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Abstract

Electronic industry is still growing with incredible speed and is continously demanding for
faster and more efficient devices. But the conventional silicon- and I11-V-semiconductor
technology seizes up by reaching its physical limits. To catch up with miniaturization,
fresh ideas and new material systems are needed.

Promising candidates are ultimately thin van-der-Waals (vdW) heterostructures built
from two-dimensional (2D) crystals which can be stacked in arbitrary configurations to
built nanoscale devices. Of particular interest are heterostructures built of graphene with
high carrier mobility and monolayers of transitions metal dichalcogenides (TMDs) featur-
ing a direct band gap and strong absorption of visible light. TMD /graphene heterostruc-
tures were found to show an ultrafast charge transfer after optical excitation and efficient
charge separation. This is interesting for the use in photodetectors or photovoltaics but
also in opto-spintronics as the charge transfer might by accompanied by a spin transfer
when using circularly polarized light for spin-selective optical excitation. But until now,
the microscopic mechanism behind the ultrafast charge trasfer is not yet understood and

controversely debated.

In this thesis the ultrafast charge transfer in epitaxial WS, /graphene heterostructures
was investigated by means of time- and angle-resolved photoemission spectroscopy (tr-
ARPES) which allows a direct view on photocarrier dynamics. A visible 2 eV pump pulse
excites the heterostructure resonantly to the A-excitonic transition in WS,. And a delayed
probe pulse takes snapshots of the electronic bandstructure as a function of pump-probe
delay by ejecting photoelectrons from the sample to the detector where they are analyzed
in their energy and momentum.

We found evidence for ultrafast charge separation in WS, /graphene by asymmetric pop-
ulation dynamics, charging shifts and an increasing hole density in graphene. The hole
transfer to graphene is ultrafast with less than 200fs while the charge separation per-

sists for 1 ps. By combining a pump fluence dependent study with many-body theory we



developed a microscopic model for the ultrafast charge transfer and identified the main
charge transfer channels. The timescale for charge separation is set by direct tunnel-
ing via band intersections close to the K point and the lifetime for charge separation is
set by defect-assisted tunneling via localized Sulfur vacancies. This mechanism can also
explain the ultrafast charge transfer in bilayer WSy /graphene heterostructures with an
indirect WS, band gap. Photoexcitation at the 3 valley of the Brillouin zone in mono-
layer WS, /graphene leads to intervalley scattering to the K valley within 400 fs followed
by ultrafast charge transfer. At the points in the Brillouin zone where WS, and graphene
bands intersect a hybridization allows for charge transfer between the layers as predicted
by density functional theory. We further found a non-rigid valence band shift in WS,
which can be traced back to momentum dependent bandgap renormalization with the
help of many-body GW calculations.

For the different heterostructures and excitation scenarios in this thesis the developed
microscopic model was shown to be robust. It thus provides important conclusions for
the design of future opto-electronic and opto-spintronic devices based on TMD /graphene

heterostructures.
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Zusammenfassung

Die Elektronikindustrie wichst weiterhin mit rasanter Geschwindigkeit und verlangt stets
nach schnelleren und effizienteren Baugruppen. Die klassische Silizium- und III-V Hal-
bleitertechnologie gerét allerdings ins Stocken da sie ihre physikalischen Grenzen erreicht.
Um die Miniaturisierung fortzusetzen werden frische Ideen und neue Materialsysteme
benotigt.

Vielversprechende Kandidaten sind ultimativ diinne van-der-Waals Heterostrukturen
gebaut aus zweidimensionalen (2D) Kristallen, die in beliebigen Konfigurationen gestapelt
werden konnen um nanoskalige Gerédte zu bauen. Dabei sind von besonderem Inter-
esse Heterostrukturen aus Graphen mit hoher Ladungstrigermobilitit und Monolagen
von Ubergangsmetalldichalogeniden (TMDs) mit einer direkten Bandliicke und aukeror-
dentlich starker Absorption von sichtbaren Licht. TMD/Graphen Heterostrukturen zeigen
nach optischer Anregung einen ultraschnellen Ladungstransfer und effiziente Ladungstren-
nung. Das ist interessant fiir ihre Verwendung in der Optoelektronik und auch der Op-
tospintronik, da der Ladungstransfer an einen Spintransfer gekniipft sein kénnte wenn man
mit zirkular polarisiertem Licht Spin-selektiv anregt. Aber bisher ist der mikroskopische
Mechanismus hinter dem ultraschnellen Ladungstransfer noch nicht verstanden und wird
kontrovers diskutiert.

In dieser Arbeit wird der ultraschnelle Ladungstransfer in eptaktischen WS, /Graphen
Heterostrukturen mittels zeit- und winkelaufgeloster Photoemissionsspektroskopie (tr-
ARPES) untersucht, welche einen direkten Blick auf die Dynamik von angeregten
Ladungstrigern erlaubt. Ein sichtbarer 2eV Anregungspuls regt die Heterostruktur reso-
nant zum A-Exziton in WS, an. Und ein verzogerter Abfragepuls macht Schnappschiisse
der elektronischen Bandstruktur als Funktion der Verzogerung beider Laserpulse indem
Photoelektronen emittiert, die einem Detektor in ihrer Energie und Impuls analysiert

werden.

Wir haben asymmetrische Besetzungsdynamik, Aufladungsverschiebungen und eine er-
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hohte Lochdichte in Graphen als Beweise fiir ultraschnelle Ladungstrennung in
WS, /Graphen gefunden. Der Lochtransfer ins Graphen ist ultraschnell mit weniger als
200 fs wiahrend die Ladungstrennung fiir 1 ps anhalt.

Durch Kombination einer Studie der Abhéangigkeit von der Photonenflussdichte und Viel-
teilchentheorie haben wir ein mikroskopisches Modell fiir den ultraschnellen Ladungstrans-
fer entwickelt und die priméren Transferkanéle identifiziert. Die Zeitskala fiir Ladungstren-
nung wird durch direktes Tunneln iiber Kreuzungspunkte von Bandern in der Nahe
des K Punktes bestimmt und die Lebensdauer der Ladugstrennung iiber Fehlstellen-
unterstiitztes Tunneln and Schwefel-Leerstellen. Der Mechanismus kann auch den ul-
traschnellen Ladungstransfer in Bilagen WS, /Graphen mit indirekter Bandliicke in WS,
erkldren. Optische Anregung nahe des »-Punktes in der Brillouin-Zone in Monolagen
WS, /Graphen fiihrt zur Intervalley-Streuung zum K Punkt innerhalb von 400 fs gefolgt
von ultraschnellem Ladungstransfer. An den Punkten in der Brillouin-Zone, wo sich
WS,- und Graphen-Béander kreuzen, wird der Ladungstransfer erlaubt durch eine Hybri-
disierung, die von Dichtefunktionaltheorie berechnet wurde. Wir haben weiterhin eine
nicht-starre Verschiebung des Valenzbands in WS, gefunden, die auf impulsabhingige
Bandrenormalisierung mit der Hilfe von Vielteilchen-GW Berechnungen von zuriickge-
fiihrt werden konnte.

Das entwickelte mikroskopische Modell in dieser Arbeit hat sich als robust erwiesen
fiir verschiedene Heterostrukturen und Anregungsszenarien. Deshalb bietet es wichtige
Schlussfolgerungen die das Design von optoelektronischen und optospintronischen
Bauteilen basierend auf TMD /Graphen Heterostrukturen.
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CHAPTER 1

Motivation

When getting smaller one can enter interesting new worlds — like Alice could enter won-
derland by a shrinking potion [10]. Similarly, when dimensionality is shrinked particles
can enter a just as colorful and seemingly illogical world: the “quantum world”. Propelled
by the need of faster and power efficient electronics for smartphones, computers, consumer
electronics and so on, the dimensions of electronic components got continously smaller
(currently 5nm [11]) and did thereby enter the quantum world. But as quantum mechan-
ical effects emerge, components like transistors based on silicon or III-V semiconductors
reach their physical limits by shorting due to tunneling or carrier trapping at defects.
Further miniaturization is restricted and the famous Moore’s law seems to come to an
end [12].

A possible way out are two-dimensional (2D) crystals — beeing sub-nm due to atomar
thickness — with unique electronic properties. By now a variety of 2D materials were
discovered and they span the complete range with metallic, semimetallic, semiconducting
or insulating behavior [13].

The recent development of growth and transfer techniques allows arbitrary stacking of
several 2D crystals to ultimately thin heterostructures with device functionality. Lat-
tice matching conditions like in conventional heterostructures are negligible due to the
relatively weak van-der-Waals (vdW) forces between the layers and countless different
heterostacks can be built [14, 15]. Several proof-of-principle devices based on vdW-
heterostructures have been realized: For example transistors [16-18], light emitting diods
[19,20] and photodiods [21-25]. The technical progress allows to dream of flexible elec-
tronics like photovoltaic panels embedded in clothing [26,27].

However, of particular interest are heterostructures that combine graphene with semi-



Chapter 1. Motivation

conducting transition metal dichalcogenides (TMDs). The famous semimetallic graphene
shows exceptionally high carrier mobility and long spin lifetimes [28,29]. And TMD mono-
layers got into the scientific spotlight due to their strong optical absorption in the visible
range, strong spin-orbit coupling and a direct band gap [30-33|. Interestingly, optical ex-
citation of the TMD monolayer is followed by ultrafast charge transfer into the graphene
layer |21, 34-39] and anisotropic transfer rates lead to charge separation. In addition
the charge transfer might be accompanied by spin injection into graphene when using
circularly polarized light [40-42]. The efficient charge separation an the interface pro-
vides enormous potential for applications in opto-electronics and opto-spintronics. But
the underlying microscopic mechanism for ultrafast charge transfer in TMD /graphene

heterostructures is not understood yet.

Alice did find her path through wonderland equipped with curiosity and by continously

asking questions. In a similar manner, we do ask:

m If the vdW coupling between layers is believed to be weak: Why is the charge

transfer ultrafast?
m Why are transfer times for photoexcited holes and electrons asymmetric?
m What are the timescales for charge recombination?
m [s intervalley scattering of carriers involved in interlayer transfer?
m [s orbital overlap needed for charge transfer?
m [s the charge transfer accompanied by a large momentum change?
m Where does the charge transfer happen within the Brillouin zone?

m Which practical requirements have to be met for ultrafast charge separation?

The main motivation of this thesis is shining some light onto the microscopic mechanism

of charge transfer and the applicability onto different samples and excitation scenarios.

To date, mainly all-optical techniques were employed to investigate ultrafast charge trans-
fer phenomena in vdW heterostructures. But they provide a rather indirect view on pho-
tocarrier populations and lack of momentum resolution. In this thesis we developed a
time- and angle-resolved photoemission spectroscopy (tr-ARPES) setup which allows a
direct view on photocarrier populations in energy, momentum and time. As the interface
quality is crucial for the observation of ultrafast charge transfer [37] we use high-quality

epitaxial WS, /graphene heterostructures grown by chemical vapor deposition (CVD).



When photoexcited resonant to the strong A-excitonic peak in WS,, we observe experi-
mental evidence for ultrafast charge transfer in: asymmetric population dynamics, charg-
ing shifts and holes transferred to graphene. After excitation, holes in WS, are instan-
taneously refilled by electrons from graphene. The remaining electrons in WS, and holes
in graphene then build a charge separated state. By using tr-ARPES and many-body
theory we find the timescale for charge separation is set by direct tunneling at the band
intersections of WS, and graphene bands close to the K-point. The timescale for electron-
hole recombination, on the other hand, is set by defect-assisted tunneling via localized S
vacancies.

The developed charge transfer model is further found to be applicable for photoexci-
tation close to the X point of the Brillouin zone as well as for bilayer WS, /graphene
heterostructures. The foundation of the model is strenghtend by density functional the-
ory calculations which predict hybridization at the points in the Brillouin zone where
WS, and graphene bands cross. We further observed a non-rigid WS, valence band shift
following optical excitation in a WS, /graphene heterostructure which we can trace back
to momentum dependent bandgap renormalization with the help of many-body GW cal-
culations. The developed microscopic model for charge transfer is applicable to other
TMD /graphene heterostructures and provides important conclusions for the design of
novel opto-electronic and opto-spintronic devices.

The thesis is structured as follows: An introduction to TMD /graphene heterostructures
is given in chapter2. The experimental tr-ARPES setup and sample preparation is ex-
plained in chapter3. This chapter peaks into the first direct observation of ultrafast
charge transfer with a state-of-the-art tr-ARPES experiment. Chapter4 expands the
analysis and derives the microscopic model for charge transfer based on pump fluence
dependent experiments. Bilayer WS, /graphene heterostructures are investigated in chap-
ter 5. The interplay between charge transfer and intervalley scattering is investigated in
chapter 6 and the momentum dependent valence band shift in chapter 7. The thesis closes
with a summary of the findings and an outlook based on the experiments of the previous

chapters. And with this our journey to heterostructure wonderland will come to an end.






CHAPTER 2

TMD/Graphene Heterostructures

The attractiveness of nanoscale physics and devices stems from the reduction of the di-
mensionality. New physics come into play as soon as the spatial extend of the material
becomes comparable to the de Broglie wavelength. Confinement in one, two or three
spatial directions results in the formation of quantum wells, quantum wires and quantum
dots, respectively.

Quantum wells, produced by sequential doping of semiconductors and intensively studied
in the past, are the basis for the field effect transistor electronics in our everyday life [43].
In the two-dimensional (2D) quantum well the formation of a two-dimensional electron
gas (2DEG) gives rise to quantum effects not present in the bulk case, like the quantum
hall effect at low temperatures and high magnetic fields |44].

The 2D materials investigated in this thesis consist of layers with a thickness of just a few
atoms with a total thickness below 1 nm. As such their properties are determined by the
confinement in 2D, e.g. graphene exhibits a (half integer) quantum hall effect [45]. This
chapter will introduce the quasi 2D-materials graphene and monolayer transition metal

dichalcogenides and finally discuss 2D-heterostructures built from them.

2.1 Graphene

Common household scotch tape can thin down bulk graphite into a one atom thick carbon
layer and produce a modern nanotechnology material. Although it was long believed that
such a 2D crystal would be unstable, this discovery of graphene in 2004 has led a revolution

in nanoscale physics and to a variety of technical devices and applications [45-47].
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2.1.1 Structure

Graphene is ordered in a hexagonal honeycomb lattice as visualized in Fig. 2.1. The carbon
atoms are sp? hybridized and bound to each other in-plane by o bonds. In the out-of-
plane direction the p, orbitals form 7m-bonds. As highlighted in Fig.2.1b the honeycomb
lattice is composed out of two triangular sublattices (pink, violet) mirror symmetric to
another [48].

(a) (b)

Top view

00— 0—00—@ Side view

Figure 2.1: Crystal structure of graphene: (a) Lattice structure. (b)
Top and side view. The unit cell is spanned by the lattice vectors d; and
o with length 2.46 A [48]. Representation inspired by [49].

Graphene exhibits unique mechanical properties due to the strong o-bonds [50]. It’s
Young’s Modulus of 1 TPa and intrisic tensile strength of 130 GPa make it the strongest
material ever measured although it is ultimately thin. Macroscopic sheets of graphene can

be reversely bent and were proposed as substrate material for flexible electronics [26,27].

2.1.2 Band Structure and Electronic Properties

Similarly, graphene’s electronic properties are outstanding. The electronic and optical
response is dominated by the m-bands forming two cosine-shaped bands, displayed in
Fig.2.2a [29,51,52]. It can be seen that the valence and conduction band touch at the K
and K’ points at the corners of the Brillouin zone at an energy Ep, referred to as Dirac-
point. In consequence, graphene is a zero-gap semiconductor, if the chemical potential is
located at Ep, and semimetallic otherwise.

A zoom-in into the band structure close to the K and K’ points (see Fig.2.2b) reveals a
linear dispersion of the w-bands of €(k) = thvp|k|, like photons [52]. vr denotes the Fermi
velocity and k the in-plane momentum. Therefore, the carriers inside graphene behave
like massless Dirac fermions [47]. Due to the double-cone shape the regions around the
K and K’ points are called Dirac-cones (see Fig. 2.2b).

Graphene also possesses a high Fermi velocity vr of ~10°m /s [52,54] which is independent

of changes in chemical potential by doping or gating, thanks to the linear dispersion. But
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binding energy (eV)

p(E)

2 -1 0 1 2 k )

Y |B)

momentum (A-ﬁ)

Figure 2.2: Band structure of graphene: (a) Tight binding band
structure |51,52|. The inset shows the hexagonal Brillouin zone. (b) Sketch
of the Dirac cones at the K and K’ points with pseudospin texture indi-
cated by the orange arrows. Adapted from [53]. The pseudospin of the
wave function [¢) is defined in the Bloch sphere below where |A) and | B)
indicate localization on the two sublattices (cf. Fig.2.1b). (c) Density of
states p(F) within the Dirac-cone. Adapted from [29].

the Density of states (DOS) p(F) is strongly dependent on the position of the chemical
potential and even vanishes at Ep, as can be seen in Fig. 2.2c. The linear dispersion also

leads to a uniform absorbance of light in the visible range [52].

