — Ep- = gshpB, (6.1

where g ~ 58 peV/T is the Bohr magneton and gg is the spectroscopic g-factor of the
emitting state [74]. From the fitting with the above equation, we obtain the g-factors as
gs(T7)=-37+0.2, gs(S7) =-3.8+0.1, gs(Sy) =-3.6 £ 0.1. In the following we

shall discuss the different components that contribute to the gg-factors.
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Figure 6.2: Valley Zeeman splitting and magnetic tuning of valley polarization for
charged direct and indirect exciton states in WS, monolayer. Polarization-resolved
PL spectra at selected magnetic field for o~ detection and o detection. (b) Extracted
peak energies for 7~, S~ and S, components as a function of magnetic field. (c)
Extracted energy splitting as a function of the magnetic field. The spectroscopic gg
factors are extracted from the linear fitting. (d) Valley polarization for S~ and S} as a
function of the magnetic field.
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6.2 Valley Zeeman Splitting of Charged Valley Excitons

The magnetic moment of TMDs monolayers could be divided into two parts: (1)
the bare magnetic moment (gupS) that is linked to the real electron spin S; (ii) the
orbital magnetic moment [119, 120]. Furthermore, the orbital magnetic moment is
composed of the valley magnetic moment from the lattice structure and the atomic
orbital magnetic moment [119, 120]. The valley magnetic moment comes from the two
inequivalent but energy-degenerate K and K valleys, which have orbital contributions
to the magnetic moment with equal magnitude but opposite direction due to the time-
reversal symmetry [5, 119, 120].

A trion in TMDs monolayers is considered as a valley exciton plus an excess electron
in the conduction band. Therefore, the magnetic moment of a trion will inherit the
excitonic magnetic moment plus the contribution from the excess electron. Figure 6.3(a)
shows the schematic diagram of valley Zeeman effect for a singlet S~ trion, from which
we can explain the magnetic-field induced energy splitting of the S~ and 7"~ observed
in Figure 6.2 and gain information about the orbital moments in different valleys. The
dashed and solid lines represent the conduction and valence band edges without and
with positive magnetic field B, with the blue and red denoting the spin up and down,
respectively. To facilitate the clarification, we shall first discuss the magnetic moment of
valley excitons and then the part from the excess electron in the lower-energy conduction
band for WS, monolayer.

Since the interband transition conserves electron spins, the Zeeman shift of the band
edges in the K and K valley from the real spin (A, = 25,3 B denoted by black arrows)
does not contribute to the energy splitting. Instead, the energy splitting arises from the
combination of the magnetic moment from atomic d-orbitals in the band edges [122] and
the valley magnetic moment. For the atomic orbital magnetic moment, the valence band
edges mainly consist of d-orbital with m= 2 for K valley and -2 for K valley, while the
conduction band edges are mainly d-orbitals with m= 0 [119,122]. Therefore, it leads to
zero shift for the conduction band but a shift of A, = 275 B for the valence band edge
where 7 = +1 is the valley index for the K/K~ valley.

The valley magnetic moment induced Zeeman shift is A, = m, B (denoted by green
arrows) with m, = L, ;;7jup, where L, ;, is the j-valley (j = K, A) g-factor for band
1 (1 = c,v). The valley magnetic moments for electrons and holes are different due to

their different effective masses [119,120,122], thus leading to a valley Zeeman shift in /'
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valley by TAL, gupB, where AL, k = L, x.— L, k.. Therefore, the valley-dependent
linear shift of an exciton is given by —7A(B)/2, where A(B) = 2(2 — AL, )upB is
the valley Zeeman splitting [119]. Then we consider the trion magnetic moment which
includes a contribution from the excess electron. For a S~ trion as shown in Figure
6.3(a), the excess electron is located in the lower-energy conduction band that has the
same valley index but opposite spin with the exciton part. It contributes an additional
energy splitting in the magnetic field due to the orbit-valley coupling, with ¢ 1z B /2,
where ¢’ = 2(L. k. — 1). Since the excess electron has opposite spin and valley index
for the S~ and 7, their energy splitting, therefore, have opposite sign for ¢', which is

given as,

For S~ state : |[AE| = A(B) + ¢ ugB

= [2(2 - (LZ,K,C - Lz,K,U)) + Q‘LZ,K,C - 1”MBB

(6.2)

