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Abstract

Atomically thin materials have been in the spotlight of research during the
last decade due to their exceptional properties, providing a platform for the
study of novel physical phenomena. In particular, transition metal dichalco-
genides (TMDs) have emerged as promising atomically thin materials for
future optoelectronic applications owing to their strong light—matter inter-
action and their high tunability. Furthermore, the strong Coulomb interac-
tion in TMDs leads to the formation of tightly-bound electron—hole pairs—
excitons—that dominate optics, dynamics and transport properties. There-
fore, an accurate microscopic description of excitons in TMDs is essential for
their technological application.

The aim of this thesis is to microscopically investigate the underlying many-
particle mechanisms behind the main processes in optoelectronic devices,
such as optical generation and relaxation of excitons as well as their propaga-
tion and dissociation into unbound electron-hole pairs. Based on the density
matrix formalism, we develop equations of motion describing the dynamics
in a system of interacting electrons, phonons, and photons. We investigate
the density-dependence of the optical absorption and the thermalization of
excitons into so-called dark states. We shed light on exciton propagation,
revealing the microscopic mechanisms behind the appearance of spatial rings
(halos) in the photoluminescence at strong excitation. Moreover, we tackle
the problem of exciton dissociation, providing insights on the prominent role
of dark excitons, and examine the tunability and optimal conditions for the
efficient operation of TMD-based optoelectronic devices. Finally, we provide
microscopic insights on charge separation in WSs—graphene heterostructures.
Our theoretical work, together with experimental support, contributes to the
understanding of the many-particle mechanisms that govern the performance
of TMD-based optoelectronic devices.

Keywords: excitons, 2D materials, many-particle physics, propagation, dynam-
ics, dissociation.
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CHAPTER 1

Introduction

The isolation and characterization of graphene—a single layer of graphite—
in 2004 [I] marked the beginning of one of the most exciting journeys in
modern physics. This work, which was awarded the Nobel prize in 2010,
was the first experimental realization of an atomically-thin material and re-
vealed the extraordinary properties that arise when the motion of electrons
is restricted to a two-dimensional plane. Such fascinating discovery opened
the way for the study of a large variety of two-dimensional materials that
exhibit a plethora of exotic properties [2H8]. Among them, semiconduct-
ing transition-metal dichalcogenides (TMDs) stand out as very promising
candidates for applications in optoelectronic devices owing to their strong
optical absorption/emission and high tunability [6, O-11]. These materials
have the composition MXs, and consist of a layer of transition metal atoms
(M=Mo,W) sandwiched between two layers of chalcogen atoms (X=S,Se),
overall forming a honeycomb lattice (c.f. Fig.[1.1]).

A particular feature of TMDs—and, in general, 2D semiconductors—is the
dominant role of excitons [10, 111, 14}, [15]. When a photon with sufficiently
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Figure 1.1: (a) Three-dimensional representation of the atomic structure of a TMD
monolayer. (b) Top and (c) side perspectives of a TMD monolayer. The arrows
represent the lattice vectors. Figures taken from (a) Ref. [12] and (b) Ref. [13].

large energy hits the semiconductor, an electron from the valence band is
promoted to the conduction band, leaving behind a positively-charged hole.
The attractive Coulomb interaction between the electron and the hole results
in a bound electron—hole pair that can be described as a quasi-particle—
the exciton—with an energy lower than that of a free electron—hole pair.
While in bulk semiconductors excitons play a minor role due to the strongly
screened Coulomb interaction, the interaction strength is greatly enhanced
by the lower dielectric screening in 2D materials, as illustrated in Fig.[1.2
Additionally, the 2D confinement further increases the binding energy. In
consequence, excitons acquire binding energies of hundreds of meV, mak-
ing them the dominant species governing the material’s properties even at
room temperature. The prominent role of excitons is responsible for the
exceptional optical properties of TMD monolayers. This distinct signature
makes TMDs particularly interesting for optoelectronic applications such as
photodetectors, solar cells, and light-emitting devices.

For an effective implementation of TMDs in optoelectronic devices, a mi-
croscopic understanding of the fundamental mechanisms governing the main
processes in such devices is crucial. In particular, the efficient operation of
TMD-based photodetectors or solar cells is ensured by the optimization of
the following processes (cf. Fig.[l.3): (i) optical excitation, (ii) propagation
or transport, (iii) dissociation of excitons into free electrons and holes and
(iv) collection of charge-carriers at the leads and generation of current. A
comprehensive study of each of these processes would allow us to determine
the best conditions for an optimal operation of these devices and exploit the
external tunability of TMDs.
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Figure 1.2: Representation of the electron—hole interaction in bulk and monolayers.
The electric field lines extending to the vacuum outside of the monolayer are
unscreened. In consequence, the dielectric screening in the monolayer is weaker
than in bulk. Figure adapted from Ref. [14].

In this thesis, we investigate the underlying mechanisms behind the main
processes in TMD-based photodetectors on a microscopic footing. In par-
ticular, (1) we study the impact that a finite carrier density has on the
optical absorption and reveal the important role of many-particle dielectric
screening and Pauli-blocking, which lead to bleaching and spectral shift of
the absorption resonances. Moreover, (2) we resolve the exciton dynamics
immediately after an optical excitation and provide microscopic insights on
the ultra-fast formation of dark excitons. (3) We reveal that the appear-
ance of a ring-like photoluminescence profile after a strong optical excitation
arises from the exciton temperature gradient that is caused by Auger scat-
tering and hot phonons. (4) We disentangle the main mechanisms that gov-
ern phonon-assisted exciton dissociation and demonstrate the dominant role
of dark states. Finally, (5) we show that the asymmetric charge transfer in
WSs—graphene heterostructures can be traced back to graphene’s pseudospin.

The layout of the thesis is organized as follows. First, we briefly introduce
the theoretical framework in Chapter[2l Then, we present our studies regard-
ing each of the specific processes sketched in Fig.[I.3] In Chapter[3, we study
how a strong optical excitation alters the absorption spectra of TMDs (Pa-
per, and in Chapter we discuss the relaxation of excitons into so-called
dark states that occurs immediately after an optical excitation (Paper. In
Chapter[f, we tackle the problem of exciton propagation and, in particular,
we unveil the origin of the intriguing ring-shaped photoluminescence profiles
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Figure 1.3: Fundamental processes in a TMD-based photodetector with graphene
electrodes: (i) Optical excitation and exciton generation, (ii) propagation and
transport, (iii) dissociation of excitons into free electrons and holes, (iv) collection
of charge-carriers at the electrodes.

that arise at high excitation densities (Paper. Next, in Chapter@ we in-
vestigate the dissociation of excitons assisted by phonons, which dominates
the photoresponse at low electric fields, and identify the important role of
dark exciton states (Paper. In Chapterlfl, we study the microscopic ori-
gin of the asymmetric charge transfer in WSs—graphene interfaces (Paper,
which is closely related to the collection of charge at the leads that occurs in
a photodetector. We end with a conclusion and outlook in Chapter[§]



CHAPTER 2

Theoretical framework

In this chapter, we introduce the theoretical framework that allows us to
study a many-particle quantum system. First, we present the density matrix
formalism in second quantization with a short description of how we obtain
equations of motion for microscopic quantities by exploiting the Hamiltonian
of the system. After that, we introduce the concept of ezxciton with the
exciton basis and Wannier equation, show the influence of exciton states in
the optical absorption spectra, and present the exciton Hamiltonian as a
useful tool to find the temporal evolution of the exciton population.
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2.1 Density matrix formalism in second quan-
tization

2.1.1 Second quantization

An intuitive and convenient treatment of a many-particle quantum system
can be obtained by means of the second quantization formalism [T6-20],
where quantum field operators are expanded in terms of creation (a;r) and an-
nihilation (a;) operators acting on the state i. The fermionic (+) or bosonic
(—) character of the particle described by these operators is encoded in the

commutation relations
|:ai7aj]i = [al,aﬂi = 07 (21)
[CLI, aj} N = 5ij7 (22)

where 4+ and — indicate anti-commutation and commutation, respectively.
In this framework, any one- or two-particle operator can be expressed as

00 =3 (1|0 |j)ala,, (2:3)
ij
O® — %Z <Z,j O(l)}l, m>afa}al a,,. (2.4)
ijlm

This approach will prove particularly useful for dealing with the Hamiltonian
of the system and defining microscopic quantities in a very intuitive way.