As the carbon atoms are light-weighted, the spin-orbit coupling in pristine graphene is
negligible [55]. Thus, injected spin-polarized carriers show very long spin lifetimes of ns
(equal to mean free paths of ym) even at room temperature [54,56,57|. Hence, graphene
gained some interest as spin transport material in spintronics devices.

Because of the low spin-orbit coupling the Dirac-carriers are spin-degenerate. But they can
be distinguished by another quantum number, the pseudospin. First of all, the pseudospin
is not connected to the spin of carriers. The pseudospin results from the localization of
the wave function on the sublatties |A) or |B) (indicated in Fig.2.1b by violet and pink
colors of carbon atoms). The allocation onto the sublattices gives the out-of-plane angle of
pseudospin and the phase between Bloch waves gives the in-plane angle (see Bloch sphere
in Fig.2.2b). As such the pseudospin can be understood as the helicity of Dirac-carriers
which is opposite at K and K’ as indicated by orange arrows in Fig.2.2b [53]. It plays
a crucial role for electron-electron scattering, since pseudospin needs to be conserved and
pseudospin-flip is forbidden. Hence, carrier backscattering from one side of the Dirac-
cone to the other is prevented [47] and interband transitions are anisotropic [9]. The high
carrier mobility in graphene at room temperature [24,28| can then be traced back to high

vr, low defect density and pseudospin-limited backscattering.
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2.2 Transition Metal Dichalcogenides (TMDs)

After the discovery of graphene, other layered van-der-Waals materials got into the sci-
entific spotlight since they can be similarly thinned down by exfoliation [13]. Amongst
them, one particularly interesting class are transition metal dichalcogenides (TMDs).
They stand out by strong light-matter interaction in the visible range when thinned down
to few layers. Proof-of-principle devices of TMDs in the mono and few layer form for
photovoltaics and photodiodes [16,17,21-23,58, 59|, photocatalysis [60] or as lasing me-
dia [61-64] were shown. Further, they could be integrated into lab-on-a-chip systems
making ultrathin and light-weight electronics possible [65].

2.2.1 Structure

The term Transition Metal Dichalcogenides (TMDs) simply reflects the basic formula
M X5 composed out of a transition metal atom M (Mo,W,Ti,Ta) of groups IV-VII of the
periodic table and two atoms X from the chalcogen family (S, Se, Te).

Many of the TMDs grow in layered crystals. Within the quasi-two-dimensional layers, M
and X atoms are bound covalently. The transition metal atom favors a trigonal-prismatic
coordination leading to the hexagonal crystal structure of MXs shown in Fig.2.3 for
monolayer WS, [66].

£
OP_ /O—\ Top view

:
! ' Sd i
’/é ide view

Figure 2.3: Crystal structure of monolayer WSs: (a) 3D represen-
tation. (b) top and side view. Adapted from [49]. The in-plane lattice
vectors @; and @, have a length of 3.15 A [67].

)
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TMD monolayers are represented by the crystallographic point group Djsj, and lack inver-
sion symmetry. This can be seen in the top view of Fig.2.3a.

When stacked or in the bulk form, individual layers are weakly bound by van-der-Waals
interaction. Such bulk stacking can exhibit several polytypes, e.g. 3R or 2H. The first
corresponds to M over X and another M over X and is also called AB stacking. 2H stacking

corresponds to M over X and X over M and is also called AA’ stacking and it is the most

8



2.2 Transition Metal Dichalcogenides (TMDs)

stable form for bilayer MX, [68]. In there, inversion symmetry is restored by a 180° in
plane rotation of the second layer (A’) with respect to to the first one (A) [69]. This
inversion symmetry is maintained in bulk 2H-TMDs and they are described by the higher
symmetric point group Dgy, [30]. The 2H stacking yields a van-der-Waals gap between
the layers of ~3 A [67].

The rich physics of TMDs originate to the biggest extend from anti-bonding d-orbitals of
the transition metal atom M and the degree to which they are filled. When empty, the
materials are semiconductors, e.g. MoSs, MoSe;, WSy and WSe;. When the d-orbitals
are partially filled, the materials are metals which can exhibit charge density wave, Mott
insulating or superconducting ground states [67]|. However, for the following discussions
we will focus on the description of TMD monolayers and tungsten disulfide (WS,) in

particular.

2.2.2 Band Structure

WS, is a semiconducting layered TMD material. The single-particle band structure of
monolayer and bilayer WS, is displayed in Fig. 2.4a and b, respectively. In the monolayer,
the valence band maximum (VBM) and conduction band minimum (CBM) are both
located at the K point forming a direct band gap. The bilayer, on the other hand,
exhibits an indirect band gap with the VBM at the [' and the CBM at the X valley, half
way in between I' and K. The band gap stays indirect by stacking into bulk [49, 69].

(a) monolayer (b) bilayer (c) upper valence band (d) lower conduction band
T T . 8 ’; =il
_ [N/ THYAN Y
2 E
g 07 043 7 043 /T =
o =
-1 4 ] F o
L 1 1 ] 's)
r £ K M rr z K M r

Figure 2.4: Band structure of WSsy: Ab initio band structure includ-
ing spin orbit coupling for (a) monolayer and (b) bilayer WSo. Adapted
from [69]. (c) and (d): Orbital contributions in a monolayer WSes as
a function of momentum for the uppermost valence band in (¢) and the
lower most conduction band in (d). Calculated by first principle density
functional theory. Adapted from [70].

In the monolayer, the spin degeneracy in valence and conduction band is fully lifted
at the K points. This stems from broken inversion symmetry and strong spin-orbit
coupling imposed by the relatively heavy M atom. A sizeable spin-orbit splitting of

>0.4€eV of the valence band is found in tungsten based compounds [54]. In comparison,

9



Chapter 2. TMD/Graphene Heterostructures

conventional semiconductor quantum wells exhibit much smaller Rashba spin-splitting
below 30 meV [71].

K and K’ points have an opposite sign in spin-orbit-splitting in TMD monolayers due to
time-reversal symmetry [69,70]. In the conduction band the spin-orbit splitting is much
smaller and opposite at K, compared to the valence band, but stronger again at the X
valley [30]. In WS, bilayer, however, the restored inversion symmetry does not lift the
spin-degeneracy but rather localizes the upper and lower valence band states in different
layers [69].

The orbital contributions to the valence and conduction bands are displayed in Fig. 2.4c
and d for the related compound WSe,. It can be seen, that the states in the valence band
at the K valley originate from in-plane orbitals (d,2_,2 + d,,, and p, + p,) and at the T’
valley from out-of-plane orbitals (ds.2_,2 and p,). The conduction band at the K valley
has out-of-plane character and is almost completely hosted by the transition metal atom
(d3,2_,2). Conduction band states at I' and ¥ have a mixed out-of-plane and in-plane
character |30, 70|. Interlayer coupling of out-of-plane orbitals leads to a splitting of the
bands at T" when stacked into bilayer (Fig.2.4b).

2.2.3 Excitonic Transitions

Few layer TMDs couple very efficiently to light in the visible range. Optical absorption and
emission spectra are dominated by distinct peaks as it can be seen for a selection of TMD
monolayers in Fig. 2.5a. Remarkably, the individual absorption spectra (grey curves) show
several peaks with absorption on the order of ~20% in spite of the monolayer thickness
of the crystals.

Further, the absorption peaks with the smallest energy (peak A) coincide with the peaks in
photoluminescence (colored curves) [31]. These strong optical excitations are be assigned
to excitonic transitions, which are energetically below the single-particle band gap of
TMD monolayers. As such they determine the “optical bandgap”. Excitons are bound
electron-hole pairs (Fig.2.5b). If electrons and holes that form the exciton are located
at the same valley in the BZ (e.g. K-K exciton) they are called optically bright as their
creation or decay is possible by a direct optical transiton. They are called optically dark,
if they are located at valleys with different momentum (e.g. X-K exciton) or spin (e.g.
K;-K| exciton) [30].

The concept of excitons is well-established |73,74], but excitons in TMD monolayers gained
interest due to extraordinary binding energies up to 1eV. This is >1order of magnitude
bigger than in conventional quantum wells [75]. The large exciton binding energies in
TMD monolayers are caused by the enhanced attractive Coulomb interaction between

electron and hole which arises from (1) the confinement into a two-dimensional plane and
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Figure 2.5: Excitons in TMDs: (a) Differential reflectance (AR/R,
grey) and photoluminescence (PL, color) spectra for several TMD mono-
layers. Adapted from |31]|. (b) Optically bright and dark excitons in band
structure picture. (c) Real space picture of the Coulomb-interaction be-
tween electron and hole. Adapted from [72]. (d) Coulomb enhancement of
the optical spectrum. Adapted from [30].

(2) low dielectric screening within the TMD layer (see Fig.2.5¢). As they are strongly
bound they exhibit a rather small Bohr radii of ~1nm [30].

By now, a variety of excitonic peaks was found and identified in optical spectra of few
layer TMDs. Historically, the first peaks found were labelled A, B and C (cf. Fig.2.5a).
It turned out that the A- and B-excitonic transitions correspond to transitions from the
upper (VB4) and lower (VBg) valence bands into the conduction band, respectively [30].
The C-peak can be either assigned to an excitonic transition |76,77] or to direct transitions
at points in the Brilluin zone where conduction and valence bands are parallel [31].
Trions, charged excitons, can be obtained by photoexcitation under electrical gating as
satellite peaks to the neutral exciton [78,79]. Furthermore, the exciton itself exhibits
excited states (n = 1, 2, 3, ...) called excitonic Rydberg series in analogy to the electronic
states in the hydrogen atom [72|. In Fig. 2.5a the peaks A (B) correspond to n=1 and A’

B’) to n—=2. respectively. The exciton binding energy of the nth excited state E can be
( , Tesp y g energy B

calculated using Egl) = By — Eé;) with the single-particle band gap Fy, and the energy
of the respective optical transition E,r.

E'p is reduced due to enhanced screening of the Coulomb interaction between electron and
hole, e.g. by placing the TMD monolayer on a substrate or by creation of photoexcited
carriers. At high excitation densities F'g can approach zero and excitons dissociate into

free electrons and holes. This transition is referred to as “excitonic Mott transition” in
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literature and should not be confused with a metal-insulator transition |30, 80, 81].

A summary of the above can be found in a spectroscopic picture in Fig. 2.5d.

In contrast to all-optical techniques, time- and angle-resolved photoemission spectroscopy
(tr-ARPES) can in principle access dark excitonic states. Signatures for excitons in tr-
ARPES were predicted theoretically [80,82,83] and indeed observed experimentally [84—
86].

2.2.4 Spin-Valley Physics

The excitonic transitions at the K and K’ valleys provide optical selection rules which
can be used in valleytronics, a new branch of optoelectronics [87]. The A and B excitonic
transitions in monolayers are linked to the upper and lower valence bands which are spin-
orbit split at the K, K’ valleys by a significant amount of ~0.4eV. Consequently, they
can be selectively excited by adjusting the photon energy.

K ¢ y ‘LT\

¥4 WX, & =

/\?A v
A\\« 5(,)Cl f/\f

Figure 2.6: Spin- and valley-contrasting physics: Selective exci-
tation of valleys (K, K') in TMD monolayers by circular polarized light
(oF,07). Adapted from [30].

Due to time-reversal symmetry the spin-orbit splitting is opposite at K and K’. As
depicted in Fig. 2.6, circularly polarized light (¢, 07) resonant to the A-exciton selectively
excites either the K or the K’ valley with the corresponding spin-polarization [88]. This
spin-valley locking bears great promise for opto-spintronics. When excited by circularly
polarized light, the photoluminescence from excitons in monolayer TMDs is indeed found
to have a high degree of circular polarization [89-93] which is further substantiated by
time-resolved Kerr rotation measurements [94|. Obvioulsy, photoexcitation by linearly
polarized light leads to no net spin-valley polarization [30].

In addition, the locking of the valley and spin degree of freedom gives rise to combined

valley and spin Hall effect in transport [88,95].
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2.3 Van-der-Waals Heterostructures

2.3 Van-der-Waals Heterostructures

Aside from graphite and TMDs a variety of other layered van-der-Waals materials exist
and most of them can be exfoliated quite easily. Recently developed transfer techniques
(see section 3.2.1) allow to stack individual 2D layers on top of each other in a LEGO-
like manner to build ultimately thin heterostructures as shown in Fig.2.7a [14]. The
building bricks in this metaphor can exhibit insulating, semiconducting, superconducting,
semimetallic or metallic behaviour (see overview Fig. 2.7b) opening a huge playground for
the design of novel artifical materials. The weak van-der-Waals coupling between layers

bypasses lattice matching conditions and enables arbitrary stacking and control of the

twist angle between layers [13, 15].
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Figure 2.7: Van-der-Waals Heterostructures: (a) LEGO-like stack-
ing of two-dimensional layers. Adapted from [14]. (b) Overview of layered

van-der-Waals materials. Adapted from [13].

2.3.1 Hybridization and Proximity-Induced Effects

Although the van-der-Waals bonds are relatively weak, it was shown that hybridization
between the layers occurs. This can affect the band structure significantly. Wilson et al.
observed by means of u-ARPES a splitting of valence bands at I" in a MoSy/WSe, het-
erostructure that is absent in the individual layers. Bands at K stayed mostly unaffected.
The authors assign this fact to orbital overlap which is bigger for I' orbitals with out-of-
plane character than for K orbitals with in-plane character (cf. Fig.2.4¢). Similarly, Diaz
et al. found gaps opening at band crossings in a graphene/MoS, heterostructure at the
area in the BZ where the bands exhibit out-of-plane orbital character |96].

In addition, changing the dielectric environment of a freestanding layer by stacking it
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Chapter 2. TMD/Graphene Heterostructures

into a heterostructure will affect it’s electronic and optical properties by screening of
the Coulomb-interaction (cf. Fig.2.5¢). This can renormalize the single particle band
structure and affect exciton binding energies |30, 97, 98].

The van-der-Waals coupling can also lead to proximity-induced effects in neighboring
layers [15]. The most prominent example is proximity-induced spin-orbit coupling in
graphene [40,99]. Such an enhanced spin-orbit coupling strength of ~2.5meV was indeed
observed experimentally [100,101].

All of the effects mentioned above scale with the interlayer distance. Thus, the quality
of the heterostructure interface is crucial for observation of such effects [37] and should
be considered when choosing a preparation method (see section 3.2.1). For the particular

case of a WSy /graphene heterostructures the interlayer distance is ~3.45 A.

2.3.2 Ultrafast Charge Transfer in TMD Heterostructures

Another emerging effect in some heterostructures is an ultrafast charge transfer. Photoex-
cited carriers can travel from one layer to the other on timescales faster than a picosecond.
This seems quite surprising considering the supposedly weak van-der-Waals coupling be-
tween the layers. The use of this effect in optoelectronics and photovoltaics is obvious as
photocarriers are found to be efficiently separated after the initial charge transfer.

The driving force behind the ultrafast charge transfer is simply revealed by the band
alignment of both layers [66]. In van-der-Waals heterostructures of type IT band alignment,
made out of two semiconductors (e.g. MoSs/WS,), the conduction band minimum (CBM)
and valence band maximum (VBM) are located in different layers (see Fig. 2.8a). Selective
excitation of one layer, is then followed by charge transfer of electrons or holes into the
second layer. For example consider a photoexcitation in MoS, in Fig. 2.8a as marked by
the red arrow. Photoexcited electrons then find themselves in the global CBM, located in
the MoSy layer, but photoexcited holes strive to relax to the global VBM, located in the
WS, layer. As a consequence an ultrafast hole transfer is observed while electrons remain
in MoS, [102]. The charges are then efficiently separated.

Similar ultrafast charge transfer processes were observed in several TMD heterostructures
of type II band alignment [98,103-108|. If electron or hole transfer is favored, depends
on the exact alignment of the bands and, of course, the excitation itself.

The photoexcitation in TMD heterostructures of typell band alignment was often per-
formed by resonant excitation of excitons. Although these excitons are strongly bound
(see section 2.2.3) carrier tunneling between layers can lead to formation of so called in-
terlayer exciton states which is estimated to take place within a timescale of 10 ps [109].
These states are energetically favorable due to reduced binding energy and were also
observed experimentally [104,105,110].
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Figure 2.8: Band alignment in heterostructures: (a) Typell. (b)
Typel. Red arrows indicate initial (selective) photoexcitation. Orange and
violet arrows indicate subsequent charge transfer.