For T~ state : |AE| = A(B) — |¢ |usB

= [2(2 - (LZ,K,C - Lz,K,v)) - 2’LZ,K,C - 1‘]ILLBB

(6.3)

The spectroscopic g-factor obtained in Figure 6.2(c), we get |gs| = 3.7 + 0.2 for
T- and |gs| = 3.8 £ 0.1 for S~. According to the two equations above, the K -valley
g-factors for the conduction and valence band edges can be obtained with |L, x| = 1.0
+0.1and |L, .| =0.9 £ 0.1,

Similarly, the indirect-valley trion S, experiences the valley Zeeman splitting but
with the electron in the A band as shown in Figure 6.3(b). Since the conduction band
edge at A is also mainly composed of d-orbitals with m = 0, its atomic magnetic moment
is still zero [122], while only the A-valley g-factor for the conduction band should be

replaced by L 4 ., thus giving rise to an energy splitting for S, state by:

|AE| = A(B) + |g |usB

- [2(2 - (Lz,A,c - Lz,K,v)) + 2|L2,K,C - 1|]:U’BB

(6.4)

The |gg| for Sy is 3.6 £ 0.1, from which we can estimate A-valley ¢ factor for the
conduction band |L, A .| = 1.1 £ 0.3. In summary, the valley g-factors of the band edges

in different valleys are given in Table 6.1.
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Table 6.1: Valley g-factors of the band edges in different valleys for WS, monolayer

Valley g-factors L, Kk, L, kv L, A,c
1.0 £ 0.1 09 £ 0.1 1.1 £03
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Figure 6.3: Valley Zeeman splitting for (a) charged direct excitons S—, and for
(b) charged indirect excitons S, . The energy level diagrams show the different con-
tributions to the valley Zeeman shifts (black arrows for spin magnetic moment, green
for K valley magnetic moment, orange for A valley magnetic moment). Moreover, the
magnetic moment of the valence band edges has a contribution from the atomic orbital
with m = 2 (purple arrows), which has opposite sign in the K and K~ valleys.
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6.3 Magnetic Tuning of Valley Polarization for Charged
Excitons in WS, Monolayer

In addition to the spectral splitting due to the increased magnetic field, an enhance-
ment of valley polarization for S~ and .S, is also observed in Figure 6.2(d). A simple
model could be used to explain this behaviour. Figure 6.4 shows the energy level diagram

for a S~ state.

/ O in / O in
AE, Y,
Y2 Vs
AE2 T2
O out /
o out ;
K K’

Figure 6.4: Magnetic tuning of valley polarization for charged excitons. The energy
level diagrams show the band shifts of a singlet S~ trion due to the valley Zeeman
effect. The solid (dashed) blue and red curves denote the band with (without) magnetic
field for S~ state in K and K valleys, respectively. The ; and . denote the valley-
conserving (the red wavy arrow) and valley-flipping relaxation rate (the blue wavy arrow),
respectively. The grey arrows denote the valley Zeeman shifts of the bands. AFE; and
AFE, represents the energy relaxation "path" for o~ and o emission.

For the photoexcited carriers created by o~ excitation, we define a valley-conserving
relaxation rate y; and a valley-flipping relaxation rate ». Due to the stronger 0~ emission
at zero-field, ~; is believed to be larger than +;. As the magnetic field increases, the
induced valley Zeeman shift (grey arrows) lifts the energy degeneracy for the K and K’
valley, with K -valley band lifting to higher energy (solid red curve) and K -valley band
down to lower energy (solid blue curve). The energy relaxation "path" AF;, = E...— FE,-

decreases while AF, = FE.,. — E,+ increases with the increase of the magnetic field.
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Therefore, o~ emission will become more efficient due to shorter relaxation path AF; as
the magnetic field increases, leading to an enhanced valley polarization. The explanation

could apply to the S} as well.