2.1.2 Hamiltonian in second quantization

The Hamiltonian is of crucial importance for describing the time evolution
of a system. Throughout this work, we consider the scenario of electrons in
a solid, i.e. a many-particle problem of interacting electrons, phonons, and
photons. Here, we introduce the different parts of the Hamiltonian describing
quasi-free electrons in a crystal lattice, phonons, and the electron-electron,
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electron—phonon, and electron-light interactions. Note that, since we con-
sider two-dimensional materials, the momentum of electrons and phonons is
restricted to the 2D plane.

The Hamiltonian of the system is the sum of several contributions, including
free electrons and phonons and the electron—electron, electron—phonon and
electron-light interactions,

H=Hy+Hyo+ Hee+ Hepp + He. (2.5)

Quasi-free electrons in a lattice

The first approach to treating electrons in a crystal is to consider the influence
of the potential generated by a static lattice of ions. The motion of electrons
in this simple system is characterized by a set of eigen-energies ¢; that form
the band structure of the material, where ¢ is a composite index that in
general contains the spin and band indices and the momentum vector of the
state. The Hamiltonian describing this simple scenario is

He.o= Zgz’aj’am (2'6)

where a!" is the fermionic annihilation (creation) operator for an electron in

the state <.

In general, we will be interested in the regions near minima and maxima of
the conduction and valence bands, respectively, where the main physics will
occur. Minima and maxima of the bands in TMDs occur at the symmetry
points of the Brillouin zone denoted by I', A; K and M (see Fig.. The
band structure around these points can usually be well approximated with a
parabolic dispersion, meaning that the electron behaves as a free particle with
an effective mass. Throughout this work, we use effective masses and relative
energies extracted from bands calculated by density functional theory, in
particular from Ref. [21].
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Figure 2.1: Electronic band structure of TMDs. The inset illustrates the symmetry
points of the Brillouin zone. The band structure is plotted along the path described
by the red line in the inset. Figure adapted from Ref. [21].

Phonons

Phonons are energy quanta of lattice vibrations. Throughout this work, we
will see that phonons play an essential role in the relaxation dynamics, as-
sisting electrons/excitons in reaching a thermal distribution. Non-interacting
phonons are described by the free-particle Hamiltonian

Hyo =Y hQblb;. (2.7)
J

Here we introduced bosonic annihilation (creation) operators bg-T) for a phonon
in the state j and the phonon energy A{2;. The composite index j contains
the phonon momentum and mode.

The phonon dispersion relation can be obtained by solving the problem of
interacting ions in a lattice. While in general the phonon dispersion can look
rather complex, we limit ourselves to momenta around the symmetry points
where the minima and maxima of the electronic bands are located. Phonons
in these regions will assist the main electronic transitions by scattering with
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electrons. Moreover, the dispersion in these regions can be conveniently de-
scribed with the Debye and Einstein models for acoustic and optical phonons.
The energies and sound velocities needed to parametrize the dispersion in
these simple models are extracted from ab initio calculations in Ref. [22].

Electron-electron interaction

The electron-electron interaction is responsible for major changes in the elec-
tron energetic landscape. In particular, the interaction between conduction-
band electrons and the absent valence-band electrons (i.e. holes) results in
the energetically favourable excitonic states that we discussed in Section[I]
The electron-electron interaction is described by the two-particle Hamilto-
nian ]

He.= 5 Z Vlfiaja;al a,,. (2.8)

ijlm

Here we introduced the Coulomb matrix element Vl:i = <i, J ‘V(r’ — r)‘l, m>,
with V(r' —r) being the Coulomb potential. An analytical treatment of the
Coulomb matrix element shows that only momentum- and spin-conserving
processes are allowed. Moreover, if we restrict ourselves to intra-band pro-
cesses with small momentum transfer’] the Hamiltonian can be written as

1 S Vit gt
Hee = 2 Va@) jes gy - gy 1o O o (2.9)
AMkk'q

where we introduced the band index A\() and the momenta k() and q. The
Coulomb matrix element in this case is simply the Fourier transform of the
Coulomb potential. For an accurate description of the Coulomb interaction
in a TMD monolayer, we consider the finite thickness of the material together
with the dielectric properties of the surroundings and solve the correspond-
ing Poisson equation to obtain the potential generated by a charge in the
TMD. This potential is sometimes called after Rytova [25] and Keldysh [26]
in literature.

In general, Coulomb matrix elements depend on material-specific form factors that
contain information about the electronic wavefunctions. In the limit considered here,
these form factors are close to unity, considerably simplifying the problem. Note that
including inter-band processes is necessary for describing Auger scattering and electron—
hole exchange (see Paper and Ref. 23] 24]).
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electron—phonon interaction

The interaction between electrons and phonons arises in our theory when
we consider the interaction of electrons with the lattice beyond the static
approximation, i.e. when we take into account the ion vibrations. The cor-
responding Hamiltonian intuitively illustrates the possible electronic transi-
tions assisted by the emission (blT) or absorption (b,) of a phonon,

He, = Z (gﬁjagajbl + gf;‘ajasz) (2.10)
il

The electron—phonon coupling element reads

[ h ) .
géj = 20 A, <Z‘AVI‘]>7 (2‘11)

where A is the area of the system, p is the mass density of the material, and
AV is the scattering potential. We approximate the scattering potential in
zeroth and first order in momentum using the deformation potential approxi-
mation. In particular, we extract the deformation potential parameters from
ab-initio calculations in Ref. [22].

electron—light interaction

The last important interaction mechanism that we introduce here is that be-
tween electrons and light. Since our aim is to describe the optical absorption
of the material, it is sufficient to treat light as a classical electromagnetic
field. Within this approach, the Hamiltonian describing the electron—light
interaction reads

el - _Zh_ ZM” A z ]a (212)

where we have introduced the optical matrix element M;; = <z ‘ V} ¥ >, the elec-
tromagnetic vector potential A(t), the elementary charge ey, the free electron
mass mg, and the reduced Planck constant h. In general, this Hamiltonian
describes intra- or inter-band electronic transitions caused by the absorption
of light. Here, we will overall focus on inter-band transitions, i.e. electrons
that are promoted from the valence band to the conduction band.
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A particular feature of TMDs is circular dichroism [27], which means that
K and K’ valleys couple to light with opposite circular polarization. This
property, combined with the large spin-orbit splitting of the valence bands,
implies that electrons in a specific valley and with a specific spin can be se-
lectively excited by choosing the excitation energy and circular polarization.
Although this is a very interesting aspect of TMDs, throughout this work we
usually consider linearly polarized light, so that electrons in K and K’ valleys
are equally excited.