In heterostructures with type I band alignment the CBM and VBM are both located within
the same layer as it is the case in WS, /graphene heterostructures (see Fig.2.8b). As a
consequence photoexcited carriers in WS, will always strive to relax to the Fermi level (Er)
located in graphene states. The ultrafast charge transfer in this type of heterostructures is
also found to happen ultrafast but — very interesting — highly asymmetric for electrons
and holes. This also leads to efficient charge separation [21,34,35,37-39,111]. The ultrafast
charge transfer also induces a bleaching and linewidth broadening ot the A-exciton in WS,
when proximitized to graphene [36].

The microscopic mechanism behind the ultrafast charge transfer in TMD/graphene het-
erostructures is still not understood. First of all, it is unclear why the charge transfer
happens on ultrafast timescales. The asymmetry of electron and hole transfer is another
open question.

The ultrafast charge transfer in TMD/TMD heterostructures can be explained by inter-
valley scattering to regions in the Brillouin zone with significant orbital overlap between
the layers at which the carriers can tunnel [112-114]. These regions are close to the T" val-
ley in the valence band with out-of-plane orbital character (cf. Fig.2.4c and d). It is open
if this picture holds for TMD /graphene heterostructures aswell. When resonantly excited:
What is the role of excitons for interlayer transfer in TMD /graphene heterostructures?
Is charge recombination based on the same mechanism as charge separation and how long

does it persist? And which practical requirements have to be met by TMD/graphene
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heterostructures for ultrafast charge separation?
Thus, shining light onto the charge transfer mechanism is the major motivation for this

work.
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CHAPTER 3

Experimental Techniques

The ultrafast charge transfer in van-der-Waals heterostructures was mostly investigated
by all-optical spectroscopy techniques, particularly often by transient absorption (TA)
spectroscopy [34, 37-39, 98,102,103, 106-108, 111]. In general, TA spectroscopy probes
pump-induced changes of the optical properties either at fixed wavelength or with a
broadband (white light) probe. The signal is detected in both, transmission (2) or
reflection (%) geometry. A transient signal is often depicted as difference from the
pump-excited system to the unperturbed one [115]. To investigate the ultrafast charge
transfer in TMD-heterostructures the A-exciton resonance of one layer is probed while
the other layer is selectively pumped and vice versa. However, the interpretation of TA
spectra and connected signal lifetimes should be done carefully as they can depend on
many effects which might be linked to real carrier populations or not. Due to the lack
of momentum resolution all-optical spectroscopies are blind to optically dark states (cf.
Fig. 2.5b) [110].

In conclusion, all-optical techniques like TA spectroscopy provide a rather indirect picture
which needs to be interpreted carefully. For a more comprehensive understanding several
techniques should be complemented as it was already done by TA spectroscopy combined
with time-resolved THz conductivity in [111] or time-resolved photoluminescence in [98|.
We try to provide another point of view on the ultrafast charge transfer in van-der-Waals
heterostructures by means of time- and angle-resolved photoemission spectroscopy (tr-
ARPES), with a direct measurement of actual photocarrier populations and transient
band structures. This chapter introduces the underlying principles of tr-ARPES, the
experimental setup and the sample preparation. At the end we show how the technique

can be used to obtain direct evidence for ultrafast charge transfer and charge separation
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in vdW heterostructures.

3.1 Time- and Angle Resolved Photoemission Spectroscopy
(tr-ARPES)

3.1.1 Photoemission Spectroscopy

Photoemission spectroscopy techniques are based on the photoelectric effect which was
discovered by Hertz in 1887 [116]. Einstein assigned it in 1905 to the absorption of a light
quantum by an electron from the sample which has then sufficient energy to escape into

vacuum [117].

(a)

photon

\y

b’
analyzer
hw
Eyin
—
8 @ photoelectron

Ua

Figure 3.1: Principle of Photoemission: (a) Photoemission geometry.
The emission angle is denoted as . The sample can be rotated around
polar (a), tilt (B) or azimuthal () angles. (b) Creation of photoelectron
spectrum by photoemission from electronic states. Adapted from [118].

The principle is sketched in Fig.3.1a. A photon at energy hw impinges the sample and
a photoelectron is emitted into the vacuum with an kinetic energy FEj;, at an emission
angle 0. The photoelectron detector measures the photoelectron distribution N (Ej;,, 6).

FEin is determined by energy conservation:

Eyin = hw — | Epin| — @ (3.1)

with the binding energy of the initial state Ej;, and the work function ®. The latter

can be thought of a potential barrier from the Fermi energy Er to the vacuum level E,,.
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which needs to be overcome by the electron as depicted in Fig.3.1b [119]. It is typically
in the order of 4-5 eV for most of the materials [120]. Ey;, is calculated from the measured
spectrum once Er is known.

In the energetic picture of Fig.3.1b, one can access lower-lying electronic levels (e.g. core
levels) by higher photon energies. This is the basic principle of Photoemission Spec-
troscopy (PES). There is a separation into ultraviolet photoemisson spectroscopy (UPS)
and X-ray photoemisson spectroscopy (XPS) focussing on valence or core level states,

respectively [118].

3.1.2 Description of Photoemission

In the following, theoretical descriptions for the photoemission process will be introduced
to lay the previous explanations onto a more rigid fundament. The aim is to describe
spectral features measured photocurrent N(k,w) as a function of momentum k and energy

and draw important conclusions for the measurement.

Photoemission models

The simplest picture for photoemission is the three-step model. As the name suggests,

the photoemission process will be separated into three indipendent steps:

m (1) Photoexcitation of an electron from a bound initial state to a free electron final

state inside the solid
m (2) Transfer of the photoelectron to the surface

m (3) Transmission through the surface into vacuum

The advantage of this model is a simple factorization of the transition matrix element into
the product of three parts which then can be treated separately. Step (1) includes the band
structure and a dipole transition matrix element, step (2) the inelastic mean-free path of
the electron and step (3) the transmission probability aswell as energy and momentum
conservation [121|. Interference of the three steps is not captured and relativistic or
many-body effects are neglected [122].

A more detailed picture is obtained within the one-step model. Contrary to the previous,
all three processes can interfere with each other and are treated within one single coherent
step. This means building a Hamiltonian into which states from the bulk, the surface
and the vacuum enter and which captures the whole process from photon absorption to
electron detection. This model is more sophisticated than the three-step model and rather

complex and computationally intensive. [119]
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Photoemission Cross Section

The following approach is loosely based on the three-step model. The photoelectron

distribution N is related to the photoemission cross section by:

i, f

where 7 and f denote the inital and final state, respectively. The inital state before
photoemission |U7) consists of an n electron bound state within the sample and the final
state |U%) of one free electron in vacuum and the remaining n — 1 electron bound state
within the sample. The transition probability for photoemission w;s can be approximated
by Fermi’s Golden Rule:

2m

n 2 mn mn
€|< f!Hmtl\Iff»VM 5(Ef — B — hw) (3.3)

with H;,; beeing the photon interaction and E}L and E7 beeing the initial and final state

wif =

energies for the n-electron system. They are related to the n — 1 electron system by
Er = Ert — gk k
K] 1

bin bin

and B = E}l_l — Eyn for a photoelectron with binding energy E
and kinetic energy FElin,.

The so called sudden approximation is commonly used in photoemission description.
There, the photoemission process is assumed to be abrupt such that the photoemit-
ted electron does not interact with the remaining n — 1 electron system. Consequently,
the photoelecton wavefunction ¢]} and the wave function of the remaining n — 1 electron
system \I/;}_l are introduced. ¢F is the orbital from which the photoelectron is emitted.

Using this approximation, the photoemission cross section now reads:

7

i = 2| 65 (03 05 (B} — B — o) (3.4)

for all possible excited states m. In this expression M}y = (¢§| Hine|@}) is the one-electron
matrix element and (U7 1| W"" 1) is the n — 1 electron overlap integral. The photocurrent

from eq. 3.2 is then proportional to:
N(k, Epin) oc Y MY [(wn e *6(Bpin + EIY — EI — hiw) (3.5)
if m

Here, the second term is referred to as the spectral function A. The final expression for

the photocurrent measured in PES is now obtained:

N(l{?,OJ) = NQ(]{',CU,A) fFD(E) A(k’,E) (36)
with the Fermi-Dirac distribution frp(FE) [119]. The three terms within this expression
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are discussed in the following.

Photoemission Matrix Element

No(k,w, A) is proportional to the absolute square of the one-electron matrix element
| My ? with My = (6% Hin|#F). The interaction of a photon with vector potential A with
an electron with charge e, mass m and momentum operator p can be treated as dipole
approximation:

e

- Lo e -
(A-p+p-A)=—A-p (3.7)

Hip = 5
mc mc

with the speed of light ¢. Several treatments lead to this approximation. Second order
terms of the vector potential A were dropped, assuming linear photon absorption, as well
as terms with VA = 0. Furthermore, the gauge condition ® = 0 was chosen for the scalar
potential ® and the dipole approximation applied.
Now it gets clear that the matrix element Mi’jv is affected by dipole selection rules and
the orbital symmetry [122|. Fig.3.2 tries to visualize this statement with a sketch of the
geometry of the photoemission process. The photoemission cross sections varies depending
on the energy, polarization and direction (wave vector E) of the incident photon with
respect to the orbital to be measured. For a given photon energy hw photoemission
matrix elements can strongly vary within the Brillouin zone as orbital contributions may
vary (cf. Fig.2.4c and d). This can lead to the invisibility of bands to PES. In the case of
the so called dark corridor in graphene the photoemission matrix element in this region is
determined by destructive interference of electrons photoemitted from the two sublattices
(see section 2.1.1) [123].

Fermi-Dirac Distribution

frp(w) is the Fermi-Dirac distribution which links the photoemission to occupied states

within the sample:

_ 1
f o e(E—n)/kpT +1

(3.8)
with the chemical potential 4 = Epr at 0K. In this work, the Fermi level Er will be
defined as Ej;, = 0.

The Spectral Function

The spectral function A(E) describes the interaction within the remaining n — 1 electron
system and is linked to the one-electron removal Green’s function. In other words, it

describes the photohole created by photoemission. This gets more clear if we consider
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Figure 3.2: Geometry of photoemission from an atomic orbital.
The one-electron matrix element in photoemission depends on energy hw,
polarization and direction of the photon and the symmetry of the obital
under consideration. Linear light polarization in is indicated by orange
and green arrows. Sketch adapted from [119].

eq. 3.5 in a noninteracting n — 1 electron system and take ¥?~! = W"=! TIn this case the
second term of eq. 3.5 reduces to a d-function. Using the Green’s function formalism, the

photoemission spectral function A(FE) is expressed in terms of the electronic self energy
¥ =Y 4+1iX" of the photohole:

! =(E))
A = o B

where the band structure enters the equation in €.

(3.9)

Thus, the spectral function captures single particle and many-body effects within the
self-energy picture. The real part of the self energy >’ describes deviations from the
single particle band structure ¢;. Such changes in dispersion follow from quasiparticle
renormalizations [124]. The imaginary part of the self energy X" determines the full
width half maximum (FWHM) I of the Lorentzian shaped spectral function A(E). It is
linked to the finite lifetime of photohole via 7 = % Such spectral broadening is caused
by many-body interactions like electron-electron scattering, electron-phonon-scattering or

impurity-scattering [125,126].
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Electron Escape Depth

In addition to the above, the spatial depth within the sample from which spectral in-
formation can be obtained depends on the photon energy Aw. The mean free path A
of electrons in solids is related to the electron kinetic energy via the “universal curve”
A= clEk_ii + v/ Elin, with ¢; and ¢, beeing constants (see Fig. 3.3a). It limits the depth
from which photoelectrons can finally be measured (step 2 of the three-step model). In
consequence, photoemission is a very surface sensitive technique. In particular, the XUV
sources used in the experiments in this work had energies of 22 and 32 eV which leads to
an escape depth of 4-5 A when applying the universal curve [127,128]. As a result, pho-
toemission is only possible from the topmost layer within WS, /graphene heterostructures
which can be seen from a length scale comparison in Fig.3.3b. To measure population
dynamics in both layers simultaneoulsy, the WS, coverage must be incomplete to reach
the underlying graphene. Moreover, the samples need to be prepared ultraclean as any

dirt or residuals would shadow the material under investigation.
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Figure 3.3: Electron escape depth. (a) Electron escape depth as a
function of kinetic energy. Adapted from [127]. The pink shaded line marks
the photon energies used in this thesis of 22-32eV. (b) Length scales within
the WSy /graphene heterostructure.

3.1.3 Angle- Resolved Photoemission Spectroscopy

We can now add an extra dimension and measure the photocurrent I as a function of the
emission angle #. This technique is called Angle-Resolved Photoemission Spectroscopy
(ARPES, or sometimes ARUPS), and it is perfectly suited to measure the dispersive
valence bands in crystalline solids.

While the photoelectron is transmitted through the surface into vacuum (third step of the

three-step model) the in-plane momentum %k is conserved due to translation symmetry
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[122|. The geometry is sketched in Fig. 3.4a. The kinematic relation of the photoelectron

momentum within inside and outside the solid reads ik = p;. Due to energy conservation

we can state:

I
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p Aw (eV)

vacuum

=
L)
_15 - —— WS,/graphene
@ = 4.5eV
6 = 60°
-20 | | |
-2 -1 0 1 2
i A7)

Figure 3.4: Angle- Resolved Photoemission Spectroscopy: (a)
Sketch of momentum conservation. (b) Reachable binding energies and
momenta for photon energies indicated by the color code. This calculation
was done using eq. 3.1 and eq. 3.11 and assuming a work function ®=4.5eV
and a (reasonable) photoemission angle 6 = 60°

= +V (3.10)
m

with m beeing the electron mass and Vj beeing the crystal’s inner potential. In the
typical ARPES geometry (see Fig.3.1a) we then derive the following relations to the

photoemission angle 6:

1
k= %\/2mEkm -sin 6 (3.11)

1
k= ﬁ\/Zm(Ekm cos? 0 + Vj) (3.12)

which are used for transformation of the photocurrent from angle-space I(Ej,, ) into
momentum-space I (Ejyin, k). Due to the inner potential 14, the out-of-plane momentum
k, is not conserved. But it could be experimentally accessed by photon energy dependent

measurements [122].
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In conclusion, ARPES has access to the in-plane band structure of the sample e(k). Thus,
it is convenient to work with a two-dimensional surface Brillouin zone (BZ), which is the
projection of the bulk BZ on the sample surface. In this thesis, all BZ labels refer to the
surface BZ.

Furthermore, ARPES ideally requires the sample to be single crystalline over the probed
spot to observe the band structure. Measuring a multi-domain crystal will show a super-
position of the surface-BZs of individual domains twisted around the I'-point. In worst
case, this can completely smear out the bands in energy and momentum.

In section 3.1.1 we discussed how much photon energy Aw is neccessary to reach electronic
levels with higher binding energies by photoemission. From eq. 3.11 we further notice that
the reachable in-plane momentum is also determined by Aw. Fig. 3.4c displays the theo-
retical band structures of WS, and graphene [51,69| together with a color code indicating
the minimum photon energy Aw which is needed to reach a certain binding energy and
momentum. For example: to observe the K-point of graphene at ~1.7 A at a (reasonable)
photoemission angle # =60° at the Fermi level Er we need hw =23 eV. This calculation

was done using eq. 3.1 and eq. 3.11 and assuming a work function d=4.5eV.

3.1.4 Time-and Angle-Resolved Photoemission Spectroscopy

ARPES gives access to the sample’s band structure in thermal equilibrium. Adding the
dimension of time allows to investigate the response of the system to an (ultrashort) excita-
tion by light, which can push the system far out of equilibrium. The excitation itself could
trigger electronic transitions, couple to collective modes [129], accelerate free carriers [130]
or even drive phase transitions [8]. Using tr-ARPES, it is possible to measure changes of
the carrier distribution and deduce processes by which the system approaches equilibrium
again. These include carrier-carrier scattering, carrier-phonon scattering which transfers
energy to the lattice and many more [131].

Time- and angle resolved photoemission spectroscopy is performed within a pump-probe
scheme. The pump pulse photoexcites the sample and the probe pulse monitors the
spectrum via variable pump-probe delay At. The cross correlation between both pulses in
the time domain, the instrumental response function, determines the temporal resolution
of the pump-probe experiment.