6.4 Magnetic Brightening of Dark Excitons in MoS, Mono-
layer

Apart from the WS, monolayer, we also investigate the hBN-encapsulated MoS,
monolayer as a comparison. Interestingly, the magnetic response of excitonic structures
in MoS, monolayer shows some difference compared to WS, monolayer.

Figure 6.5 shows the PL. mapping as a function of the magnetic field with the o~
excitation and o~ detection, from which the neutral exciton X 4 and trion feature can be
clearly observed. To resolve the detailed spectral components, the PL spectra at 0 T and
30 T are sorted out and best fitted with Voigt functions as shown in Figure 6.5(b). At 0
T, the spectrum shows three features: the neutral exciton X 4 at 1.940 eV (red peak), a
high-energy trion feature 7'~ at 1.920 eV (green peak) and a low-energy trion feature S~
at 1.907 eV (blue peak).

At cryogenic temperatures, electrons are relaxed in the conduction band minimum of
either the spin-down state in the K valley or the spin-up state in the & valley for MoS,
monolayer [123,124]. On the contrary with the WS, monolayer, the lower conduction
band edges of MoS, monolayer have the same spin with the valence band edges at
the K and K valley, giving rise to the lower-energy bright exciton X 4 [5,7,124]. The
negatively charged trions are characterized based on the spin of the two electrons, leading
to the intervalley singlet S~ and intravalley triplet trion 7"~ as shown in Figure 6.6 (a) and
(b), respectively. The different phase space of the two extra electrons leads to different
energies for two states. It is noted that the constituent electrons have identical valley and
spin index only for 7~ in MoX,. Therefore, the repulsive exchange interaction between
conduction band electrons is expected to be strongest for 7', which may also explain

the weak emission intensity of the 7'~ state in MoS, monolayer.
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Figure 6.5: Magnetic-field-dependent PL spectra of MoS, monolayer. (a) PL map-
ping of MoS, monolayer at 5 K as a function of the magnetic field. The spectra are
collected in a 0~/ o~ configuration. (b) The spectra at 0 T and 30 T are best fitted with
Voigt functions. Three features, namely neutral exciton X 4, higher-energy triplet trion
T~ and lower-energy singlet trion S, are resolved at 0 T while an additional feature X ?
appears at 30 T, which is attributed to the spin-forbidden dark exciton A.

When the magnetic field goes to 30 T, the X4 shows a clear blue-shift due to the
valley Zeeman effect while the trions show slightly different trends. Interestingly, a
new spectral feature arises at 1.949 eV when the field is above ~20 T, indicating a new
type of transition due to the strong magnetic field. Considering the band structure of
MoS, monolayer as shown in Figure 6.6(c), this transition is attributed to the higher-
energy spin-forbidden dark exciton. The reason is that, first, the calculated bright-dark
splitting for A-exciton ground state due to the spin-split conduction band edge at /K’
valley is estimated to be few meV [7, 124], which matches with the energy difference
of X4 and X2 (9 meV) in terms of order of magnitude. Secondly, it is possible that
the strong magnetic field induces a brightening of the transition for dark state X7.
In principle, the spin-unlike transition is not allowed for an optically-bright transition.
However, as reported in many studies, dark states are widely observed in the PL spectra
of BN-encapsulated WSe, monolayer [90-97, 104]. The possible mechanism is that
local disorders break the symmetry of the spin-unlike transition, thus making it get some
oscillator strength and emit light. In a vivid picture as depicted in Figure 6.6(d), the

strong magnetic field could also alter the symmetry of the transition for X%4. Under a
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magnetic field that points up, the spin of the electron in the upper-conduction band could
be gradually aligned towards the field with the increase of the field strength (noted that
the spin direction of an electron is opposite to that of its surrounding magnetic field).
As a result, a part of the electron spin will share the same direction with the hole spin,

which increases the oscillator strength and turns the transition bright.
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Figure 6.6: Spin and valley configurations of excitonic states in MoS, monolayer.
(a) The singlet trion S~. (b) The triplet trion 7. (c) The bright exciton X4 and
spin-forbidden dark exciton X% . (d) The magnetic brightening of the X%. The strong
magnetic field could align the spin of the electron in the upper conduction band along

the direction of the hole spin and turns the dark exciton bright.