2.1.3 Equation of motion

The Hamiltonian of the system gives us direct access to the temporal dy-
namics of the system. In particular, we can exploit Heisenberg’s equation of
motion to find the time evolution of an observable O, ih% = [0, H], where
we have assumed that O does not depend explicitly on time. Typically, we
are interested in the expectation value <O> Using the density matrix p, this
expectation value can be easily evaluated as (O) = Tr(pO). The equation of
motion for <O> is simply

d(0)
dt
In practice, we will be interested in the temporal evolution of observables
such as electron occupation pyx = <aTA 1y k>, microscopic polarization py =

"L = ([0, H]). (2.13)

<aivkav7k>, and phonon number n; 4 = <b}7qu7q>. We note already here that
when we refer to electrons and holes, we will write the carrier occupations as
f = pex, [ = 1 — pyx. More details about the equations of motion in the
density matrix formalism can be found in Refs. [16] 28§].

Cluster expansion

A wusual difficulty that appears when treating many-particle systems is the
so-called hierarchy problem. If we want to find the temporal evolution of a
one-particle quantity, e.g. the electron occupation py x, we will see that py x
couples to two-particle expectation values of the form <a§a£a3a4>. In order to
solve the equation of motion for p) k, we thus need to find the corresponding
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equation for <a1 a£a3a4>, which couples to three-particle quantities, and so on.
This would give rise to an infinite number of coupled equations, rendering
the problem unsolvable. The solution to this problem is to use the cluster-
expansion method [29)].

First, we express N-particle quantities in terms of independent single-particle
quantities (singlets) and higher-order corrections that account for n-particle
correlations, where n = 2,3,4,...,N. After this, we truncate the system
to account for a relevant number of correlated particles that allows us to
solve the equation of motion. A typical example of the cluster expansion
and truncation is the Hartree-Fock approximation, where the two-electron
expectation value <a1a§a3a4> is expanded in terms of singlets,

<a1a£a3a4> = <a$a3><a1a4> - <a1a3><a$a4> + <&J{a;a3a4>corr, (2.14)

and the two-particle correlation <a§a£a3a4>corr is neglected. This particular
example simplifies the system to a single-electron problem, where the inter-
action with other electrons is approximated as a mean field. For this reason,
this specific example is also called mean-field approximation.

Markov approximation

A way of including higher-order correlations in a solvable way is to use the
Markov approximation. Let us take the problem of electron—phonon scatter-
ing as an example. When considering the electron—phonon interaction in the
equation of motion for the electron occupation py k, we will see that py x cou-
ples to a two-particle correlation of the type S = <a1a263>corr, describing an
electronic transition from state 2 to 1 assisted by the absorption of a phonon
in state 3. The equation of motion for S will have the form

S(t) = (iw —7)S(t) + Q(t). (2.15)
The analytical solution to this equation is

S(t) = /0 h dre@=07Q(t — 7). (2.16)

The Markov approximation consists in neglecting the past values of @, i.e.
assuming Q(t—7) ~ Q(t)e~™e7. Although we neglect the memory of @, note
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that we take into account its temporal oscillation with frequency wg, which
is essential for properly capturing the energy conservation of the scattering
process. Then, this complicated integral can easily be solved and we obtain

s - QW

e =) (2.17)

In the limit where the decay rate 7 goes to zero, the Sokhotski-Plemelj
theorem can be applied to obtain

S(t) = Q1) (w — wo) — iP (ﬂ) . (2.18)

w—wQ

Here P denotes the Cauchy principal value. When S(t) is plugged back in
the equation of motion for the corresponding single-particle quantity (e.g.
electron occupation or phonon number), the first term will usually give rise
to a scattering rate with exact energy conservation, while the second one will
result in an energy renormalization. In general, we will neglect this energy
renormalization term, assuming that it is already accounted for in the single-
particle energies and that the system is sufficiently close to equilibrium.

2.2 Excitons

In the previous section we have introduced the tools that allow us to study a
many-particle quantum system. Here, we will provide the particular example
of optical excitation in a semiconductor with the aim of introducing excitons
in our theoretical framework.

2.2.1 Wannier equation

An optical excitation in a semiconductor generates a microscopic polarization
px between the valence and conduction bands. The absolute squared value of
this quantity can be regarded as the probability for a valence-band electron
to be promoted to the conduction band. The equation of motion for a gen-
eral px,x, = <a17k1avyk2>, including the electron-electron and electron-light
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interactions, reads

ihpk1k2 (t) = (5;](2 - 6f<1) Px1ko <t> + Z quk1+q,k2+Q(t) + le (t)5k1k27 (219)
q

where we have assumed a full valence band and an empty conduction band.
This equation is referred to as semiconductor Bloch equation [2§]. The first
term describes the oscillation of px,k, with a frequency corresponding to the
energy of a free electron—hole pair. The second term is a self-coupling of the
polarization that results from the Coulomb attraction between conduction-
band electrons and valence-band holes. Finally, the last term accounts
for the optical generation of polarization via the Rabi frequency (t) =
ih;—%Mf(" - A(t), only allowing momentum-conserving transitions due to the
small momentum of the incident photons.

In order to simplify this equation, it is convenient to move from electron—hole
coordinates kq, ks to center-of-mass and relative coordinates Q = k;—ko, k =
ank; + acks, where oy = my/(my, + me),l = e, h. In this coordinate system,
equation becomes

ihpqi(t) = —equpar(t) + Y Vapaucta(t) + Qu(t)dqo, (2.20)
q

where eqk is the free electron-hole energy in center-of-mass and relative
coordinates. Now, we expand the microscopic polarization pqx = ), OrSW
in a basis of wavefunctions that are solutions of the electron—hole eigenvalue
problem,

6(2k§75yQ1< - Z vq¢VQ,k+q - E6¢Vka (221)
q

with eigen-energy Ea At the vicinity of the symmetry point corresponding
to the valley v, the free electronfhole energy can be written in the effective-

2M11
Q, is the valley momentum, M = my + m, is the total exciton mass, and

p = " is the exciton reduced mass. In the following we shift Q — Q+Q,
to simplify the equations. Since the eigen-value equation above now has a
trivial Q-dependence for each valley, the wavefunctions can be rewritten as
PG — Py, Where the Q-dependence is now just valley-dependence. These
wavefunctions satisfy

h2k2

mass approximation, eqx = L, + FQ-Qu)” 4 f;j‘ where Fj, is the band gap,

qu et = EL (2.22)
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Figure 2.2: Excitons in WSs. (a) Exciton wavefunction of 1s and 2s states in the
KK valley. (b) Exciton energy landscape including bright (KK) and momentum-
dark (KA, KK’) states.

This is the Schrédinger equation for an electron and a hole in momentum
space, and is commonly referred to as Wannier equation. In analogy to the
problem of an electron in a hydrogen atom, the attractive interaction between
electrons and holes results in a series of bound electron—hole (exciton) states
with binding energies E, up to the scattering continuum where electrons and
holes are not bound (see Fig.[2.2b)). The exciton wavefunctions (Fig.[2.2|(a))
resemble those of the hydrogen atom, although we remark here that the
whole series of exciton states in a TMD cannot be described by the hydrogen
model because of the non-local (momentum-dependent) dielectric function
that arises from the finite TMD thickness. Due to the different binding
energies in separate valleys, the exciton landscape can significantly differ
from its free-electron counterpart. In particular, while the free electron—hole
energy in the KA valley is above that of KK, this situation is reversed in the
exciton landscape of tungsten-based TMDs.