For the investigation of charge transfer processes in WSy /graphene heterostructures, the
photon energy of the pump pulse is either matched to the A-excitonic transition in WS,
at 2eV or to above gap excitation at 3.1eV (cf. Fig.2.5). The probe pulse ejects photo-
electrons from the sample and needs to have a sufficently high photon energy to reach the
valence states of WSy and graphene in momentum-space (see Fig.3.4b). As the charge

transfer is supposed to happen ultrafast, the temporal widths of both pulses should obvi-
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ously be minimized.

Nonlinear Optics

To generate suitable photon energies for pump and probe beam we make use of non-linear
optical techniques. These are a powerful tool and the accessible spectral range reaches
from XUV to THz starting from a fundamental ultrashort 790 nm pulse.

We make use of the nonlinear dependence of the polarization P on the electric field E:

P(E) = eo(xWE + xPE> + X E® + ) (3.13)

with nonlinear optical coefficients of the electric susceptibility x™ and the vacuum per-
mittivity €.

In second order non-linear effects (x® # 0) like sum frequency generation, difference
frequency generation or optical parametric amplification, three photons with freqency w,

and wave vector k, are involved. Photon conversion has to obey energy conservation:

hwy = hwy 4 hws (3.14)
and the phase matching condition:

Ak =ky — kg — k3 (3.15)
The conversion efficiency is maximized for a wave-vector mismatch Ak = 0 (momen-

tum conservation). A common strategy to achieve phase matching is using media with
anisotropic group velocity dispersions [132,133]. Such media need to be non-inversion
symmetric and need to possess high non-linear coefficients and a high damage thresh-
old [132]. A widely used material for second harmonic generation and optical parametric
amplification is S-barium borate (BBO), a uniaxial birefringent crystal. In there, beams
disperse differently depending on their polarization referred to the optical axis. Phase
matching can be optimized by adjusting the crystal angles and thickness [133].

Photon conversion by nonlinear optics builds the backbone for the experimental setup

introduced in the following.

Pump-Probe Setup for Tr-ARPES

Time- and angle-resolved photoemission spectroscopy on WS, /graphene heterostructures

was performed at:

m the Hamburg setup at the Max-Planck-Institute for the Structure and Dynamics of
Matter in Hamburg (chapters4, 6 and 7)
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m the Artemis setup at the Artemis user facility at the Rutherford Appleton Labora-
tory in Harwell, UK (chapter 5)

The two experimental setups, however, have the general setting in common and just vary

in details. An general overview is provided in Fig. 3.5.
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Figure 3.5: TR-ARPES Setup. The setup uses a VIS pump and a
XUV probe based on a Ti:Sapphire amplifier with 1kHz repetition rate.
Details see text.

The tr-ARPES experiments were performed in an visible-pump/XUV-tr-ARPES-probe
setup based on 1kHz Titanium:Sapphire amplifiers with a central wavelength at 790 nm
(1.55eV) and 12mJ pulse energy. The Hamburg setup used an Coherent Legend Elite
Duo amplifier and the Artemis setup two KMLabs inc. USA amplifiers.

2mJ were used for the generation of extreme ultraviolet (XUV) pulses using high harmon-
ics generation (HHG) in an argon gas jet. Probe pulses at 21.7eV (31.8 V) photon energy
with a nominal pulse duration of 100fs (30fs) were selected with a grating monochroma-
tor in the Hamburg (Artemis) setup, respectively. HHG in the Hamburg setup was driven
with the second harmonic of the fundamental beam.

10mJ of the output energy were used for the generation of visibe pump pulses. 2eV
pump pulses (chapters4 and 5) were obtained by second harmonic generation (SHG) of
the signal output of an optical parametric amplifier (HE-TOPAS from Light Conversion).
3.1eV pump pulses (chapters6 and 7) were generated by SHG of the fundamental laser
output. A gradient neutral density filter on a rotational mount was used to vary the pump
fluence by attenuating the pump power. The fluence was limited by noise on the lower
side and pump-induced space charge on the upper side.

Photoemission spectra were measured with a hemispherical analyzer (SPECS Phoibos 100)

in the Hamburg setup and a home-built Time-of-Flight (ToF) analyzer in the Artemis
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setup. The sample rotation (see Fig.3.1) was controlled by a manipulator. The UHV
base pressure was <2-107% mbar for all measurements.
In the following, the underlying principles and technical realizations within the pump-

probe setup will be described in more detail.

3.1.5 Generation of Extreme Ultraviolet (XUV) Probe Beam
High Harmonics Generation (HHG)

High Harmonics generation (HHG) is a coherent upconversion process of ultrashort laser
beams focussed into noble gas jets. This technique gained attention as table-top alterna-
tive to synchrotron light source for extreme ultraviolet (XUV) light. HHG might be used
in ultrafast spectroscopies like photoemission spectroscopy [134], soft-X-ray absorption
spectroscopy [135] or attosecond streaking [136,137]. In this work, we chose this tech-
nique to provide ultrashort pulses with high photon energy to enable photoemission from

the edges of the Brilluoin zone.

(a) initial (b) tunneling (c) free electron (d) acceleration (e) recombination
XUV
\J/
® 3
Ar Wua
1% atom

(e) —> & At of attosecond burst

E-field

Time

Figure 3.6: High-Order Harmonic Generation (HHG): (a)-(e) Ion-
ization and recombination model of HHG. Adapted from [138]. (f) Tem-
poral comparison of the fundamental laser electric field and the generated
attosecond pulse train High harmonics spectrum. Adapted from [139].

The upconversion process from the driving laser pulse with frequency w to high-order odd
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harmonics with frequency n - w can be explained with an the three-step-model of HHG
[140], as sketched in Fig. 3.6a-e. The Coulomb potential of noble gas atom (Fig.3.6a) is
bent under the electric field of the driving laser (red). When the bending is strong enough
the wave function of an electron in the noble gas atom overlaps with the free electron state
and tunneling ionization becomes possible (Fig. 3.6b). This separates electron and noble
gas ion and creates a plasma (Fig. 3.6¢). During the second half cycle of the driving laser
the electric field changes direction and accelerates the free electron towards to parent
noble gas ion (Fig.3.6d). When it re-collides with the parent ion it’s excess energy is
released in form of emission of XUV radiation (Fig.3.6e). The low probability of re-
collisions limits the efficiency of the process. The re-collision is happens whenever the
electric field of the driver crosses zero, creating attosecond XUV bursts [139]. The relation
of the generated attosecond pulse train (APT) to the fundamental driver is shown in
Fig.3.6e. The inversion symmetry of the noble gas prohibits the creation of even order
harmonics and only odd order harmonics are created [138]. In general, the many individual
atomic emitters do radiate at different phases and frequencies depending on the particular
trajectory and acceleration of the returning electron [136]. From this general principle we

can derive important criteria for practical realization:

m The stronger the driving field, the stronger is the potential bending and the more
efficient is tunneling ionization. To achieve this,the driving laser is first compressed
to a narrow temporal width and second tighly focussed into the noble gas jet to

achieve high electric fields.

m The broader the temporal width of the driver, the narrower is the spectral linewidth
of generated harmonics. This is because the width of an individual harmonic is
inverse proportional to the temporal width 0t of the APT and thus to the width of
the fundamental laser pulse (see Fig.3.6d) [139].

m The better the phase matching of individual atomic emitters, the brighter are the
harmonics. The phase matching condition in HHG is achieved by adjusting the
dispersion n of the neutral gas (n > 1) and the free-electron-plasma (n < 1) via
their densities. Thus, the noble gas is usually confined to a narrow volume within a
capillary or the fundamental laser is focussed close to a gas nozzle. The gas pressure

then serves as important turning knob for phase matching [139].

m The shorter the wavelength of the fundamental driver, the higher the conversion
efficiency. The efficiency is proportional to A7 [141,142]. On the other hand, the
high energy cut off of the continous XUV spectrum is proportional to A\* [138,143].

In this work, Argon gas in a T-shaped gas capillary (target) was used for HHG. The gas
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pressure is controlled by a piezo valve. In the Artemis setup, the Argon was ionized with
the fundamental laser beam and the 21st harmonic at 31.8eV was selected.

In the Hamburg setup, the second harmonic of the fundamental laser beam, generated
within a BBO crystal, is used as driver for HHG. Second harmonic generation (SHG)
is a special case of sum frequency generation with wy = w3 in eq.3.14. Two photons
of the fundamental frequency w, are annihilated and a single photon with w; is created
with, obviously, double the frequency [132]. The 7th harmonic at 21.7eV was used in
the Hamburg setup. Typical XUV spectra obtained by HHG with the fundamental beam

(red) or it’s second harmonic (blue) can be seen in Fig. 3.7.
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Figure 3.7: High harmonic spectrum. XUV spectra measured with
a Channeltron by rotation of the monochromator’s grating. The red and
blue curves represent the spectra obtained by driving the HHG with the
fundamental laser at 790 nm and it’s second harmonic at 395nm, respec-
tively.

Selection of a single Harmonic

The generated XUV pulse train consists of several temporally overlapped harmonics as
shown in Fig. 3.6e. Photoemission with this multi-colored XUV continuum would lead to
several replica of the photoemission spectrum spaced by 2-w. A grating based monochro-
mator was used, for the isolation of single harmonics. Different gratings can be chosen to
optimize temporal or energy resolution. The design is developed by F. Frassetto and L.
Poletto from CNR-IFN at Padova, Italy [144,145| and te principle is shown in Fig. 3.8a.
The centerpiece of the monochromator is a gold coated grating on which individual har-

monics are diffracted with slightly different angles, thus enabling their spatial separation.
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Figure 3.8: Grating based Monochromator: (a) Sketch of the
monochromator. Adapted from [144]. (b) and (c) Bandwidth and tem-
poral width characteristics of the monochromator for different gratings.
The data in (b) and (c) was calculated by the designers assuming a 50 um
source and a 100 um exit slit [144, 145].

A distant slit selects a single harmonic from the XUV spectrum. Additional focussing
optics are needed for an optimal grating performance. A first gold coated toroidal mirror
is used to collimate the beam before arrival at the grating. A second toroidal mirror
after the grating focusses the XUV beam onto the slit position. By rotating the grating
different harmonics can be sent through the slit.

The monochromator design is optimized for s polarized XUV light. To minimize abber-
ations, the distance from both toroidal mirrors to the grating is similar. The grating
is operated at classical diffraction geometry in grazing incidence. Temporal broadening
originates mainly in difference in lengths of optical paths of light diffracted by different
grooves of the grating. To minimize this, the grating is operated in external diffraction
order, meaning the diffraction angle is bigger than the incident angle.

The monochromator design allows for a quick exchange of gratings by moving them along
a linear translation stage. According to the requirements of the experiment three dif-
ferent gratings with 120, 300 or 600 grooves/mm could be chosen. The gratings alter
the monochromator performance in the spectral bandwidth (see Fig.3.8b) and temporal
bandwidth see (Fig.3.8¢) of the XUV beam. The total transmission efficiency is expected
to be 20-25 % [144,145|.

In the Hamburg setup, the experiments were performed using a grating with 120 grooves/mm
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to minimize the temporal resolution. The XUV pulse duration is in the order of 100 fs
for light at 21.7eV. The focussed XUV probe spot at the sample position was measured
to be 300 x 560 um. In the Artemis setup, we used a grating with 300 grooves/mm and
yielded an XUV pulse duration of 30 fs for light at 31.8eV.

3.1.6 Pump Beam Generation

In this work, two pump wavelengths were used to either excite the A-exciton of WS,
resonantly (chapters4 and 5) or above gap (chapters6 and 7).

To match the A-exciton energy of 2eV we used a two-step process: the first one down-
converts the fundamental photon energy from 1.55eV to 1eV by using optical parametric
amplification (OPA) and the second one upconverts it to 2eV with second harmonic
generation (SHG).

Using OPA we specify equation 3.14 into hwpump = Msignai + Awigier. In here, the term
pump refers to the fundamental laser beam with fixed frequency. The beam to be amplified
is called signal and a thrid beam, the idler, is neccesarily created due to momentum
conservation (see eq.3.15).

A commercial He-TOPAS from light conversion was used in experiments fed with 10m.J
of the Ti:Sapphire laser output. Inside, the incident beam is split into four parts. As
a first step, the weakest part with 1-3 uJ is focussed into a sapphire crystal leading to
an immense spectral broadening to a white light continuum. White light generation is
based on third order non-linear effects (x(*) self-focussing (Kerr lensing) and self-phase
modulation at high peak electric fields. These effects can occur in all materials, sapphire
is chosen in particular due to its transparency and high damage threshold [132,146].

In a first amplification stage, the white light is focussed into a BBO crystal together with
another part of the fundamental beam. The latter acts as pump, a provider of power
for OPA in the BBO. Since the phase matching angle for OPA is wavelength dependent,
the phase matching condition is only fulfilled for a small part of the broad white light
continuum for a given angle. So the wavelength of the amplified signal can be selected
from the white light continuum by rotation of the BBO crystal. Temporal overlap is
controlled with a variable delay stage [132].

This concept makes OPA very versatile in creating ultrashort pulses adjustable in wave-
length over a broad range, determined by the spectrum of the white light. In the high
energy design of the TOPAS two following OPA-stages further amplify the signal beam.
The output energy is ~ 0.4mJ. The output beam consists of signal at 1240nm and the
idler at 2170 nm, which are perpendicular polarized to each other. Thus a polarization
beam splitter can separate both beams and the idler is blocked. Subsequently, the signal
was frequency doubled by a BBO creating the pump beam at 620 nm.
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For above gap exciation, the fundamental beam at 1.55eV was directly sent into SHG
to create the pump beam at 3.1eV. A Spiricon camera was used to measure the pump
spot size of 0.5 x0.5mm and 1.2 x1.2mm for 2eV and 3.1eV, respectively. The pump
fluence was then calculated from the measured pump power outside the UHV chamber as

described in detail in Appendix A.3.

3.1.7 Photoelectron Detection

Photoemission spectra I( Ej;,, ) are obtained by filtering the emitted photoelectrons with
photoelectron spectrometers before they reach the detector. The most common analyzer
designs are hemispherical analyzers and Time-of-Flight analyzers which are displayed in
Fig.3.9. Raw tr-ARPES data was normalized and transformed into momentum-space

after aquisition as described in detail in Appendix A.1 and A.2.

(b)

tube length L

Figure 3.9: Photoelectron Analyzers: (a) Working principle of an
hemispherical analyzer. V+ and V— denote applied voltages for a static
electric field. Photoelectron trajectories with low (high) kinetic energy of
photoelectrons are shown in red (blue), respectively. (b) Working principle
of a Time-of-Flight (ToF) Analyzer adapted from [147]. Electron trajec-
tories are indicated in yellow. The measured region in the Brillouin zone
is sketched n the bottom right, respectively

Hemispherical analyzers

Using hemisperical analyzers, the photoelectrons are filtered in their kinetic energy FEy;,
by their trajectory in a static electric field. The field is applied in between two concentric
hemispheres as shown in Fig. 3.9a. Electrons with higher kinetic energy fly along a longer
tajectory leading to a spatial distribution on the detector. By varying the applied voltages

on the hemisphere one sets the so called pass energy, which determines the measured
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kinetic energy range. Electron optics are used to attract and focus the photoelectron
before it enters the hemispherical spectrometer. A slit aperture in the radial direction
sets the energy resolution. Electrons in the azimuthal direction can pass within a certain
range, enabling measurement of the photoemission angle 6 related to momentum in one
dimension (see Brillouin zone sketch in Fig. 3.9a). Finally, the detector is a micro channel
plate (MCP), which converts impinging electrons into visible light which is captured by
a CCD-camera.

The spectra in chapter 4, 6 and 7 were obtained using a HSA PHOIBOS 100 hemispherical
analyzer from Specs with a mean radius of 100 mm operated in wide angle mode with 30°

angular acceptance.

Time-of-Flight (ToF) analyzers

As the name suggests, the Ey;, is determined by the time, in which the electrons fly from
the analyzer entrance to the detector (see Fig.3.9b). In a first approximation, this time
T is linked to the electron’s kinetic energy Fy;, by: T = \/ﬁ with the electron
mass m and the path length L. Obviously, higher energy electrons reach the detector
faster. Photoelectrons are detected by channel electron multipliers (Channeltrons) or
micro channel plates (MCPs) with a Lock-in-Amplifier [148]. The advantage of ToF-
filtering is the almost vanishing electronic background. As a disadvantage, the sample
needs to be rotated to measure momentum dependent spectra by using conventional ToF
detectors. Next generation Tol" detectors can access the k, and k£, momentum information
by advanced electron lens imaging, enabling momentum microscopy [149].

The spectra in chapter 5 were measured using a home-built Time-of-Flight analyzer with

an angular acceptance of 2° [150].

3.1.8 Space Charge Effects

Photoelectron spectroscopies suffer from so called space charge effects which can reduce
the energy and momentum resolution. They are caused by repulsive Coulomb-interaction

between photoemitted electrons in the vacuum on their way to the analyzer.