On the contrary, X% is not observed in ¢~ /o™ configuration, as shown in Figure
6.7(b). Within the drawn scenario, it is understandable since the spin of the electron
that X% is composed of in the upper conduction band of the K valley is pointing down,
which is already aligned along the magnetic field. Therefore, the magnetic field cannot

turn the dark X ? state in the K valley bright.
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6.5 Valley Zeeman Effect in MoS, Monolayer

In addition, we investigate the valley Zeeman effect in the hBN-encapsulated MoS,
monolayer sample, as shown in Figure 6.7. The spectra in both 0~ /o~ and o~ /o™
configuration at different magnetic field are best fitted with Voigt functions, in which the
energy shifts of different excitonic components are indicated by the colored-dashed lines.
The peak energies of three excitonic states for c~ and o™ components are extracted in
Figure 6.7(c). Specifically, the magnetic field induced valley Zeeman splitting of the
excitonic features are extracted from the fittings and given in Figure 6.7(d). By fitting
the values with a linear equation, we get the spectroscopic gg-factors with -(4.340.2) for

X4, -(2.940.2) for S~ and -(6.1£0.3) for 7.
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Figure 6.7: Valley Zeeman splitting of excitonic states in MoS, monolayer. PL
spectra taken at different magnetic field strength with the configuration of 0= /o~ for (a)
and o~ /o for (b). (c) The extracted peak energies of three excitonic states for o~ and
o" components. (d) The extracted energy splitting of the exciton and trions in MoS,

monolayer as a function of the magnetic field.

As we discussed in the previous part for WS,, the valley Zeeman splitting arises from

three components: the electron spin induced magnetic moment (gugS), valley magnetic
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moment and the atomic orbital magnetic moment. Their associated g-factors contribute
to the total spectroscopic gg-factors obtained from the fitting results. By analyzing
their possible combinations that determine the total g-factors, we are able to access the
information of the individual components, especially the valley-related g-factors, which
carries the essential information for the composition of the trion features. Figure 6.8
shows the schematic diagram of valley Zeeman splitting for a triplet trion 7, from
which we can write the total energy splitting of the trion states by considering the exciton

valley Zeeman shift plus an electron contribution.

+ y
10 A A=2spB )
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Figure 6.8: The schematic diagram of valley Zeeman effect for a triplet trion 7"~
in MoS, monolayer. The colored arrows indicate the different contributions to the total
valley Zeeman shifts (black arrows for spin magnetic moment, green ones for K valley

magnetic moment and purple ones for the atomic orbital magnetic moment with m = 2).

Since the additional electron that forms the 7'~ is assigned to be in the same valley

of the exciton part, the valley Zeeman splitting for 7 is given by

|AE| = A(B) + |g'|usB
(6.5
= (22 = (Loge — Log0)) + 2L ge + s B

For the S~ state, the extra electron is in the opposite valley to the exciton part. According
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to the time-reversal symmetry, the energy splitting for S~ could be written as:

|AE| = A(B) — |g'|usB

- [2(2 - (Lz,K,c - Lz,K,v)) - 2|Lz,K,C + ]-”:LLBB

(6.6)

To evaluate the validity of the band configurations for 7'~ and S~, we can associate
the deduced total g-factors in Equation 6.5 and 6.6 with the experimentally obtained
gs-factors in Figure 6.7(d). Therefore, we get |¢(T~)| = A(B)/usB+|g'| = 6.14+0.3;
19(S7)| = A(B)/upB—|g'| =2.940.2. By solving two equations, we obtain the valley
Zeeman splitting of exciton X4 by g(X4) = A(B)/ugB = 4.5 + 0.2, which is equal
to the spectroscopic gg-factor value 4.3 + 0.2 (see Figure 6.7(d)) within the reasonable
error. The good agreement of the calculated g(X 4) value with the spectroscopic value
strongly suggests the validity of the assignment of band configurations for 7'~ and S~ as
shown in Figure 6.6.