2.2.2 Linear optical response

The effect that an external electric field E has on a material is to induce a
polarization P. The linear response of the material is P(w) = eox(w)E(w),
where x is the electric susceptibility tensor, which we have assumed to be
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isotropic. Using the relation between the electric field and the vector poten-
tial, E = —A | and between the polarization and the current density, j = P,
the susceptibility can be written as

Pw) )
cEw) ew?A(w)

X(w) = (2.23)

The imaginary part of the susceptibility describes the optical absorption of
the material. The current density in second quantization reads

§(0) = 5o ST GI=V)) (afay) () = o S i {Mipa(t)} (229
k

ij

where we have omitted the intra-band current that becomes important only
at THz frequencies. The microscopic polarization thus determines the optical
absorption.

In the following, we omit the valley index v for simplicity. Using the or-
thonormality of the exciton wavefunctions, the equation of motion for the
excitonic polarization Fg can be shown to be

h2 2
Q|

EY — i7> pQ(t) + Q7 (t)dqo, (2.25)
where we have introduced the excitonic Rabi frequency, Q(t) = >, o1 Qk(t),
and the phenomenological damping 7. The excitonic polarization in fre-
quency space can be directly solved by Fourier-transforming the equation
above. Plugging the result in Eqgs. and results in the so-called
Elliot formula [29] for the optical absorption «,

1 ’MV‘z
a(w) o " ; G E T (2.26)

Here we have defined the excitonic optical matrix element M" =", ¢p* My
and the exciton resonance energy Fj = F, + E”. This formula illustrates
very clearly that, due to the electron—hole attraction, optical absorption can
occur only at particular energies Ej corresponding to excitonic states v (see
Fig.. Moreover, assuming a constant optical matrix element, Mg" ~
My, the oscillator strength—intensity of the absorption peak—is given by
| Mo |?|¢”(0)]?, where ¢”(r) = Y, e®T¢¥ is the probability to find an electron
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Figure 2.3: Optical absorption calculated for WSs encapsulated in hexagonal boron
nitride (hBN). The 1s and 2s exciton peaks, as well as the scattering continuum
are labeled.

at a distance r from a hole. The oscillator strength is thus given by the
probability of an electron and a hole being at the same position—so that they
can recombine. Therefore, the optical absorption at the exciton resonance
is stronger for tightly-bound excitons, where the electron and the hole are
more likely to be on top of each other.

In Chapter[3] we will discuss how a finite population of electrons and holes
can alter the excitonic properties of a two-dimensional semiconductor and,
in particular, its optical absorption.

2.2.3 Exciton Hamiltonian

In the previous section we have introduced the exciton basis and the cor-
responding exciton states. These states can be occupied by electron—hole
pairs. The electron-hole expectation value of the type (cfv vic ) (where
c = a., v = ay) describes the two-particle electron—hole occupation and
can be expanded as a sum of singlets |p|> + f¢f™ and the correlated doublet
(ctv vfe )™ (note that we are omitting the momentum index for simplicity).
While in the absence of excitonic effects the electron—hole correlation can be
neglected, this term dominates the dynamics in an excitonic system such as
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TMDs. Therefore, the equations of motion of this quantity must be obtained,
which is a lengthy and tedious calculation. A way to make the treatment
of the problem easier is to use the exciton expansion scheme introduced
in Refs. [30, BI] and find an exciton Hamiltonian, with bosonic annihilation
(creation) operators Xaﬁ) acting on an exciton at state v with center-of-mass
momentum Q. The purely bosonic treatment of excitons is sufficient at low
densities, while at larger densities the fermionic substructure has to be taken

into account, e.g. by including fermionic exchange interactions [30] (see also

Paper[XVI)).

The exciton Hamiltonian including exciton—phonon and exciton—light inter-
actions reads

H, ZEQ XeTXg

v vt j
+ Z (ngqXQﬂlX# be +h.c.)

vuQqy

—iny (Q”(t))(gT + h.c.) . (2.27)

The first term describes the exciton kinetic motion with the energy Eg =

E, + BV + % The second term accounts for exciton—phonon interaction,
with the matrix element

Glba = 9" oo Oyt F* (@ + (ny — 0n,) Q)
v,u¥ ol
— Giq" " Oupor F (=@ = (e — ey) Q) - (2.28)

This matrix element describes the exciton transition (u, Q) — (v,Q + q)
assisted by a phonon of mode j with momentum q relative to its valley that
is also contained in j. The first term in Eq. describes the scattering of
an electron, while the second one describes the scattering of a hole, with the
index vy, referring to the valley where the electron (hole) of the exciton v
lies. Note that when the electron (hole) scatters, the hole (electron) valley
is conserved. The electron—phonon matrix elements g are weighted by the
excitonic form-factors F**(q) = Y ¢ Pl q = (¥[e"¥"|p). In practice, we
asSUMe Qe(h),y ~ Qe(h),u t0 get rid of the Q-dependence of G. Finally, the
last term in the Hamiltonian describes the creation or destruction of a bright
exciton (Q = 0) by interacting with light.
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With this Hamiltonian and the tools described in this chapter (cluster ex-
pansion, truncation and Markov approximation), one can now find equa-
tions of motion for the exciton occupation (XgXé). This expectation
value can be expanded as the sum of a coherent and an incoherent part,
(X SX(S ) = | Pg|*+ Ng. Here we have introduced the excitonic polarization,
P = <Xg>, and the incoherent exciton occupation, Ng = (Xg VTX )
The resulting equations of motion are the excitonic analogous of the semi-
conductor Bloch equations and read

PY(t) = ( ZFOQ 7> Y(t) 499 (t) (2.29)

Ny(t) = ngapﬂ |2+Z (T NG () — T NG (1)) - (2.30)

1% Q'

These equations describe the generation of polarization by the incident light
and the subsequent polarization-to-population transfer assisted by phonons.
Moreover, exciton—phonon scattering leads to thermalization of the inco-
herent exciton occupation. The exciton—phonon interaction enters via the
scattering matrix

. 11 y -
Foo = Z Gaq (”fQ'Q to = 5) 0(Eq — Eq Mg q)

(2.31)
where ngl and Qé are the Bose-Einstein distribution and frequency of phonons
with phonon mode j and momentum q and + accounts for phonon emission
(+) and absorption (—). The scattering matrix provides the strength of
each scattering transition and is analogous to Fermi’s golden rule. Note that
here we have restricted ourselves to one-phonon processes, whereas processes
involving more phonons can be considered by including higher-order corre-
lations. This equation is the basis for resolving the exciton dynamics after
an optical excitation. Extended versions of this equation will be used in

Chapters[d], 5] and [6]
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CHAPTER 3

Optical response

The response of a material to an optical excitation is an essential aspect of
a photodetector. It is crucial to understand optical absorption and how it
is modified by the optical excitation itself in order to determine the optimal
conditions and limitations of the material. In this chapter, we introduce
Paper[ll, where we investigate how the optically-generated carrier density
modifies optical absorption spectra.