Probe induced Space Charge

If the pump pulse photoemitts more than one photoelectron, the Coulomb-interaction
amongst them can lead to repulsion. This is sketched for a cloud of photoelectrons in
Fig.3.10a. As a consequence the electron’s kinetic energy and momentum are altered
which typically smears out photomission spectra [151]. Within this work, probe induced
space charge was reduced by closing the slit of the XUV monochromator (see Fig. 3.8).
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This reduces the number of XUV photons impinging the sample and consequently the
number of photoemitted electrons per pulse. Probe induced space charge vanishes in the

limit of one photoelectron per pulse.

| analyzer Ty - \/ | ‘analyzer

‘ A probe hw%‘ () | 6’; slow pump

| photoelectron pumést orots W photoelectron
Rwprove <~ ,/' Cpud photoelectron$ siaud

\‘]/ T
sm / sm

T e

Probe induced space charge Pump induced space charge

Figure 3.10: Space charge in tr-ARPES: (a) Sketch of pump induced
space charge. (b) Sketch of pump-induced space charge which varies as a
function of pump-probe delay At. Adapted from [152].

Pump induced Space Charge

On the first view, the pump photon energies used in this work (2-3.1eV) cannot lead to
photoemission as they are lower then the work function of 4-5eV (see eq. 3.1). However,
high pump fluences are often applied in tr-ARPES experiments. In this regime multi-
photon absorption can overcome the work function barrier. The pump pulse then creates
another electron cloud with slow, low energy electrons. Spectral broadening and spec-
tral shifts are induced when pump- and probe-electron clouds interact with each other.
As both electron clouds move towards the detector with different speeds the interaction
strength strongly depends on the pump-probe delay At (see Fig.3.10b). As a function
of delay, probe photoelectrons are first accelerated then decellerated again leading to a
transient spectral upshift peaking at time zero.

Such shifts reduce the measured binding energy of bands at all delays, which makes them
distinguishable from other transient shifts. Additionally, the time scale of spectral shifts
caused by pump-induced space charge is in the order of ps before and after time zero [152].
Pump-induced space charge cannot be ruled out completely in tr-ARPES experiments
using moderate pump fluences. For the experiments in this thesis, a workaround to reduce

spectral broadening and avoid spectral shifts was applied as described in Appendix A.1.
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3.2 Sample Preparation

3.2.1 Common Van-der-Waals Heterostructure Preparation Meth-

ods

By now, several techniques were developed to produce monolayers of layered van-der-
Waals materials and stack them into heterostructures afterwards. In here, just a short
overview of possibilities is provided. The aim is to allow an evaluation of preparation
methods and their influence on electronic and optical properties. As depicted in Fig. 3.11
we can seperate the preparation methods vagely into two groups: (1) mechanical exfolia-
tion and stacking and (2) physical (van-der-Waals) epitaxy or chemical vapor deposition
(CVD) [15].

Mechanically-assembled stacks

. -
- s
s L L e L
CR Ry

Figure 3.11: Common 2D-heterostructure preparation methods.
Adapted from [15].
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Mechanical Exfoliation and Assembly

This very common method for preparation of proof-of-principle devices consists of three
steps: exfoliation, searching for an appropriate flake and finally stacking [153].

First demonstrated for exfoliation of graphene from graphite, the scotch-tape method (see
section 2.1) was quicky applied to other layered bulk crystals too [154]. They can be easily
cleaved into few-layer and monolayer crystals, with a typical lateral size in the order of
tens of pm [30].

One approach to subsequently stack the layers on top of each other is the so called
wet transfer. The first layer is deposited on a sacrificial polymer membrane. Then the
membrane is aligned on top of the second layer and finally the membrane is dissolved
[15]. Several modifications of this technique were developed, e.g. the dry polymer based
trasfer [153].

Another approach are pick-and-lift (or tear-and-stack) techniques. An adhesive polymer
stamp collects one of the flakes by lifting it off the substrate. Then the stamp collects
the next flake and so on. Since the polymer stamp lifts the flakes just by van-der-Waals
forces this methods are also called van-der-Waals self assembly [15].

The advantage of these mechanical exfoliation and assembly methods is the direct control
of the stacking order and controlled engineering of the twist angle between layers. It is
further relatively easy, cheap and applicable to all sorts of 2D crystals [153]. On the other
hand, residual glues and polymers can remain on top and in between the flakes. This leads
often to imperfect interfaces. Although some automatized robotic fabrication attempts

were made [153], this technique is hardly scalable to large areas [155].

Van-der-Waals Epitaxy

A completely different procedure for building van-der-Waals heterostructures is based on
direct growth by chemical vapor epitaxy (CVD). The process is exemplarily sketched for
the growth of WS, on a graphene/SiC substrate in Fig.3.12. Substrate and precursors
(e.g. WOj3 and S powders) are placed within a reactor, often a quartz tube. The pre-
cursors are selectively heated, sublimed and transported by a carrier gas (e.g. Ar) to the
substrate surface where they react with each other and deposit the crystal [156]. Crys-
tals grow along preferred orientations determined by the van-der-Waals interactions with
the substrate. This leads to the alternative name for this technique: Van-der-Waals Epi-
taxy [155]. Lateral sizes of monolayer single crystals >500 um were reported and a variety
of substrates can be used. For the growth of heterostructures one can built reactors in a
row [156].

The interface of epitaxially grown heterostructures is close to perfection and nearly strain

free. The process is in principle scalable for industial application [158|, although some
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Figure 3.12: Chemical vapor deposition of WSy on a
graphene/SiC substrate. Colored arrows indicate the mass flow of
precursors. Selective heating of precursors is depicted by flame symbols.
Adapted from [157].

process engineering is needed for compound growth parameters. A disadvantage is the
inability of changing the twist angle between layers. It is worth noticing that CVD-grown
monolayers or heterostructures can still be picked up and transferred to another substrate
afterwards [156].

3.2.2 Preparation of Epitaxial WS,/Graphene Heterostructure

Samples
Epitaxial Growth of Graphene

Graphene samples were grown in UHV by thermal graphitization of silicon carbide (SiC).
N-doped 6H-SiC(0001) wafers with a miscut below 0.5° bought from SiCrystal GmbH
were first cleaned and smoothed via etching in hydrogen atmosphere (see Fig.3.13a). In a
second step they were graphitized by annealing in argon atmosphere until a carbon buffer
layer with a (6v/3 x 64/3)R30° surface reconstruction was formed (see Fig. 3.13b) [159,160).
This layer is called zero-layer (ZL) and it is still bond to Si-atoms in the layer below. In
consequence it doesn’t form m-bands but two non-dispersive bands at -0.5eV and -1.3eV
binding energy instead |161].

The carbon buffer layer was then decoupled from the substrate via hydrogen intercalation
at 800°C in order to obtain a quasi-free-standing graphene monolayer as skteched in
Fig.3.13c [163]. The whole process was carried out in a commercial Black Magic™ reactor

from Aixtron.

Epitaxial Growth of WS,

The WS, growth was carried out in a standard hot-wall reactor by CVD as already
introduced in Fig. 3.12 [164,165]. WO3 and S powders with a weight ratio of 1:50 were
used as precursors. The WO3 and S powders were kept at 900°C and 120°C, respectively.
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Figure 3.13: Preparation of epitaxial WS, /graphene heterostruc-
ture samples: (a) Cleaned an hydrogen etched SiC(0001). (b) Graphiti-
zation. The dashed ellipse denote a dangling bond. (¢) Quasi freestanding
monolayer graphene (QFMLG) obtained by Hydrogen intercalation. (d)
Deposition of WS by CVD. (a)-(c) Adapted from [162].

The WO3; powder was placed close to the substrate. Argon was used as carrier gas with
a flow of 80sccm. The pressure in the reactor was kept at 1 mbar. The synthesis process
took 30 min. Fig.3.13d depicts the finally obtained WS, /graphene heterostructure on the
SiC substrate.

Sample Characterization

Several methods were used to characterize the heterostructure samples after preparation.
An exemplary micrograph obtained by secondary electron microscopy (SEM) is shown in
Fig. 3.14a. The epitaxial grown WS, (dark grey) forms triangular islands on the graphene
substrate (light grey). The coverage is estimated to be ~40%. By this incomplete cov-
erage, the samples are suitable for measuring ARPES from WS, and graphene layers
simultaneously, as explained in section 3.1.1 and Fig. 3.3. Two different domains of WS,
triangles can be seen with an angle of 60° between them. Some islands are found to
merge and overlap. The island side length is in the range or 300-700 nm. For the sam-
ple investigated in chapter 5 an estimation of the bilayer WSy content was done by SEM
topographical contrast maps.

The findings from SEM analysis were confirmed by atomic force microscopy (AFM)
in Fig.3.14b. In here a content of bilayer WSy of ~10% can be determined. The
graphene /SiC substrate below the WS, islands shows the typical terrace structure [166].
The sample crystal structure was investigated by low energy electon diffraction (LEED).
Fig. 3.14c shows diffraction pattern obtained with an electron energy of 78eV. A perfect
azimuthal alignment between graphene and WS, was achieved as the relative angle in
between diffraction peaks vanishes. As the SEM and AFM analysis obtained two domains
of WS, islands we conclude that they are either aligned with their I' K- or the I' K’ direction
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Figure 3.14: Characterization of the epitaxial WSy /graphene het-
erostructure sample: (a) Secondary electron microscopy (SEM, ZEISS
Merlin) picture. (b) Atomic force micrograph (Anasys AFM). (c¢) Low en-
ergy electron diffraction (LEED) pattern at electron energy of 78 eV. Blue,
black, and red arrows point to the diffraction spots of the SiC substrate,
the graphene layer, and the WSy layer, respectively. (d) Raman spectrum.
(e) Photoluminescence (PL) spectrum. Raman, and PL spectra were per-
formed with 1mW 532 nm laser excitation using a 100x-N.A.0.90 objective
at room temperature (Renishaw, InVia).

along the I'K-direction of the graphene layer.

Fig.3.14d displays the Raman spectrum of a WS, /graphene heterostructure. A ratio of
=5 between the 2L A and A;, peak intensities and the A;, peak position at 419 cm™
indicate a high monolayer content [167] in agreement with the AFM results.

The photoluminescence (PL) spectrum of the heterostructure in Fig. 3.14e is sharply cen-
tered at 625nm (1.98eV) attributed to the WS,y A-excitonic transiton (cf. section 2.2.3).
Finally, a precise determination of the band structure of the WS, /graphene heterostruc-
ture was possible by equilibrium high-resolution ARPES. Fig. 3.15 displays the spectrum
measured in collaboration with the group of Martin Aeschlimann at the Technische Uni-
versitit Kaiserslautern, Germany. The Dirac point Ep is located 300 meV above the Fermi
level. The upper WS, valence band at K at -1.2eV and the spin splitting of the WS,
valence bands at K is ~430 meV. By comparison with theoretical band structures of the

individual layers (white dashed lines) [51,69] no obvious hybridization can be seen (cf.
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section 2.3).
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Figure 3.15: Equilibrium high-resolution ARPES spectrum of
the WSy /graphene heterostructure measured along the I' K-direction
with an unpolarized helium lamp. Measured in collaboration with the
group of Martin Aeschlimann at the Technische Universitéit Kaiserslautern,
Germany. White dashed lines denote the theoretical band structure [69]
for WSy and graphene [51].
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3.3 State of the Art: Direct Evidence for Efficient Ul-
trafast Charge Separation Revealed by Tr-ARPES

This section summarizes the published results from:
S. Aeschlimann, M. Chavez-Cervantes, R. Krause, A. Rossi, S. Forti, F. Fabbri, C. Co-
letti, and I. Gierz, Direct evidence for ultrafast charge separation in epitazial WS, /graphene

heterostructures, Science Advances 6, 2020, eeay0761 [1].

As stated at the beginning of this chapter, the investigation of ultrafast charge transfer
phenomena was only performed by all-optical techniques so far. To provide a direct
picture of photocarrier populations we performed a tr-ARPES experiment in an epitaxial
WS, /graphene heterostructure.

The sample was grown as described in section 3.2.2. A pump with photon energy of 2eV,
resonant to the A-exciton transition in WS, excited the sample and a delayed 26eV
XUV-probe pulse was used for photoemission. TR-ARPES snapshots at the K-points of
WS, and graphene were taken at multiple pump-probe delays.

After photoexcitation, we found that the WS, valence band shifts up by 90 meV and
the graphene m-band shifts down by 50meV. The exponential lifetime of these shifts is
found to be 1.2 ps for the valence band of WS, and 1.7 ps for the graphene m-band. These
peak shifts provide first evidence of a transient charging of the two layers, where additional
positive (negative) charge increases (decreases) the binding energy of the electronic states.
The conduction band of the WS, layer is found to be populated by the probe pulse with
a lifetime of 1.1 ps. Within the experimental energy and time resolution no holes in the
valence band of WS, could be found. Interestingly, we find that the gain of electrons
above the equilibrium chemical potential in graphene has a much shorter lifetime (180 fs)
compared to the loss of electrons below the equilibrium chemical potential (1.8 ps). The
asymmetry between gain and loss is found to be absent in the pump-probe signal of un-
covered monolayer graphene (cf. Fig.B.1 in Appendix), indicating that the asymmetry
is a consequence of interlayer coupling in the WS, /graphene heterostructure. The obser-
vation of a short-lived gain and long-lived loss above and below the equilibrium chemical
potential, respectively, indicates that electrons are efficiently removed from the graphene
layer upon photo-excitation of the heterostructure. As a result the graphene layer be-
comes positively charged which is consistent with the increase in binding energy of the
m-band. This picture is completed with a calculation of transferred holes to graphene. We
find that a total number of ~ 5 x 10'?/cm? are transferred from WS, to graphene with
an exponential lifetime of 1.5 ps. The lifetime of the charge-separated transient state was
found to be ~ 1ps.

From these findings the following microscopic picture for the ultrafast charge transfer in
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the WS, /graphene heterostructure emerges (see sketches in Fig. 3.16a and b). Photo-
excitation of the WSy /graphene heterostructure at 2eV dominantly populates the A-
exciton in WS, (Fig. 3.16a). Additional electronic excitations across the Dirac point
in graphene as well as between WS, and graphene bands are energetically possible but
considerably less efficient. The photo-excited holes in the valence band of WS, are refilled
by electrons originating from the graphene m-band on a timescale short compared to our
temporal resolution (Fig. 3.16a). The photo-excited electrons in the conduction band of
WS, have a lifetime of ~1ps (Fig. 3.16b). However, it takes ~2ps to refill the holes in
the graphene m-band (Fig. 3.16b). This indicates that, aside from direct electron trans-
fer between the WS, conduction band and the graphene 7-band, additional relaxation
pathways — possibly via defect states [168] — need to be considered to understand the
full dynamics. The asymmetry of electron and hole transfer times was attributed to the
fact that the number of available final states for hole transfer is bigger than for electron
transfer.

In the transient state after photo-excitation the photo-excited electrons reside in the con-
duction band of WS, while the photo-excited holes are located in the m-band of graphene
(see sketch in Fig. 3.16¢). As a result the layers are oppositely charged. This accounts for
the observed transient peak shifts, the asymmetry of the graphene pump-probe signal, the
absence of holes in the valence band of WS,, as well as the additional holes in the m-band
of the graphene m-band. The lifetime of this charge-separated state is ~1ps. In combi-
nation with spin-selective optical excitation using circularly polarized light [88,91,93] the
observed ultrafast charge transfer might be accompanied by spin transfer. In this case,
the investigated WS, /graphene heterostructure might be used for efficient optical spin

injection into graphene resulting in novel optospintronic devices.
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Figure 3.16: Sketch of ultrafast charge transfer deduced from tr-
ARPES data. (a) Photo-excitation at resonance to the WSy A-exciton at
2 €V injects electrons into the conduction band of WSs. The corresponding
holes in the valence band of WSs are instantly refilled by electrons from
the graphene m-band. (b) The photo-excited carriers in the conduction
band of WSs have a lifetime of ~1ps. The holes in the graphene m-band
live for ~2 ps, indicating the importance of additional scattering channels
indicated by dashed arrows. Black dashed lines in (a) and (b) indicate
band shifts and changes in chemical potential. (c) In the transient state
the WSy layer is negatively charged while the graphene layer is positively
charged. For spin-selective excitation with circularly polarized light the
photo-excited electrons in WSy and the corresponding holes in graphene
are expected to show opposite spin polarization.