Similarly, we can further solve the Equation 6.5 and 6.6 so as to get the valley g-factors

of the band edges at /K valley, which are extracted in Table 6.2.

Table 6.2: Valley g-factors of the band edges in different valleys for MoS, monolayer

Valley g-factors L, ik, L, Kk
-0.2 4+ 0.2 0.1 £0.1

By looking into the different magnetic response of excitonic states in WS, and MoS,
monolayer, it is now clear to understand where the difference comes, that is, the different
band configurations and valley magnetic moments of the constituent electrons and holes.
The analysis we provide here could help us gain critical insights into the magnetic

response of TMDs monolayers.
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6.6 Conclusion

By performing polarization-resolved PL measurements on the hBN-encapsulated
WS, and MoS, monolayer samples in the magnetic field up to 30 T, we observed the
spectral energy splitting for different excitonic features. The energy splittings arise from
different magnetic moment contributions including real spin magnetic moment, valley
magnetic moment and atomic orbital magnetic moment. By analyzing their individual
contributions to the total Zeeman-like energy shift, we extracted valley-dependent g-
factors L. ;; (j = K,\,i = c,v) for band edges in K and A (for WS, only) valleys.
The difference of the magnetic response (valley Zeeman energy splitting) between WS,
and MoS, monolayer arises from the different band configurations and valley magnetic
moments of the electrons and holes that form the excitonic states. In turn, the magnetic
response could help understand trion structures such as their compositions in terms
of spin and valley configurations. Our results gain critical insights into the magneto-
photoluminescence of different excitonic states especially trion species, leading towards
a complete understanding of optical and electronic properties of TMDs monolayers in

the magnetic field.
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Chapter 7

Summary and Future Work

7.1 Summary

Recently, great efforts have been devoted to understand the optical properties of
complex excitonic structures and many-body effects in TMDs monolayers. Particularly,
the intrinsic PL spectrum of W-based monolayers (WS, and WSe,) exhibit very rich
features, while the lower-energy features still lack a full and complete understanding of
their origins. Moreover, external techniques such as electrostatic doping and magnetic
filed are often used to tune the excitonic structure and spin-valley properties, which helps

gain insights into the unknown features. In this thesis:

(1). By using near-resonant excitation experiments, we have proved exciton-phonon scat-
tering events with non-zero wavevector that provide strong evidences for the momentum-
indirect nature of the optical bandgap in WS, monolayer. The scattering between carriers
and zone-edge phonons creates excitons at different valleys, among which, the lowest-
energy band is momentum-indirect. The low-energy emission features observed at low
temperature could arise from momentum-indirect transitions. Our findings suggest the
inherent bandgap nature of TMD monolayers could be indirect and highlight that more
efforts are required for a complete understanding of the complex photoluminescence

spectrum reported on W-based compounds.

(2). By fabricating a high-quality WS, monolayer device with ultra-narrow emission
linewidth, we revolve lower-energy fine structures of charged exciton states, which are
associated to the charged indirect A-valley excitons. In addition, via electrostatic dop-
ing, we observe the evolution of PL spectra from a relatively neutral state to the Fermi
edge singularity, where the existence of photoexcited electron-hole pairs changes from as
charged states to exciton-plasmon quasiparticles. In a low-doping regime, the long range

Coulomb potential from the Fermi gas is too weak to screen the Coulomb attraction
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among charged particles so that the charged states can exist. While above the Fermi
edge singularity with a highly-dense Fermi gas, the strong long range Coulomb potential
will screen the attraction of charge states and direct excitons, while the photoexcited
electron-hole pairs interacts with the Fermi sea through intervalley short-range Coulomb
potential. The Fermi edge singularity may indicate a transition from the fermion-like

trions to exciton-plasmon quasiparticles.