3.1 Density-dependent absorption

In Chapter[2] we showed that the optical absorption is dominated by the
excitonic properties of a material, following Elliot’s formula (2.26)). In order
to obtain a simple result, we considered the case where the valence band
is fully occupied and the conduction band is completely empty. While this
description is valid for weak excitations, it breaks down for a strong optical
excitation that generates many electron-hole pairs.

21
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If we consider a finite occupation of electrons and holes, the semiconductor
Bloch equation for the microscopic polarization becomes

Pr(t) = i(wi +im)pi(t) — %(1 —fi—H) (Z WaDie+q(t) + Qk<t>> . (3.1)

Here we model the evolution of py, and fli(h) during and after a strong optical
excitation. The inclusion of finite carrier populations appears in the equation
above as a phase-space filling factor (1 — f£ — f), screened Coulomb interac-
tion Wy = €,'Vq, and renormalized electron-hole energy fuy = ef, — &y, — k.
In the following, we describe the physical implications of each of these terms.

e The phase-space filling factor inhibits the Coulomb term and the
light absorption. Moreover, in the case of population inversion, when
there are more electrons in the conduction band than in the valence
band (fg > 1— f), it can even reverse the sign of these terms, making
the electron-hole interaction effectively repulsive and stimulating the
emission of light.

e The additional] dielectric screening is caused by the excited charge-
carriers (electrons and holes), and results in a weakening of the Coulomb
interaction. The corresponding dielectric function is obtained using the
Lindhard formula in the static limit [32] [33]. While this approach is
sufficient to qualitatively describe the main effects of a large carrier
density, a better quantitative description can be obtained using more
sophisticated approaches that consider dynamic and excitonic screen-
ing.

e The energy renormalization, ¥ = X" 4+3X has two contributions
called Coulomb-hole (CH) and screened-exchange (SX) self-energies.
The first term, Y1 = >q (Va— Wy), describes a reduction of the
band-gap due to the screened electron-electron repulsion in the pres-
ence of many-particle dielectric screening. This is sometimes imag-
ined as a Coulomb-hole that surrounds the electron. The second term,
X = > qWa (fe iqt i +q), describes a reduction of the electron and

!Note that, while the Coulomb interaction is already screened by the dielectric proper-
ties of the system in equilibrium, we are discussing here the additional screening coming
from the excited charges.
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Figure 3.1: Influence of carrier density in the optical spectra of TMDs after an
ultra-short optical excitation centered at t = 0. (a) Time-dependent energy renor-
malization for the single-particle bandgap and excitonic resonances. (b) Absorp-
tion spectra at different times after the optical excitation. Adapted from Ref. [34]

(Paper.

hole energies due to exchange interaction. Since the fermionic exchange
interaction results in particles avoiding each other (Pauli-blocking), the
decrease in energy is commonly described as a consequence of the ex-
change hole that surrounds each electron.

Another term that has appeared is the polarization decay (dephasing) i
due to electron-phonon scattering. Besides py, we also set up an equation of
motion for the carrier occupations f¢, fi* which include optical generation of
carriers via polarization-to-population transfer and carrier thermalization by
scattering with phonons. Since the most important features that we want to
describe are contained in py, we do not include the equations for the carrier
occupations here and refer the reader to Paper|[[] or Refs. [16] 17, 29].

The calculated carrier occupations modify the exciton properties via screen-
ing and inhibiting or reversing the sign of the Coulomb interaction in the
generalized Wannier equation shown in Paper[[l} In particular, the exciton
binding energies are reduced for increasing densities, until there are no bound
electron-hole pairs anymore. This transition from bound excitons to an un-
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bound electron-hole plasma is called Mott transition. Such transition can be
observed in Fig.[3.1(a) where, shortly after a very intense optical excitation,
the exciton binding energies quickly vanish and the exciton resonances join
the single-particle band-gap. The equilibrium is slowly recovered following
the population decay.

We note here that this approach neglects the presence of two-particle and
higher correlations. However, at the large carrier densities that we assume,
where the system is dominated by an electron-hole plasma, our single-particle
model—where all the other charges are treated as a mean field—should be
sufficient to qualitatively describe the main phenomena.

The wavefunctions and exciton energies extracted from the generalized Wan-
nier equation enter the Elliot formula for the optical absorption. The in-
tensity of the absorption peak is bleached by phase-space filling and the de-
crease of the oscillator strength, whereas the absorption resonance position
is modified due to the binding energy reduction and band-gap renormaliza-
tion. Furthermore, in the extreme case of population inversion, the optical
absorption reverses its sign, manifesting the effect of optical gain. Optical
gain describes the situation in which the incident light, rather than being
absorbed, stimulates the emission of more light. This effect is the basis for
laser operation, and was experimentally observed in Ref.[35]. Our model
captures both bleaching and optical gain, see Fig.|3.1(b). We also capture
an initial red-shift followed by a blue-shift during the optical excitation that
has been experimentally observed [36]. While the red-shift directly follows
from the renormalization of the resonance energy, the subsequent blue-shift
is caused by the bleaching of the lowest states such that optical absorption
is only possible at higher energies where there are available states.

In Paper([[T| we use the microscopic theory described here for modeling pump-
probe spectroscopy experiments. In this type of experiments, small variations
in the optical absorption caused by the pump pulse are measured with a probe
pulse, allowing to track the dynamics of the system. Our model provides a
framework to understand the features of high carrier densities and population
inversion in these experiments.



CHAPTER 4

Exciton dynamics

Immediately after an optical excitation, the photogenerated carriers start
to thermalize into an equilibrium distribution. A comprehensive knowledge
of the relaxation dynamics that occurs after the excitation provides impor-
tant insights into other aspects such as transport and light emission. In this
chapter, we discuss the ultra-fast relaxation of excitons into energetically-
favourable states that are optically inactive. The relaxation of excitons
into these so-called dark states was observed in Paper[[V]in a joint theory-
experiment collaboration.

4.1 Dark-exciton formation

In Section, we introduced the band structure of TMDs (Fig.[2.1]). This
band structure has conduction-band minima at the K and A®) points of the
Brillouin zone and valence-band maxima at K() and I'. Excitonic states exist
in all possible combinations of electron and hole valleys, e.g. KK, KA, KK’,

25
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Figure 4.1: Dark-exciton formation resolved by trARPES. (a) Illustration of the
process. An optical excitation generates an electron-hole pair that thermalizes
throughout the Brillouin zone. Whereas the solid lines represent single-particle
bands, the dashed lines illustrate the exciton binding. (b) ARPES signal (circles)
and theoretical simulations of the electron occupation (dashed and solid lines)
around each symmetry point. Gray dots and line are measurements and a Gaussian
fit of the ARPES signal at the I' point, which is a replica of the valence band that
appears during the pulse excitation. Here ¥ denotes the A valley. Figure adapted

from Ref. [37] (Paper.

I'K, etc. However, due to the small momentum carried by photons, only KK
excitons with zero center-of-mass momentum can be optically active. For
this reason, these are called bright states, while states with a momentum too
large to be accessed by light are called momentum-dark states. Apart from
momentum-dark states, there are also spin-dark states, where electron and
hole have opposite spins, but throughout this work we disregard their effect
in the dynamics since their formation time is slow compared to states where
electron and hole have the same spin.