CHAPTER 4

Microscopic Understanding of Ultrafast Charge Transfer

Tthe following chapter is based on the manuscript:

R. Krause, S. Aeschlimann, M. Chavez-Cervantes, R. Perea-Causin, S. Brem, E. Malic,
S. Forti, F. Fabbri, C. Coletti and 1. Gierz, Microscopic understanding of ultrafast charge
transfer in van-der-Waals heterostructures, under consideration in Phys. Rev. Lett.,
arXiv:2012.09268, 2021. [2].

4.1 Introduction

Despite the enormous potential for future applications in the field of optoelectronics and
optospintronics, the microscopic mechanism underlying the ultrafast charge transfer pro-
cesses in TMD /graphene and similar heterostructures remains poorly understood.

In this work we tackle this problem with a combination of time- and angle-resolved photoe-
mission spectroscopy (tr-ARPES) and microscopic many-particle theory [169-171] where
the measured asymmetry of the population dynamics above and below the Fermi level as
well as transient band shifts serve as smoking gun evidence for ultrafast charge separa-
tion. We find that both electron and hole transfer become faster with increasing pump
fluence for resonant excitation of the A-exciton in WSy of our epitaxial WS, /graphene
hetrostructures [164,165]. We explain this with the help of a tunneling model where hot
carriers transfer from WS, to graphene at those points in momentum space where the
respective bands cross and where charge transfer becomes possible without energy or mo-
mentum transfer. These crossing points are separated from the VBM and CBM of WS,
by an energy barrier. The higher the non-equilibrium carrier temperature, the easier it

becomes for the carriers to overcome these barriers and to tunnel into the graphene layer.
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Surprisingly, we also find that the lifetime of the charge separated state increases with in-
creasing fluence. This trend is not captured by our microscopic simulation indicating the
importance of defects. We propose that in-gap states related to S vacancies [168,172,173|
efficiently trap photoexcited electrons in the WS, layer [111| and thereby set the lifetime
for the charge separated state. The microscopic insights gained in the present study will
guide the design of future optoelectronic and optospintronic devices where defects and

band alignment will serve as important control parameters.

4.2 Results

Tr-ARPES experiments were carried out at the Hamburg setup (see section3.1.4) us-
ing XUV probe pulses at hwpyoe—21.7€V and visible pump pulses at hwpymp—2€eV. The
photocurrent was measured with a hemispherical analyzer (see section 3.1.7). The energy
and temporal resolution were 120-170 meV and 200 fs, respectively. After normalization of
raw data and detector background subtraction the spectra were transformed into k-space.
Further details can be found in the Appendix A.1 and A.2.

In Fig. 4.1 we show tr-ARPES snapshots measured along the I'K-direction of the hexago-
nal Brillouin zone close to the graphene and WS, K-points for different pump-probe delays
after photoexcitation at hwpump = 2€V with a pump fluence of 2.85mJ/cm? (Fig. 4.1a-d)
together with the pump-induced changes of the photocurrent (Fig.4.le-h). Within our
experimental resolution (170 meV in this particular data set) the unperturbed band struc-
ture measured at negative pump-probe delay (Fig.4.1a) is well described by the sum of
the calculated band structures of the individual layers [51,69] (thin white dashed lines in
Fig. 4.1a) after applying rigid band shifts to account for doping and to reproduce the ex-
perimentally observed WS, band gap. At the peak of the pump-probe signal (¢t = 0.2 ps in
Fig.4.1b and f) we observe a gain of photoelectrons at the bottom of the WS, conduction
band (CB), a strong gain-and-loss signal for the WS, valence band (VB), and a strong
gain-and-loss signal for the graphene Dirac cone. We interpret these features in terms of
electron-hole pair generation followed by ultrafast charge separation (see section 3.3) as
discussed in detail below.

For further analysis we present momentum-resolved population dynamics (Fig.4.2) as
well as transient peak positions of the individual electronic bands (Fig. 4.3) that serve as
smoking gun evidence for ultrafast charge separation in the system. The data points in
Fig. 4.2a and b were obtained by integrating the photocurrent over the areas indicated
by the colored boxes in Fig. 4.1f. They show the population dynamics of the WS,
valence and conduction band (Fig.4.2a) and the population dynamics of the graphene
Dirac cone (Fig.4.2b) as a function of pump-probe delay. Thin black lines are single
exponential fits to the data (see Appendix A.5). We find that gain and loss traces for

46



4.2 Results

- 2000
DE 1000

binding energy (eV)

binding energy (eV)

14
k(A7) K (A1) k(A7)

Figure 4.1: tr-ARPES snapshots of WS, /graphene heterostruc-
ture before and after optical excitation: (a) Photocurrent measured
along the I'K-direction at negative pump-probe delay. Colored dashed
lines indicate the position of the line profiles used to determine the tran-
sient band positions in Fig.4.3c and e. The yellow box indicates the region
where the Fermi-Dirac fits for Fig. 4.7c were performed. (b)-(d) Photocur-
rent for different pump-probe time delays after photoexcitation at fwpymp=
2eV with a pump fluence of 2.85mJ/cm?. (e)-(h) Pump-induced changes
of the photocurrent for different pump-probe delays. Red and blue in-
dicate gain and loss of photoelectrons, respectively, with respect to the
photocurrent measured at negative pump-probe delay. The colored boxes
in (f) indicate the area of integration for the pump-probe traces shown in
Fig.4.2a and b. Thin white (a-d) and black (e-h) dashed lines represent
the calculated band structures of graphene [51] and WS [69]. A rigid band
shift of -0.81eV and -1.19eV was applied to the WSy CB and VB, respec-
tively. The graphene Dirac cone was shifted by +0.3 eV to account for the
observed hole doping [163]|. Thick white (a-d) and black (e-h) dashed lines
mark the position of the Fermi level.

both WS, and graphene are asymmetric. The WS, valence and conduction band show
a short-lived loss (7 = 100 £ 40fs) and long-lived gain (7 = 1.3 4 0.1 ps), respectively.
The situation is reversed in the graphene layer where the gain above the Fermi level is
found to be short-lived (7 = 210 £ 20fs) and the loss below the Fermi level is found to
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be long-lived (7 = 1.50 & 0.06 ps). This behavior is not observed in individual graphene
and WS, layers (see Appendix B.1) and indicates ultrafast charge separation. In detail,
the short lifetime of the loss in the WSy, VB and the gain above the Fermi level in the
graphene Dirac cone indicate that the photoexcited holes in the WS, layer are rapidly
(on a timescale comparable to the temporal resolution of 200 fs) refilled by electrons from
graphene. The photoexcited electrons, on the other hand, are found to remain in the WS,
CB for 7 =1.3 +0.1ps.

@ WS, CB gain 04— (b) | — graphene gain © — WS, VB gain
i WS, VB loss _— ?raphene loss ' it
— & :

0.3

counts (a.u.)
counts (a.u.)
counts (a.u.)
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Figure 4.2: Momentum resolved population dynamics in
WS, /graphene heterostructure: (a) Gain in the WSy CB (orange)
and loss in the WSy VB (green) obtained by integrating the counts over
the areas indicated by the orange and green boxes in Fig. 4.1f, respectively.
(b) Graphene dynamics: Gain above the Fermi level (red) and loss below
the Fermi level (blue) obtained by integrating the counts over the areas in-
dicated by the red and blue boxes in Fig. 4.1f, respectively. (¢) Gain above
the equilibrium position of the upper WSs VB obtained by integrating the
counts over the area indicated by the purple box in Fig.4.1f. Thin black
lines are single exponential fits to the data (see Appendix A.5). All data
was obtained with a pump fluence of 2.85mJ /cm?.

The resulting charge separated transient state leaves the WS, layer negatively charged
and the graphene layer positively charged. This is expected to decrease the binding energy
of the WS, states and increase the binding energy of the graphene states (see section 3.3).
In Fig.4.3a we plot the transient peak positions of the upper WS, VB and the WS,
CB that were obtained by fitting energy distribution curves (EDCs) through the K-point
of WS, (dashed green line in Fig.4.1a) with a Gaussian (see Appendix A.4). The energy
difference between the WS, CB and VB directly yields the transient band gap F,,, shown
in the lower part of Fig.4.3a. From an exponential fit to the data (see Appendix A.5 and
A.6) we deduce an equilibrium gap size of 2.08 ¢V and a lifetime of 7 = 0.8 & 0.4 ps for
the transient band gap renormalization AFE,,,. The renormalization is a consequence of
increased screening in the presence of photoexcited carriers and is commonly observed
in photodoped TMD monolayers [81,97,174-176]. The effects of renormalization and
charging onto WS, CB and VB is sketched in Fig. 4.3b.
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Figure 4.3: Transient band positions: (a) Position of the WSy CB
(orange) obtained from Gaussian fits of line profiles obtained by integrating
the photocurrent over the momentum range indicated by the orange box
Fig.4.1f and position of upper VB of WSy (green) obtained from Gaus-
sian fits of line profiles extracted along the dashed green line in Fig.4.1a
as a function of pump-probe time delay. The transient band gap of WSs
(turquois) was obtained by subtracting the transient position of the VB
from the transient position of the CB. (b) Sketch of the effect of bandgap
renormalization and charging shift onto CB and VB. (¢) Charging-induced
shift of WSy VB and CB obtained by adding (subtracting) |AFEyq,|/2 to
(from) the VB (CB) position in panel a. (d) Transient shift of the graphene
Dirac cone obtained from Lorentzian fits of the line profile extracted along
the red dashed line in Fig.4.1a. The resulting momentum shift was con-
verted into an energy shift by multiplying with the slope of the band. Black
lines are single exponential fits to the data. Gray lines in panel a were cal-
culated from the exponential fitst for Ey,, in panel a and the exponential
fits in panel c. All data was obtained with a pump fluence of 2.85mJ/cm?.
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Figure 4.4: Hot carrier dynamics in graphene: This data was ob-
tained from Fermi-Dirac fits to the carrier distribution inside the yellow
box in Fig.4.1a. Electronic temperature together with double-exponential
fits (a), chemical potential together with single-exponential fit (b), and
number of holes transferred into the graphene layer together with single-
exponential fit (c) as a function of pump-probe delay.

Assuming that band gap renormalization shifts the WS, VB up and the WS, CB down
by the same amount |AFE,,,|/2 we can subtract its contribution from the transient peak
positions in Fig. 4.3a yielding the data in Fig.4.3c where both the WS, valence and con-
duction band are found to shift up by ~100meV with a lifetime of 7 = 1.03 4= 0.07 ps.
This shift is attributed to the transient negative charging of the WSy layer. The tran-
sient position of graphene’s Dirac cone in Fig.4.3d was extracted from Lorentzian fits
of momentum distribution curves (MDCs) at £ = —0.5¢V extracted along the dashed
red line in Fig.4.1a. The resulting momentum shift was converted into an energy shift
by multiplying with the slope of the band vp = 7eVA [29]. The observed increase in
binding energy with an exponential lifetime of 1.08 £ 0.06 ps is a direct consequence of
the additional positive charge on the graphene layer due to ultrafast hole transfer.

In order to experimentally determine the number of holes that are transferred from WS,
to graphene we fit the carrier distribution inside the Dirac cone obtained by integrating
the tr-ARPES data over the momentum region indicated by the yellow box in Fig.4.1a
with a Fermi-Dirac distribution (see Appendix A.7). The resulting electronic temperature
T, and chemical potential ji,4. are shown in Fig. 4.4a and b, respectively. The number of
holes transferred into the graphene layer shown in Fig. 4.4c is then obtained from T.; and
wep as described in Appendix A.7. The expontial lifetime of the holes inside the Dirac
cone is found to be 7 = 1.3 + 0.1 ps.

In order to gain access to the microscopic mechanism underlying the observed ultrafast
charge transfer phenomena we now investigate the pump fluence dependence of the data
presented in Figs. 4.2-4.4. In Fig. 5 we show the fluence dependence of different quantities
at t = 200fs where the pump-probe signal reaches its maximum (for detailed data on

other fluences see AppendixB.3). While the counts in the different boxes from Fig. 4.1e
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Figure 4.5: Fluence dependence of different parameters at the
peak of the pump-probe signal (t=0.2ps): (a) Pump-induced change
of photocurrent inside colored boxes from Fig.4.1f. (b) Change of the WS,
band gap from Fig. 4.3c. (¢) Number of holes transferred into the graphene
layer from Fig.4.4c. (d) Charging-induced WSy and graphene band shifts
from Fig.4.3c and d. (e) Peak electronic temperature of Dirac carriers
from Fig.4.4a. FE.,. marks the exciton binding energy. Light gray lines
are guides to the eye. The datapoints in brackets were obtained on areas
of the sample with lower WSy coverage (see Appendix A.1).

(Fig. 4.5a), the change of the WS, band gap (Fig. 4.5b), and the number of holes trans-
ferred into the graphene layer (Fig.4.5¢) show a linear fluence dependence, the charging-
induced band shifts (Fig. 4.5d) as well as the peak electronic temperature of the carriers
inside the Dirac cone (Fig.4.5¢) show a sublinear dependence on the fluence F. These
Tr7rs [177] with scaling

factor a yielding a saturation fluence Fg of 241 mJ/cm? (see grey guides to the eye).

curves could be fitted using a saturation fit model f(F) = a -

Note that the peak electronic temperature in Fig.4.5e of more than 1400 K is bigger
than the exciton binding energy E.,. of ~100meV (1160 K). The latter was obtained by
subtracting the A-exciton peak energy of 1.98 eV (cf. Fig. 3.14e) from the equilibrium band
gap in WS, of 2.08eV (cf. Fig.4.3a) [30]. An estimation of the electronic temperature in
WS, can be found in Appendix A.8. Assuming that the carrier temperatures in graphene
and WS, are similar, we conclude that the photoexcited excitons rapidly decay into free
electron-hole pairs.

The pump fluence dependence of the electron and hole transfer rates as well as the lifetime

of the charge separated state were determined as follows. As discussed above, the short-
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Chapter 4. Microscopic Understanding of Ultrafast Charge Transfer

lived loss in the WS, VB (Fig. 4.2a) is directly linked to the short-lived gain above the
Fermi level in the Dirac cone of graphene (Fig. 4.2b). The signal-to-noise ratio, however, is
much better in the latter case, which is why we focus on the graphene gain rather than the
WS, VB loss to analyze the pump fluence dependence of the ultrafast hole transfer. The
result is shown in Fig. 4.6a. We find that the hole transfer time of ~ 1 ps observed at the
lowest pump fluence rapidly drops to a value short compared to our temporal resolution
of 200fs with increasing fluence. Figure4.6b shows the pump fluence dependence of the
lifetime of the photoexcited electrons in the conduction band of WS, from Fig. 4.2a. This
value is found to decrease linearly from ~ 2ps at the lowest fluence to below 1ps at
the highest fluence. In Fig.4.6c we plot the pump fluence dependence of the gain above
the equilibrium position of the upper WSy VB ( Fig.4.2¢) obtained by integrating the
photocurrent over the area indicated by the pink box in Fig. 4.1f. We confirmed that
this quantity shows the same fluence dependence as the charging-induced band shifts in
Fig. 4.3c (see Appendix B.2) that are directly linked to the charge separated state albeit
with an improved signal-to-noise ratio. From Fig.4.6c we find that the lifetime of the
charge separated state linearly increases with increasing fluence from ~ 0.8 ps at the

lowest fluence to ~ 1.4 ps at the highest fluence.

1.2 = 25
(a) graphene gain (b) WS, CB gain 14 (c) WS, VB gain |
1.0 - ’
2.0 -
0.8 - { 1.2 E
w ) w E
2 06 2 =
e - 15 F 1.0
0.4 - }
¢ 0.8
02—f--====-===-- - 1.0 —
| |
0.0 T T | | I T 1 I | 06 | T | I
] 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5
fluence (rancmz) fluence (mecmz) fluence (rancrnZJ

Figure 4.6: fluence dependence of ultrafast charge separation and
recombination: (a) Lifetime of graphene gain from Fig.4.2b as a func-
tion of fluence. The black dashed line represents our temporal resolution of
200fs. (b) Lifetime of photoexcited electrons in the WSy CB from Fig. 4.2a
as a function of fluence. (c) Lifetime of gain above the equilibrium posi-
tion of the upper WSs VB obtained by integrating the photocurrent over
the area marked by the pink box in Fig.4.1f and by fitting the resulting
population dynamics with a single exponential decay. Thick lines in a
and b were obtained by inverting and rescaling the guides to the eye from
Fig.4.7e to match the data points. The thick line in ¢ is a guide to the
eye.

In summary, Fig. 4.6 shows that the transfer rate of the holes increases with increasing

fluence, the lifetime of the photoexcited electrons in the CB of WS, decreases with in-
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creasing fluence, and the lifetime of the charge separated state increases with increasing

fluence.