(3). By performing the polarization-resolved PL. measurements on the hBN-encapsulated
WS, and MoS, monolayer samples in a magnetic field up to 30 T, we observed the spec-
tral energy splitting for different excitonic complexes. The energy splittings arise from
different magnetic moment contributions including real spin magnetic moment, valley
magnetic moment and atomic orbital magnetic moment. By analyzing their individual
contributions to the total Zeeman-like energy shift, we extracted valley-dependent ¢
factors of band edges. In addition, the difference of the magnetic response (valley Zee-
man energy splitting) between WS, and MoS, monolayer arises from the different band
configurations and valley magnetic moments of the electrons and holes that form the
excitonic states. Their different magnetic responses help us understand trion structures
such as their compositions in terms of spin and valley configurations. Our results gain
critical insights into the magneto-photoluminescence of different trion species in TMDs
monolayers, leading towards a complete understanding of the optical and electronic

properties of TMDs monolayers in the magnetic field.
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7.2 Future Work

7.2.1 Excitons in a Highly Dense Fermi Gas

Our work has revealed how excitonic states evolve from trion states into another type
of state which could be the exciton-plasmon quasiparticles as the Fermi electron density
of the WS, monolayer increases. Besides, at a highly dense Fermi gas, the lattice structure
could be strongly polarized, giving rise to the Fermi polarons. The different possibilities
require further experiments to provide more evidence. After the photoexcitation, the
photoexcited electron-hole pairs exhibit different behaviours compared to at the low
doping regime. The spectroscopic techniques such as diffusion measurements allow us
to optically study the interaction between photoexcited electron-hole pairs and the Fermi
gas environment, which will provide further information on their coupling strength and so
on. In addition, the Fermi polarons should be detected via angle-resolved photoemission
spectroscopy (ARPES) as indicated in [9]. If combined with time, energy, momentum-
resolved techniques [112], we shall be able to access information such as the formation
and relaxation of photoexcited electron-hole pairs, their excited-state distribution and
interaction with the Fermi gas and so on, which will provide more evidence for the

origins of the complex excitonic states as we discuss in the thesis.

7.2.2 Moiré Excitons in Atomically-thin Hetero-/Homo- Bilayers via

Magneto-Optical Photoluminescence

Atomically thin layers of group-VI transition metal dichalcogenides (TMDs) feature
prominent exciton properties and spin-valley physics that make them ideal platforms for
opto-valleytronic applications. However, limited by the picosecond timescale valley de-
polarization in monolayer TMDs, valley-functional optoelectronic application becomes
difficult. Recently, the emergence of van der Waals (vdW) hetero-/homo-structures
and lateral heterojunction between TMD monolayers provide a way to not only cir-
cumvent this limitation, but also enrich the valley-exciton physics. Interlayer excitons
(IXs), formed from electrons and holes located in different layers have prolonged life-
time of nanoseconds due to the reduced overlapping of their wavefunctions. Although
the intriguing valley properties can be translated to IXs, they can be controlled by the

lattice mismatch and twisting angles between the constituent monolayers. At present,
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the evolution of the valley- and spin-index changes and the formation of the Moiré
minibands due to the Moiré potential remains poorly understood. Previous work as
show strongly inverted valley polarization of IXs on the bilayers with controlled lattice
mismatch and twisting angles, revealing the entire modification of spin-valley optical
selection rules [125-127]. Therefore, we propose to investigate the characteristics of
the exciton minibands, the valley-pseudospin- and spin-transfer of Moiré excitons by
means of polarization-resolved photoluminescence measurements on twisted hetero-
/homo-bilayers under a gate bias and in high magnetic fields. This complete set of
experiments will provide a fundamental understanding of how twisted layers and the
resulting Moiré patterns manipulate the electronic band-structure, spin- and valley-index

in atomically-thin TMDs hetero-/homo-bilayers.
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