Because of their different binding energies, excitonic states might lie in a dif-
ferent ordering than the corresponding free electron-hole states. In particular,
in tungsten-based TMDs, excitonc states at the KA and KK’ valleys are the
ones with lowest energy (see Fig.. This means that, while their electronic
band structure would predict a direct band gap, these materials actually have
an indirect band gap. This fact has major implications for the dynamics in
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these materials [I0]. Optically generated excitons at KK will relax into the
energetically lower momentum-dark states (see Fig.|4.1(a)), which will then
dominate the dynamics. Since such states cannot directly emit light, the
radiative recombination time in these materials is rather slow [38 [39]. This
fact is very relevant for optoelectronic devices such as photodetectors and
solar cells, where the recombination is desired to be slow in order not to lose
the charge-carriers that generate the electric current. An accurate under-
standing of the formation of momentum-dark excitons and their role in the
dynamics is therefore crucial for the successful development of TMD-based
devices.

The experimental detection of dark exciton states has been until recently only
indirect, via optical features such as absorption linewidth [40] and phonon-
assisted photoluminescence [41]. A tool that allows to directly map the whole
energy landscape is angle-resolved photoemission spectroscopy (ARPES),
where the electron energy and momentum is accurately determined. In Pa-
per[[V] our collaborators in the group of Ulrich Hoefer (Marburg, Germany)
directly observed the formation of momentum-dark excitons in WSy using
time-resolved ARPES (trARPES). In the trARPES experiment, a coherent
exciton population at KK and K’K’ is generated by a linearly-polarized laser
pulse. Coherent excitons with zero center-of-mass momentum quickly scatter
with phonons and are transferred into incoherent population with finite mo-
menta at the energetically lower KK’, KA stated]| (see Fig.[4.1(a)) and their
opposite-spin counterparts. The experiment, however, probes electrons and
not whole excitons. Following the expansion scheme introduced in Ref. [30],
the electron occupation at the valley v and momentum k can be expressed
in terms of the exciton occupation, f¢ =3, o |0 (1P7[P0qo + NG).-
Thus, the electron occupation probed by the trARPES experiment reflects
both coherent and incoherent exciton populations modeled by our micro-
scopic theory. The measured and predicted electron occupations at K and
A (X) are shown in Fig.}4.1{(b), where the ultra-fast relaxation in a timescale
of tens of femtoseconds is clearly observed. While the optical excitation and
exciton thermalization are modeled following Eq. , the obtained micro-
scopic insights on the ultra-fast formation of dark-excitons and the influence
of coherent excitons are described in Paper[[V]

Note that in Paper Y is used for the symmetry point that we call A. In literature,
this symmetry point is called 3, A, or Q.
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CHAPTER b

Exciton propagation

A crucial process in photodetectors is the transport of photoexcited charge-
carriers to the leads. The underlying mechanisms that dominate the prop-
agation must be thoroughly understood in order to determine the optimal
conditions and limitations of these devices. In this chapter, we focus on the
process of exciton diffusion and, in particular, reveal the origin of the fast
propagation and formation of ring-shaped (halo) exciton distributions at high
densites.

5.1 Conventional diffusion

In order to describe exciton diffusion, we start with the excitonic Hamiltonian
described in Section|2.2.3l Now, however, the relevant quantity is not the
(diagonal) occupation Ng = (X(EXQ), but the off-diagonal elements Nqq' =

<X(5XQ,) that contain information about the spatial distribution. A more
intuitive interpretation can be obtained by introducing the exciton Wigner

29
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function Ng(r) = >, elar <X(B7q 12XQ1q /2>, which is the quasiprobability
distribution for an exciton in the phase-space of momentum Q and position
r. While the equations of motion for Ngq' can be obtained directly from
Heisenberg’s equation of motion, the respective equations for Ng(r) require
more efforts. One way is to use Moyal brackets [42]. The approach we use
was first introduced by Hess and Kuhn [43] and consists on first finding the
equation of motion for Nqq and then Fourier-transforming to obtain the
Wigner function. By Taylor-expanding the appearing terms, one can find
the lowest-order contribution,

Nq(r,t) = —vq - VeNq(r, 1) + No(r,1)| . (5.1)

The first term describes propagation of excitons with velocity vq = hQMy L
where Mx is the total exciton mass. The neglected higher-order terms be-
come important when the length-scale of spatial variations is very small,
and would account for quantum-mechanical phenomena such as tunneling.
The second term contains contributions accounting for exciton—phonon scat-
tering, which we assume to be local (i.e. do not depend on other spatial
coordinates) and are thus the same as in Eq. but that now depend
on the spatial position. Spatial profiles of the exciton density obtained by
numerically solving this equation are shown in Fig.[5.1a). The broadening
of the spatial profile due to diffusion is illustrated by the red arrow. Note
that the distribution is normalized at each time frame to illustrate the broad-
ening. In this work, we consider only the valley that contains most of the
exciton population and thus dominates the diffusion (see Paper|VIII]).

While we solve the equation of motion at this level, it is useful to rewrite the
scattering term with a relaxation-time approach,

NQ(r7t) w = _T(SI(NQ(rvt» - Ng(rat»a

where 7 ! is the relaxation time given by the scattering rates and N (r,t) is
the exciton equilibrium (Boltzmann) distribution. At long time-scales, one
can find that the time evolution of the exciton density, N(r) = >_q Nq(r,1)),
corresponds to Fick’s law,

N(r,t) = DV2N(r,1). (5.2)
Furthermore, the exciton diffusion coefficient D can be related to the band-

structure and exciton-phonon scattering rates. Assuming 7q ~ 7, one recov-
ers the well-known relation D = 7hkgT My ! Thus, exciton propagation is in
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Figure 5.1: Time snaps of the spatial exciton distribution at (a) low and (b) high
densities. The red arrows in (a) illustrate the diffusion process. The blue-shaded
curve in (b) corresponds to exciton temperature (right axis). Figure adapted from
Ref. [49] (Paper.

general diffusive (as in Fig.[5.1(a)) and follows the conventional Fick’s law.
Several experiments have studied the propagation of excitons by perform-
ing time- and space-resolved photoluminescence (PL) measurements [44-48].
These works reported the diffusive propagation of excitons at low densities
and more intriguing phenomena that appear at relatively high densities.

5.2 Non-linear propagation and halo forma-
tion

Conventional diffusion has been experimentally observed for low exciton den-
sities. However, it was observed by Kulig et al. [44] that increasing the exci-
tation density results in a faster diffusion and, eventually, the formation of
ring-shaped PL spatial profiles—halos. This first study already pointed to
exciton—exciton annihilation (EEA) as a possible origin for this phenomenon.

EEA is an Auger-like recombination process where two excitons scatter and
one of them is annihilated whereas the other gains the corresponding en-
ergy. The exciton density thus decays following N (r,t) = —raN?(r,t).
Since the Auger coefficient 75 can be extracted from time-dependent pho-
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toluminescence measurements [46], we can set up a semi-phenomenological
model to describe the Auger recombination of an exciton with momentum
Q, NQ(r,t)‘A = —raNq(r,t)N(r,t). This equation describes the annihila-
tion of an exciton at Q with an exciton in any state. We do not directly
resolve the resulting high-energy exciton, but model its effect in the follow-
ing way. The high-energy exciton resulting from Auger recombination will
relax toward the ground state by emitting a cascade of phonons. Until now,
we have treated phonons as a thermal bath. However, this sort of process
where many excitons dissipate a large amount of energy by scattering with
phonons will result in significantly increased non-equilibrium phonon popu-
lations that overheat the excitons. We take this into account by finding the
equation of motion for the phonon number, including phonon emission cas-
cade in a phenomenological manner, by assuming that the exciton energy is
completely transferred to the phonons. Since we treat phonons in the Debye
and Einstein models, we set a cut-off for the phonon momentum.