4.3 Discussion

Before deriving a microscopic description for the observed ultrafast charge separation
in the investigated WS, /graphene heterostructure, we compare our data to other pump
fluence-dependent experimental studies on similar van-der-Waals heterostructures [39,174|
and discuss whether the models proposed in literature [112,178,179] might also apply in
our case.

Reference [174| investigated an epitaxial MoS,/graphene heterostructure on SiC(0001)
with tr-ARPES. They observed a considerable band gap renormalization that increased
with increasing hole density with a maximum value of —450 meV at nj, = 1.5x 1072 cm ™!
with pump fluences in the mJ/cm? regime. These values are of the same order of mag-
nitude as our data presented in Fig.4.5b. Unlike the present study, Ref. [174] did not
observe any indication for charge separation. We speculate that this might be related
to the azimuthal alignment between the TMD and the graphene lattice which was 30°
in |174] and which is 0° or 60° in the present study.

Reference [39] performed transient absorption measurements on CVD-grown WS, /graphene
heterostructures on SiO, but observed no systematic pump fluence dependence of the re-
laxation times with pump fluences in the puJ/cm? regime. The authors proposed a model
where the electric field across the interface that builds up due to charge separation caused
by ultrafast hole transfer from WS, to graphene increases the transfer rate for the elec-
trons which can be reconciled with our observation in Fig. 3b. However, this model cannot
explain our observation that the hole transfer rate also increases with increasing fluence
(see Fig. 4.6).

References [112,178,179] proposed a coherent phonon-driven charge transfer mechanism
for ultrafast charge separation in vdW heterostructures with type IT band alignment. The
frequency of the associated coherent oscillations, however, is too high to be resolved given

the limited temporal resolution of 200 fs in the present study.

Therefore, we evoke a new scenario where carriers can tunnel from one layer to the other
at the points in momentum space where the bands of the individual layers cross and
where charge transfer can occur without energy or momentum transfer. In this scenario

~AB/ksT where the energy barrier AE is given by

the transfer rate is proportional to e
the distance between the WSy VBM or CBM and the closest crossing point (see Fig. 4.7a)
and where kg7 is the thermal energy of the carriers. The temporal evolution of the

energy barriers for electron and hole transfer was deduced from the transient band shifts
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Chapter 4. Microscopic Understanding of Ultrafast Charge Transfer

in Fig. 4.3 and is shown in Fig. 4.7b. The temperature of the electron-hole pairs in WS, is
difficult to determine experimentally due to the short lifetime of the holes and the limited
signal-to-noise ratio. The electronic temperature of the Dirac carriers inside the graphene
layer (see Fig.4.7c) on the other hand can be easily extracted from Fermi-Dirac fits of
the transient carrier distribution inside the Dirac cone as described in the Appendix A.7.
Assuming that the electronic temperature for the carriers inside the Dirac cone is similar
to the one of the carriers in the WS, layer, we can determine the temporal evolution
of the transfer rates shown in Fig.4.7d. The peak rate is found to be faster for holes

than for electrons and to increase with increasing fluence for both electrons and holes (see

Fig.4.7e) in good qualitative agreement with the data in Fig. 4.6.
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Figure 4.7: direct tunneling model: (a) Sketch of the band structure
with tunneling barrier for holes (AFE}, red) and electrons (AFE,, orange)
(b) Temporal evolution of the two barrier heights deduced from Fig.4.3
together with single-exponential fit. (c¢) Temporal evolution of the elec-
tronic temperature inside the Dirac cone together with double-exponential
fit. (d) Temporal evolution of the electron and hole transfer rates deduced
from panels b and ¢ together with double-exponential fit. (e) Pump fluence
dependence of the peak transferrates for electrons and holes. Thick gray

lines are guides to the eye.

To confirm the above interpretation, we calculated the transfer times for electrons and
holes using a microscopic model based on the density matrix formalism [109,169-171|. For

details see AppendixC.1. The momentum dependence of the tunneling matrix element
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evaluated on a tight-binding level for CB and VB is shown in Fig.4.8a and b, respec-
tively, together with black lines that indicate the position in momentum space where
the crossing between WS, CB and VB, respectively, and the Dirac cone occurs. The
tunneling matrix elements exhibit a strong momentum dependence that can be traced
back to the pseudospin of the Dirac carriers in the graphene layer. More importantly,
the tunneling matrix element in the region of interest is found to be much bigger for the
VB than for the CB. In addition to the different energy barriers found in Fig.4.6b this
accounts for the experimentally observed asymmetry between electron and hole transfer.
We also calculated the transfer times for holes and electrons as a function of the height
of the respective energy barrier and the carrier temperature in Fig. 4.8c and d. In good
qualitative agreement with our experiment, the calculated lifetimes are found to decrease
with increasing carrier temperature (i.e. with increasing pump fluence), while the change
in barrier height (< 100 meV in the experiment) is found to have a minor influence on the

fluence dependence of the lifetimes.
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Figure 4.8: Theory: Momentum dependence of the tunneling matrix
element calculated from tight-binding for CB (a) and VB (b). k, = ky
= 0 corresponds to the K-point of graphene. Calculated transfer time for
electrons (c) and holes (d).

While this model nicely explains the observed fluence dependence of the carrier lifetimes
in Fig.4.6a and b, it fails to reproduce the fact that the lifetime of the charge separated
transient state is found to increase with increasing fluence (Fig. 4.6¢). This indicates that,

in addition to the direct tunneling scenario proposed above, there are additional charge
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Chapter 4. Microscopic Understanding of Ultrafast Charge Transfer

transfer channels that need to be considered for a full microscopic understanding of the
ultrafast charge transfer processes in our WS, /graphene heterostructure. A likely candi-
date are defect-related charge transfer channels involving S vacancies [168,173|. It has
been shown using scanning tunneling spectroscopy combined with GW calculations [173]
that S vacancies give rise to two spin-orbit split states inside the band gap of WS,. These
states were proposed to efficiently trap photoexcited electrons inside the WS, layer and
thereby enhance the lifetime of the charge separated state in commercial WS,/ graphene
heterostructures [111]. Hints for such defect states in our tr-ARPES data are shown in
Appendix B.4.

In Fig. 4.9 we summarize our understanding of the relevant microscopic scattering channels
that mediate the ultrafast charge transfer in our WS, /graphene heterostructure. Direct
tunneling (yellow and red arrows) sets the timescale for charge separation, while defect-
assisted tunneling (blue arrows) sets the timescale for charge recombination. This model
resolves two important controversies in literature. First, it remains unresolved whether
charge transfer occurs at K where the orbital overlap is relatively weak or at other valleys
(I' and ¥) where orbital overlap is stronger (cf. section2.2.2) [112,114,178-181]. Our
findings suggest that ultrafast charge transfer in the investigated epitaxial WS, /graphene
heterostructure occurs at the band intersections close to the K-point. The second unre-
solved issue is related to momentum conservation during charge transfer [180,182]. We
propose that ultrafast charge separation occurs via direct tunneling with zero momentum
transfer. Charge carrier recombination is dominated by defect-assisted tunneling where
the strong localization of the defect states in real space leads to a delocalization over a

big part of the Brillouin zone which again enables tunneling at zero momentum transfer.

In summary we combined tr-ARPES with microscopic many-particle theory to unravel
the microscopic mechanism of ultrafast charge separation and recombination in epitax-
ial WS, /graphene heterostructures. We find a subtle interplay between direct tunneling
at the band intersections close to the K-point that sets the timescale for charge sepa-
ration and defect-assisted tunneling via localized S vacancies that sets the timescale for
electron-hole recombination. Our findings will guide the development of improved opto-
electronic devices where defect and band structure engineering will serve as important

control parameters.
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CHAPTER 5

Ultrafast charge separation in bilayer WS, /graphene

heterostructure

This section is based on the publication:

R. Krause, M. Chavez-Cervantes, S. Aeschlimann, S. Forti, F. Fabbri, A. Rossi, C. Coletti,
C. Cacho, Y. Zhang, P. E. Majchrzak, R. T. Chapman, E. Springate and Isabella Gierz,
Ultrafast charge separation in bilayer WS, /graphene heterostructure revealed by time- and

angle-resolved photoemission spectroscopy, Frontiers in Physics 9, 2021, 668149. [3].

5.1 Introduction

Solar energy conversion plays an important role in satisfying mankind’s ever-increasing en-
ergy usage in an environmentally friendly way. Despite several decades of optimization Sil-
icon solar cells still lack efficiency. On the other hand, highly efficient III-V multijunction
solar cells are expensive and not sustainable [183,184|. Recently, van der Waals (vdW) het-
erostructures made of different monolayer (ML) transition metal dichalcogenides (TMDs)
have emerged as a promising new solar cell platform due to their strong excitonic absorp-
tion in the visible spectral range |23, 30| followed by efficient ultrafast charge separation
due to typell band alignment [102-105,110, 182] (see Fig.5.1a). Interestingly, ultrafast
charge separation was also found to occur in ML WS, /graphene heterostructures despite
the typel band alignment (see Fig.5.1b). These heterostructures combine the benefits of
a direct gap semiconductor with strong spin-orbit coupling [69, 70] and a semimetal with
high-mobility carriers and long spin lifetimes [45] with great potential for novel optoelec-

tronic and optospintronic applications [185].
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(a) type Il (b) type I: ML WS,/G (c) type I: BLWS,/G
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Figure 5.1: Influence of band alignment on ultrafast charge trans-
fer in different van der Waals heterostructures: (a) Example of a
heterostructure with type II band alignment favoring electron transfer. (b)
Type I band alignment of a heterostructure made of monolayer WSy and
monolayer graphene. Both electrons and holes are found to transfer to the
graphene layer albeit at different rates resulting in ultrafast charge sepa-
ration. (c¢) Band alignment of a heterostructure made of bilayer WSs and
monolayer graphene. The influence of the indirect band gap on the mi-
croscopic scattering channels mediating ultrafast charge transfer remains
unexplored.

One simple way to improve the efficiency of WS, /graphene-based light harvesting devices
might be to enhance the thickness and therefore the absorption of the WS, layer |32,
33,186]. It is not a priori clear, however, if ultrafast charge separation survives when
direct-gap monolayer WS, is replaced by thicker WS, layers with an indirect band gap
(Fig. 5.1c). In this work we address this issue by exciting carriers across the direct gap at
the K-point of BL WS, in an epitaxial BL WS, /graphene heterostructure on SiC(0001)
and tracing the relaxation of the photogenerated electron-hole pairs as a function of time,
energy, and momentum using time- and angle-resolved photoemission spectroscopy (tr-
ARPES). We find that photoexcited holes in BL WS, are transferred to the graphene layer
within 100fs. The photoexcited electrons are found to remain in the conduction band of
BL WS, for 420 fs resulting in the formation of a charge separated transient state with
a lifetime of 770fs. These timescales are consistent with the microscopic charge transfer
model proposed in chapter4 for ML WS, /graphene heterostructures indicating that also
in the case of BL WS, on graphene the timescale for charge separation is determined
by direct tunneling at the points in the Brillouin zone where WS, and graphene bands

intersect.
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5.2 Results

Tr-ARPES experiments were carried out at the Artemis setup (see section3.1.4) using
XUV probe pulses at hwprope=31.8€eV and visible pump pulses at fwpymp—2€eV. The pho-
tocurrent was measured with a Time-of-Flight analyzer (see section3.1.7). The energy

and temporal resolution were 450 meV and 66 fs, respectively.

WS, /graphene samples were grown similarly as described in section 3.2.2. After growth,
the sample was characterized with secondary electron microscopy (SEM), Raman and

photoluminescence (PL) spectroscopy, as well angle-resolved photoemission spectroscopy
(ARPES).

The SEM picture in Fig. 5.2a shows dark triangular WS, islands that cover ~ 80% of
the graphene layer. The orientation of the triangles reveals the presence of two rotational
domains with an angle of 60° between them. From previous low energy electron diffraction
measurements on similar samples (see Fig. 3.14) we deduce that either the I' K- or the 'K~
direction of the WS, islands are aligned with the I' K-direction of graphene. Further, the
topological contrast reveals that ~ 90% of the islands consist of bilayer WS,. This is
consistent with the Raman spectrum shown in Fig. 5.2b where the energy of the A, peak
at 417 cm ™! and the intensity ratio between the central peak at 351 cm™ (2LA+ E»,) and
the A;, peak of ~ 6 are indicative of bilayer WS, [167|. From the PL spectrum in Fig. 5.2¢
we find a quenched A-exciton resonance at 635nm (1.95¢eV) which confirms the presence
of bilayer WS, [187]. The ARPES spectrum in Fig.5.2d was taken along the along the
I' K-direction. We find that the band structure of the heterostructure is a superposition of
the band structures of the constituting materials that are indicated by the white dashed
lines [51,69]. The Dirac cone of graphene is found to be hole-doped with the Dirac-point
300 meV above the Fermi level, Ep. As expected for bilayer WS, [69] the maximum of
the WS, valence band is found to be located at the I'-point.

To investigate ultrafast charge transfer in our BL. WS, /graphene heterostructure we ex-
cited carriers across the direct band gap at the K-point of BL. WS, using 2 eV pump pulses
and probed the response of the heterostructure using tr-ARPES. In detail, we investigated
the time dependence of two representative energy distributions curves (EDC 1 and EDC 2
in Fig. 5.2d) to obtain the population and band structure dynamics of the WS, conduction
and valence band (CB and VB) and the graphene Dirac cone, respectively. The pump
fluence was 6.6 mJ/cm? for EDC1 (WS,) and 9.1 mJ/cm? for EDC2 (graphene).
Figures5.3a and b show EDC1 and EDC2, respectively, as a function of pump-probe
delay. The corresponding pump-induced changes obtained by subtracting the respective
EDC at negative pump-probe delay from the transient EDCs are shown in Figs. 5.3¢ and
d. Upon arrival of the pump pulse the WS, VB is found to shift towards the Fermi level
in Fig.5.3a. This up-shift is responsible for the strong gain (red) and loss (blue) signal
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Figure 5.2: Sample characterization: (a) Secondary electron micro-
graph revealing triangular WSs islands with two different rotational do-
mains. The picture was obtained with ¢n lens mode with an accelerating
voltage of 5keV and a beam current of 96 pA. (b) Raman spectrum. Ar-
rows indicate the phonon modes that were used to determine the layer
thickness. (c¢) Photoluminescence (PL) spectrum. Raman and PL mea-
surements were carried out with 1 mW laser excitation at A = 532nm at
room temperature. (d) ARPES spectrum revealing the occupied part of
the band structure of the heterostructure. Orange and red lines indicate
the two energy distribution curves (EDCs) that were chosen for the time-
resolved measurements in Fig.5.3. White dashed lines denote theoretical
band positions of graphene [51| and bilayer WSs [69]. A rigid band shift
of +0.3eV was applied to graphene bands to account for the observed p-
doping. WSy CB and VB were rigidly shifted by -0.81eV and -1.19eV,
respectively, to match the experimental dispersion. The thin white line
marks the position of the Fermi level, Er. At an emission angle of ~ 23°
the laser beam was directly reflected into the Time-of-Flight analyzer daz-
zling the detector and leading to a dark corridor at ~ 0.8 A1

around —2eV in Fig.5.3c. Fig.5.3c also reveals a transient gain of photoelectrons in the
CB of WS, around +1 eV following photoexcitation. The graphene m-band in Fig. 5.3b is
found to broaden and to shift down which — together with the up-shift of the WS, VB
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at lower energy — produces the gain-loss-gain signal in the energy range between +1 and
—2eV in Fig. 5.3d.
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Figure 5.3: Time- and angle-resolved photoemission spec-
troscopy: (a) and (b): time-resolved EDCs measured along the orange
(EDC1) and red lines (EDC2), respectively, in Fig.5.2d as a function
of pump-probe delay after photoexcitation at Awpymp = 2€V. (c) and (d):
pump-induced changes of EDC 1 and EDC 2, respectively, obtained by sub-
tracting the equilibrium EDC taken at negative pump-probe delay from all
transient EDCs. Red and blue correspond to gain and loss of photoelec-
trons with respect to negative pump-probe delay, respectively. Colored
brackets indicate the integration ranges for the data presented in Fig. 5.4.

To analyze the transient population dynamics of the individual bands we integrated the
EDCs in Fig.5.3 over the energy range indicated by the colored brackets yielding the
pump-probe traces in Fig.5.4. Panel a shows the transient population of the WSy, VB
and CB in green and orange, respectively. The population of the WS, VB is found to
be unaffected by the photoexcitation within the experimental signal-to-noise ratio. The
WSy CB on the other hand exhibits a clear gain of electrons. An exponential fit to the
data yields a lifetime of the electrons in the WSy CB of 7 = 420 4+ 20fs. Fig. 5.4b shows
the gain above and the loss below the Fermi level in graphene. We find a short-lived gain
(1 =97+ 3fs) and a long-lived loss (7 = 840 £ 301fs). The transient up-shift of the WS,
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VB gives rise to a gain of photoelectrons above its equlibrium position that is plotted as a
function of pump-probe delay in Fig. 5.4c. An exponential fit to the data yields a lifetime
of 7 =770+ 30fs.