Auger recombination and the subsequent phonon emission cascade results
in a heating of the exciton distribution. Importantly, the heating is more
pronounced at the center of the excitation area, where the exciton density
is largest, resulting in a temperature gradient. While the conventional diffu-
sion equation only considers a density gradient, a similar equation that
considers the temperature gradient needs to be found. Considering that the
exciton equilibrium distribution has a space-dependent temperature 7'(r),
the current density reads

j(r,t) = =DV, N(r,t) — sV, T(r,1), (5.3)

where we have introduced the exciton Seebeck coefficient s ~ Thkg N My L
The second term corresponds to thermal drift and accounts for excitons mov-
ing from hotter to colder regions. Although we do not numerically solve this
equation (we solve the equation for the exciton Wigner function), it is very
useful for the purpose of understanding the origin of the non-linear propaga-
tion and halo formation. Initially, a strong thermal drift will result in a flat
(super-Gaussian) density distribution, as excitons in the hot central region
will propagate out faster than excitons in colder outer regions. This already
results in non-linear propagation, i.e. the diffusion coefficient decreases with
time. Moreover, if thermal drift is strong enough, the central region will
continue to be emptied at a faster pace than excitons diffusing back. A sig-
nificant temperature gradient can thus lead to the formation of a ring-like
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Figure 5.2: Schematic illustration of exciton propagation and halo formation.
First, an optical excitation generates excitons that diffuse in order to homoge-
nize the spatial distribution (¢p). Auger scattering and relaxation via phonon
emission creates a long-lived spatial gradient in the exciton temperature (color
gradient). The temperature gradient results in a strong thermal drift that drags
excitons out of the central region, giving rise to the formation of a ring-shaped
exciton distribution (#1). Figure taken from Ref. [49] (Paper[l).

shape in the spatial exciton distribution (see Fig.[5.1(b) and Fig.[5.2). Our
microscopic model was able to prove that the Auger-recombination and the
subsequent hot-phonon emission can heat the exciton population, leading to
the observed non-trivial exciton propagation.

In later works, we have showed that the heating effects are not so strong
in hBN-encapsulated TMDs due to the suppressed Auger scattering in this
dielectric environment (Paper[VI)). Furthermore, in Paper[XVI| we have un-
veiled the mechanisms behind Auger recombination, and showed that the
reduced Auger recombination in hBN compared to SiO, substrate is a result
of the weaker Coulomb interaction and less optimal energetic landscape
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CHAPTER 6

Exciton dissociation

Due to their charge neutrality, excitons cannot generate an electric current—
only unbound electrons and holes can. However, electrons and holes in TMDs
are bound into energetically-favourable excitons. This implies that, in order
to generate an electric current, excitons must first dissociate into free elec-
trons and holes. Since the dissociation process can be slow compared to
transport, it poses a fundamental limit on the photoresponse in TMD-based
photodetectors. In this Chapter, we discuss the process of exciton dissocia-
tion and, in particular, focus on dissociation via scattering with phonons.

6.1 Phonon-assisted dissociation

Previous studies have focused on dissociation of excitons assisted by an ex-
ternal (in-plane) electric field [50H52]. This mechanism consists in bound
excitons tunneling into the continuum of unbound electron-hole states—a
process that is facilitated by the bending of the potential landscape caused
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Figure 6.1: Schematic representation of exciton thermalization and dissociation
in tungsten-based TMDs. Excitons are generated by an optical excitation in the
KK valley. Then they scatter with phonons to reach a thermal equilibrium dis-
tribution, even dissociating into unbound electrons and holes. A weak external
electric field drags the free carriers away, breaking the thermodynamic equilib-
rium and forcing a continuous dissociation. Excitons can recombine radiatively at
KK or non-radiatively all around the Brillouin zone. Figure taken from Ref. [53]

(Paper.

by the applied field. However, extremely large electric fields are needed to
dissociate tightly bound excitons with binding energies of hundreds of meV.
For weaker electric fields, which might be more suitable for technological ap-
plications, dissociation will still occur but by other means. The dissociation
mechanism that dominates at weak electric fields and low exciton densities is
phonon-assisted dissociation. In Paper[[TI] we tackle the problem of exciton
dissociation via scattering with phonons and disentangle the main transition
channels. Here we summarize the most important details of the theoretical
model and the main results obtained.

While in previous chapters only the lowest exciton states (1s) have appeared,
here we need to consider the whole Rydberg-like series of states, from the
1s state to the continuum of unbound states (see Fig. and Fig.. As
sketched in Fig.|6.1] excitons scatter with phonons to reach higher energetic
states, and eventually dissociate into unbound electrons and holes by scatter-
ing into the continuum. The wavefunctions of both bound and continuum ex-
citon states enter our model through the exciton-phonon matrix elements. All
these states are obtained by numerically solving the Wannier equation. How-
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Figure 6.2: (a) Dissociation current as a function of time, disentangled into the
main channels. (b) External (solid) and internal (dashed) quantum efficiencies as a
function of the dielectric constant of the substrate or environment. Gray lines mark
the dielectric constants corresponding ot a SiO4 substrate and hBN encapsulation.
All simulations were performed for hBN-encapsulated WSes. Figure adapted from

Ref. [53] (Paper.

ever, the wavefunctions of continuum states are badly resolved in momentum
space because they resemble a Dirac delta and their implementation in the
exciton-phonon matrix elements is numerically demanding. To overtake this
problem, we describe the continuum states with orthogonalized plane waves
(OPWs). This corresponds to treating unbound electrons and holes as com-
pletely free particles (i.e. plane waves). Although this description does not
capture characteristic features of Coulomb-correlated electron-hole pairs such
as the Sommerfeld enhancement of optical absorption [54], 53], it is sufficient
for the purpose of our work and reduces the numerical complexity. The com-
bination of bound and free (plane-wave) states is correctly implemented by
orthogonalizing the plane waves with respect to the bound-state wavefunc-
tions. This step is necessary to obtain a complete set of wavefunctions and
thus avoid unphysical overlaps. More information about the OPW approach
can be found in the supplementary material of Paper|[[Tl]

In Paper[[TI] we consider a continuous optical excitation and study the micro-
scopic mechanisms that govern exciton dissociation in the stationary state.
We compute the dissociation current and disentangle it into the main con-
tributions (see Fig.[6.2(a)). In this way, we are able to identify the main
dissociation channels. In particular, for WSe, we find that most dissociation
comes from excitons in the KA valley that scatter into the unbound contin-
uum of KK’. This is a consequence of the strong coupling with phonons of
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this inter-valley scattering channel. Furthermore, we are able to discern that
it is mostly excitons in the 2s state that dissociate because of a trade-off be-
tween larger dissociation rates and lower occupation at higher energies closer
to the continuum. The similarity between the dissociation-limited response
time obtained of 50-100 ps and the one reported in Ref. [50] supports the
validity of our model.

These findings are important to understand and predict the limitations and
tunability of TMD-based photodetectors. For instance, the relative position
of the A valley is strongly influenced by strain [56]. Thus, strain is a pow-
erful knob that can be exploited to tune the photoresponse of TMDs. In
Paper[[T]] we study the influence of excitation energy, non-radiative recom-
bination, dielectric screening, temperature, and strain on the photoresponse.
Here, we show the impact of the dielectric constant of the environment,
£s. We evaluate the external (EQE) and internal quantum efficiency (IQE),
which are the ratio of excitons that dissociate with respect to incident and
absorbed photon, respectively. For increasing screening, we find that both
EQE and IQE increase (see Fig.|6.2(b)), reflecting more efficient dissociation
due to less bound excitons that lie energetically closer to the continuum. For
even stronger screening, however, we find that the EQE decreases, reflect-
ing the weakening of the optical absorption because of the lower oscillator
strength. The trade-off between dissociation and optical absorption results in
the prediction that for photodetectors hBN encapsulation is a more optimal
environment than a SiOs substrate.

In Paper[[TI} we thoroughly describe the microscopic mechanisms behind ex-
citon thermalization and dissociation. Besides disentangling the main dis-
sociation channels and understanding why they dominate, we also resolve
the exciton pathway by identifying the transitions with strongest scattering
rate. Moreover, we provide a comprehensive study on the tunability of key
quantities (EQE, IQE, response time) with external knobs and compare the
performance of the four most relevant semiconducting TMDs.
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Charge transfer

The last fundamental process that we introduced in Fig.[I.3]is the collection
of charge-carriers at the electrodes. The microscopic mechanisms that govern
this process can determine the efficiency of the device, and their understand-
ing is thus of crucial importance. In this Chapter, we describe the process of
charge transfer in graphene-TMD van-der-Waals heterostructures and reveal
the microscopic origin of the electron—hole asymmetry in the transfer rates.

7.1 Charge transfer in van der Waals het-
erostructures

One of the most obvious choices for electrodes in a TMD-based photodetector
is graphene, due to its exceptional transport properties and the fact that it is
a monolayer material as well. Few experimental works have studied charge-
transfer in graphene-TMD heterostructures [57H61]. In these experiments,
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Figure 7.1: (a) Schematic representation of charge transfer in WSa-graphene van-
der-Waals heterostructures. (b)-(c) Tunneling matrix elements in momentum
space for (b) conduction band (CB) and (c) valence band (VB). The origin is
fixed to graphene’s K point. The solid line represents the intersection between
WSs and graphene bands, which is illustrated by the inset. Figure adapted from

Ref. [61] (Paper@.

an electron—hole pair is photoexcited in the TMD layer. The electron and
hole in the TMD will tunnel into the graphene layer (see Fig.|7.1[a)) in order
to relax to lower energies. What Ref. [59] in particular shows is that this
transfer is faster for holes than for electrons, resulting in a charge separation
that lasts for about 1 ps. In order to understand the origin of this asymmetric
electron /hole transfer and the dominating transfer mechanism, we developed
a microscopic model to describe the tunneling of electrons from one layer to
the other. The results are presented in a joint theory—experiment study in
Paper[V] Here we summarize the main aspects of the microscopic model and
the findings of our work.
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In a graphene-TMD heterostructure, the parabolic and linear bands of the
TMD and graphene, respectively, intersect and hybridize. In a simple ap-
proach that neglects hybridization and exciton populations (which is justified
at the high densities considered here), the transfer dynamics can be described
by a Boltzmann equation where the inter-layer tunneling occurs exactly at
the band intersectionﬂ The transfer rates consist of the tunneling matrix
elements—which provide the strength of the process—weighted by the car-
rier occupation at the intersection. Thus, the energy at the intersection with
respect to the bottom (maximum) of the conduction (valence) band can be
thought of as an energy barrier. In Fig.[7.1{a) it is clearly illustrated that
the barrier for electrons in the conduction band is larger than for holes at
the valence band. This simple reason could explain why holes tunnel faster
than electrons, although the exact form of the tunneling matrix element still
needs to be explored.

The tunneling matrix element contains information about the overlap be-
tween the electronic wavefunctions of both materials. A peculiar property of
graphene is that the two atoms in the unit cell are of the same element—
carbon. In consequence, the electron is in a superposition of two states
that share the same properties but are not the same. This sub-lattice de-
gree of freedom can be treated as a pseudo-spin. The electron is thus in
a superposition of the two possible pseudo-spins. Graphene’s pseudospin is
responsible for intriguing phenomena such as forbidden back-scattering and
chiral tunneling [62]. The overlap between the wavefunctions of the TMD and
graphene carry the momentum-dependent phase between the two graphene
sub-lattices. This results in an interference effect that yields the angular
dependence of the tunneling matrix element that is shown in Fig.|7.1|(b)-(c).
Since the relative phase in the conduction and valence bands differs by «,
the shape of the tunneling matrix element is reversed in these two bands.
The striking consequence is that, while tunneling at the conduction-band
intersection is suppressed, it is maximized at the valence band. Therefore
the faster tunneling of holes can be attributed to this phenomenon, in addi-
tion to the lower energy barrier. This theoretical prediction is very valuable
for understanding the electron—hole tunneling asymmetry in TMD-graphene
heterostructures.

In Fig.a), defect-assisted tunneling is also illustrated. We do not consider this
process in our microscopic model, but discuss its potential relevance in Paperm
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CHAPTER 8

Conclusion and outlook

In this thesis, we have provided a microscopic understanding of the funda-
mental many-particle mechanisms that govern the main processes in TMD-
based photodetectors. The theoretical approach presented here is based on
the density matrix formalism and describes a system of interacting elec-
trons, phonons, and photons. In particular, we have used our model to
study the influence of excitons on the optical response, transport, and dy-
namics in TMD monolayers. Our work provides relevant insights on (1) the
density-dependence of optical absorption spectra, (2) the dominant role of
momentum-dark excitons in the relaxation and dissociation dynamics, (3)
the formation of photoluminescence halos at large exciton densities, and (4)
the asymmetric charge transfer in WSs—graphene heterostructures. The mi-
croscopic understanding of these processes contributes to determining the
optimal operation conditions, limitations and tunability of TMD-based pho-
todetectors.

While in this thesis we have focused on studying monolayers of TMDs—with
the only exception of Chapter[ll—a lot of the current research in the field
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focuses on investigating van-der-Waals heterostructures, which are formed
by two or more monolayer materials that are held together via van der
Waals interaction. These structures are highly tunable with the relative
twist angle between the two monolayers and offer a platform for studying in-
triguing many-body phenomena, including strongly correlated electrons and
moiré-localized localized excitons. Moreover, many-particle states beyond
excitons become relevant with doping, high excitation power, temperature
and strong light-matter interaction. Examples of these are trions—three-
particle complexes formed by two electrons (holes) and one hole (electron)—,
biexcitons—formed by two excitons—, and different sorts of exciton-polarons
(exciton-phonon, exciton-polariton, exciton Fermi-polarons, etc.). In partic-
ular, trions and Fermi-polarons become very relevant at finite doping, with a
significant impact on the optical absorption and emission spectra, that can be
partially or almost completely dominated by these energetically-favourable
species [63]. Since in actual devices doping will play an important role, the
impact of trions in both monolayers and van-der-Waals heterostructures must
be accurately understood. An extension of the work presented in this thesis
to include the influence of trions will provide a more complete picture of
the main many-particle processes that govern the operation of TMD-based
optoelectronic devices.
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