200
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Figure 5.4: Population dynamics of WS, and graphene states: (a)
Transient occupation of WSy conduction band (CB, orange) and valence
band (VB, green). The curves were obtained by integrating the photocur-
rent over the energy range marked by the orange and green brackets in
Fig.5.3a for CB and VB, respectively. (b) Transient photocarrier dynam-
ics of graphene. The curves were obtained by integrating the photocurrent
over the energy range marked by the red and blue brackets in Fig.5.3b
corresponding to the gain above Er and the loss below Ef, respectively.
(c) Photocurrent integrated over the energy range marked by the purple
bracket in Fig.5.3c as a function of pump-probe delay. Black lines are
exponential fits to data.

In agreement with the previous chapters we interpret these timescales as follows: The
absence of holes in the WSy VB together with the short-lived gain in graphene indicates
that the photogenerated holes in the WSy VB are rapidly (whithin ~ 100fs) refilled
by electrons from the Dirac cone. The photoexcited electrons are found to remain in
the WS, CB for ~ 400fs, indicating the formation of a charge-separated transient state
where the holes reside in the graphene layer and the electrons reside in the WS layer.
This charge-separated state is expected to decrease the binding energy of the WS, states
and to increase the binding energy of the graphene states.

Figures 5.5a and b illustrate the fitting procedure used to determine the transient peak
positions of the WSy VB and CB and the graphene Dirac cone, respectively. Details are
provided in the figure caption. The transient positions of the WSy, CB and VB are shown
in Figs. 5.5¢ and d, respectively. We find that the WS, VB shifts up by ~ 110 meV with
a lifetime of 7 = 600 = 20fs (Fig.5.5d). The transient WS, band gap at k ~ 1.1 A~
obtained by subtracting the transient position of the VB from the transient position of
the CB is displayed in Fig. 5.5e. An exponential fit yields a transient band gap reduction
of ~230meV with a lifetime of 7 = 140 + 40fs. Note that the equilibrium gap size of
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2.7¢V at k ~ 1.1 A~! is bigger than the direct band gap at the K-point (see Fig.4.3). In
good agreement with [81,174,175,188] we attribute this band gap renormalization to the

presence of photoexcited carriers that screen the Coulomb interaction.

80 1.0
(a) data (c) data (e) = data
t=-100fs — it — — it 0.2 — fit
60 — - - components a3 0.8 —
- background < .
3 - s 3
= 404 t=+100fs g e 004
z a g
11}
8 =
204 /S vBN\OOTT 7 & 0.2
2 E X
0 oot LTINS =160 + 40fs K
T T T T T 1 02 | | | 0.4 | | T |
6 5 4 3 2 -1 0 1 2 -500 500 1000 1500 2000 -500 0 500 1000 1500 2000
bin. energy (eV) delay (fs) delay (fs)
35 1.95
(b) EDC 2 = data -1.95 7 () data 150 — () WS, VB
30 t=-100fs — fit — — it 100 - —_G
- components %
—~ 25 background = -2.00 7 < 50 -
3 S @
s = £ 0 Boead--------- T
P § -2.05 5
§ g 2 -50 —
S & 210 4 100 +
= 150 E s
2157 -200 - 7= 900 * 50fs K
T T T T T T T T
1 2 -500 500 1000 1500 2000 -500 0 500 1000 1500 2000

bin. energy (eV)

delay (fs)

delay (fs)

Figure 5.5: Transient band shifts: (a) EDC1 at negative pump-probe
delay together with Gaussian fit. The inset shows the difference EDC 1
at the peak of the pump-probe signal used to fit the binding energy of
the WSy CB with a single Gaussian. (b) EDC2 at negative pump-probe
delay together with Gaussian fit. Fit components and Shirley background
are displayed as dashed gray lines and gray-shaded areas, respectively, in
(a) and (b). The peaks that were used to determine the transients peak
positions in (c¢), (d) and (f) are shaded in the respective colors in (a) and
(b). (c) Transient position of WS2 CB. (d) Transient position of WSy VB.
(e) Transient changes of WSs band gap calculated by subtracting (d) from
(¢). (f) Charging shifts of WSy VB and graphene Dirac cone as a function
of pump-probe delay. Black lines are exponential fits to the data.

The transient band gap renormalization results in shifts of the WS, VB and CB that are

symmetric with respect to the center of the WS, band gap (see inset of Fig.5.5¢). By

subtracting |AFEy,,|/2 from the transient position of the WS, VB we obtain the transient

VB shift shown in green in Fig. 5.5f that shows a remaining up-shift of ~ 90 meV with

a lifetime of 7 = 560 4 30fs. At the same time the m-bands of graphene shown in red
in Fig. 5.5f shift down by ~ 110meV with a lifetime of 7 = 900 £ 50fs. As discussed

previously, these shifts are a direct consequence of the transient charge-separated state

where excess negative charge on the WS, layer decreases the binding energy of the WS,

states and the corresponding excess positive charge on the graphene layer increases the
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binding energy of the graphene states. These charging shifts are sketched in the inset
of Fig.5.5f. At this point we are able to attribute the pump-probe signal in Fig.5.4¢ to
the transient up-shift of the WS, layer the lifetime of which is linked to the lifetime of
the charge-separated states. Also, the dynamics of the WS, CB shown in Fig. 5.5¢ can
now be explained by the combined effect of band gap renormalization that increases the
binding energy of the WS, CB on the timescale of the photoexcitation and charging that
decreases the binding energy of the WS, CB on the timescale of the hole transfer.

All things considered, our data reveals a detailed picture of the ultrafast charge separation
following photoexcitation of the WSy /graphene heterostructure. We find that (1) hole
transfer from WS, to graphene occurs within ~ 100fs, (2) photoexcited electrons remain
inside the WSy CB for ~ 400 fs, and (3) the charge-separated state decays within ~ 800 fs
(This number corresponds to the average of the lifetimes of the graphene loss in Fig. 5.4b,
the WS, VB gain in Fig. 5.4¢ and the charging shifts in Fig. 5.5f).

5.3 Discussion

The observed lifetimes for electron and hole transfer are in good agreement with our
previous tr-ARPES experiments (see section 3.3 and 4.2) and time-resolved optical tech-
niques [111] on similar WS, /graphene heterostructures. Next we will discuss if the micro-
scopic model for ultrafast charge separation across the interface between monolayer WS,
and monolayer graphene from the previous chapter also applies to heterostructures made
of bilayer WS, and monolayer graphene.

It is not a prior: clear whether this model also applies to heterostructures made of bi-
layer WS, and monolayer graphene because, in this case, the maximum of the WSy, VB
and the minimum of the WSy, CB are located at I' and ¥ (in between I' and K), re-
spectively. As emphasized in Fig. 5.7 the observed timescales for hole transfer from WS,
to graphene within ~ 100fs and a lifetime of the electrons inside the WS, CB at K of
~ 400fs are perfectly consistent with direct tunneling via band intersections close to the
K-point. The lifetime of the charge-separated transient state of ~ 800fs observed in
the present heterostructure is consistent with defect-assisted tunneling via S vacancies
in similar high-quality epitaxial samples (see section 4.3). Therefore, we conclude that,
despite the band structure differences, the microscopic model for ultrafast charge transfer
developed for the interface between monolayer WSy and monolayer graphene also applies
for heterostructures made of bilayer WS, and monolayer graphene (see sketch in Fig. 5.7).
In summary, we have shown that ultrafast charge separation also occurs at the interface
between bilayer WS, and monolayer graphene. Together with the enhanced absorption
in the visible spectral range compared to monolayer WS, our findings provide important

insights that will guide the design of novel optoelectronic applications.
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Figure 5.6: Comparison to monolayer WS, on graphene: Flu-
ence dependent lifetimes from Fig. 4.6 redrawn with additional datapoints
(grey) from the current experiment on bilayer WSy on graphene. (a) Life-
time of graphene gain.Black dashed lines denote the temporal resolution of
experiments of 200 fs and 66 fs for monolayer and bilayer WSy /graphene,
respectively. (b) Lifetime of photoexcited electrons in the WSy CB. (c)
Lifetime of gain above the equilibrium position of the upper WSy VB.
Thick lines in a and b were obtained by inverting and rescaling the guides
to the eye from Fig. 4.7e to match the data points. The thick line in ¢ is a
guide to the eye.

momentum

Figure 5.7: Sketch of microscopic charge transfer model. Thick
yellow and red arrows indicate direct tunneling of electrons and holes,
respectively, through the crossing points of the respective bands. Green
arrows indicate defect-assisted tunneling of electrons via S vacancies inside
the WSs layer.
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CHAPTER 6

Intervalley Scattering and Ultrafast Charge Transfer

This section is based on the unpublished manuscript:
R. Krause, S. Aeschlimann, M. Chavez-Cervantes, S. Forti, F. Fabbri, C. Coletti and I.
Gierz, Intervalley scattering and ultrafast charge transfer in WS, /graphene heterostruc-

tures, manuscript in preparation [4].

6.1 Introduction

Different microscopic scenarios for ultrafast charge transfer in different vdW heterostruc-
tures have been proposed. In particular, it remains controversial whether ultrafast charge
transfer occurs a I" or at K and if intervalley scattering is involved. Time-resolved optical
experiments cannot resolve this issue because they lack momentum resolution. Many the-
oretical works expect the charge transfer to occur at I' because significant orbital overlap
promises large interlayer coupling [112-114,189|. This scenario necessarily includes inter-
valley scattering because carriers need to scatter from K where they are generated to I'
where they transfer to the second layer. In contrast, we proposed the scenario described
in chapter4 where charge transfer occurs at band intersections close to K. In this case
intervalley scattering is not involved.

In this work we address the interplay of intervalley scattering and ultrafast charge transfer
by comparing the carrier dynamics of epitaxial WS, /graphene heterostructures following
photoabsorption of 2eV and 3.1eV pump pulses in the WS, layer at the K-point and
close to the X valley, respectively, as depicted in Fig.6.1a. For this purpose our tech-
nique of choice is time- and angle-resolved photoemission spectroscopy (tr-ARPES) due

to combined energy, momentum, and temporal resolution. Upon photoexcitation across
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the direct band gap at K (Awpump=2€V) we found the ultrafast charge transfer to happen
at those points in BZ where WS, and graphene bands intersect. When photoexcited close
to the ¥ valley (hwpump=3.1€V) we observe first an intervalley scattering of photoexcited
carriers from Y to K within 400fs, then then charge transfer takes place similarly to
the excitation at K via band intersections of WS, and graphene bands. We further sup-

port the charge transfer model by density functional theory calculations which predict

hybridizations at the intersection points and the opening of avoided crossings.
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Figure 6.1: time- and angle resolved photoemission spectroscopy
(tr-ARPES): (a) Pump-probe schematic employing visible pump for ex-
citation and XUV-probe for photoemission. The energy and emission angle
of photoelectons are measured. The measurement direction within the BZ
is depicted on the right. (b) BZ sketch with excitation regions for 3.1eV
and 2eV excitation and possible scattering pathways. (c) Photocurrent
at negative pump-probe delay measured along the 'YK direction. The
momentum dependent spectrum is composed out of three datasets with
different signal-to-noise ratios. Colored dashed lines denote the lines for
fits of transient band positions in Fig.6.3. (d) Pump-induced changes of
the photocurrent at ¢ = 0.5ps after excitation at 3.1eV pump energy.
Colored boxes mark the area of integration for the population dynamics in
Fig.6.2. White (c) and black (d) dashed lines denote the theoretical band
structure of WSy [69] and graphene [51]. A rigid band shift of —0.81eV
and —1.19eV was applied to the WSs conduction and valence band, re-
spectively. The graphene Dirac cone was shifted by +0.3 eV to account for
the observed hole doping. The Fermi level is indicated by continous lines
at zero energy.




6.2 Results

6.2 Results

Tr-ARPES experiments were carried out at the Hamburg setup (see section3.1.4) us-
ing XUV probe pulses at hwprope=21.7€eV and visible pump pulses at hwpymp—2€eV and
hwpump=3.1€eV. The photocurrent was measured with a hemispherical analyzer (see sec-
tion3.1.7). The energy resolution was 170meV (200 meV) and the temporal resolution
200fs (300fs) for 2eV (3.1eV), respectively.

The unperturbed band structure at negative pump-probe delay is presented in Fig.6.1b
as an assembly of three datasets taken along the 'S K direction (see AppendixB.2 for
matching of datasets). No deviations from monolayer WS, and graphene band structures
are found [51, 69|, thus no obvious hybridizations, in agreement the HR-ARPES mea-
surements in Fig.3.15. Further, the spin-orbit split valence band of WS, at K is nicely
resolved and the graphene layer is hole doped by ~ 300 meV.

Fig.6.1c displays the changes in photocurrent upon excitation at K (Awyym, =2€V), ob-
tained by subtracting the equilibrium ARPES spectrum from the spectrum at peak of
the pump signal (+0.2ps). Gain and loss in photocurrent signal stems from population
dynamics and band shift due to bandgap renormalization and charge separation. The
m-bands of graphene show strong gain (loss) above (below) the Fermi level, respectively.
The conduction band (CB) of WS, shows a gain of photoelectrons at K. In the valence
band (VB) of WSs, on the other hand, a strong gain above and loss below the equilibrium
band position can be seen which suggests an upshift of the VB.

The changes in photocurrent at peak of the pump-probe signal (+0.5ps) after excitation
at X (Awpymp = 3.1€eV) are shown in Fig. 6.1d. At the right edge, the m-bands of graphene
show a similar gain-and-loss signal. Also a population of the WS,C'B at K is visible.
Further, a weak population signal can be found close to ¥ (within box C1). The gain-
and-loss signal above and below the equilibrium band position of WSy VB is extended
over the whole momentum range.

Next, we investigate population dynamics in the heterostructure. The integrated pho-
tocurrent within the colored boxes of Fig.6.1c and d is displayed as a function of pump-
probe delay in the upper (lower) panel of Fig.6.2 for excitation at K (3), respectively.
When photoexcited at K the CB at this valley (box C2) is populated directly by the
laser pulse and decays within 1.3 +0.1ps (Fig.6.2a) as determined by an exponential fit
(Appendix A.5). Photoexcited holes in the WSy VB can be determined by Gaussian fits
of energy distribution curves along the orange dashed line in Fig.6.1b by a reduction of
peak area after excitation (details see Appendix A.4). Holes in the VB live for 100440 fs
which is faster than the temporal resolution of 200 fs. Fig.6.2b show the gain (loss) above
(below) the Fermi level in graphene which exhibits a lifetime of 210+20fs (1.50 £ 0.06 ps),

respectively. This asymmetry in photocarrier lifetimes is a signature of ultrafast charge
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transfer (cf. chapter4) and not observed in single layer graphene/SiC(0001) (cf. Ap-
pendix B.1).
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Figure 6.2: Momentum dependent population dynamics: Com-
parison of excitation at K and X in the upper and lower row, respectively.
(a) and (c) Gain in WS4 conduction band (orange) and loss in WS, valence
band (green). CB curves were obtained by integrating the photocurrent
within the orange boxes (C1, C2) in Fig.6.1c and d. The VB curve was
determined through Gaussian fits of transient energy distribution curves
along the orange line in Fig.6.1c. (b) and (d) Gain (red) and loss (blue)
within the 7m-band of graphene obtained by integration of the photocurrent
within the red (G1) and blue boxes (G2) in Fig.6.1c and d. Black curves
are fits to data. The grey shaded area is the pump pulse. Vertical dashed
lines visualize the delay of signals peaking: graphene gain (b, G1) in red
and WSy conduction band gain at K (a, C2) in orange.

The population dynamics upon photoexcitation at > are shown in the lower panel of
Fig.6.2. The CB at ¥ (boxC1) is populated initially with the pump pulse and stays
for 1.8 £0.5ps while the CB at K (boxC2) is populated ~400fs afterwards and lives
for 1.24 £0.02ps (Fig.6.2¢c). The signal-to-noise ratio does not allow to resolve holes in
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the VB. The graphene dynamics (Fig.6.2d) are also asymmetric. The gain above the
Fermi level (box G1) can be fitted with a double exponential decay with 7 =250 440 fs
and 7, = 6 + 2 ps while the loss below the Fermi level (box G2) decays single exponentially
within 1.2+ 0.03 ps.

We performed transient fits of energy distribution curves extracted along the orange
dashed line in Fig. 6.1b to investigate transient changes in band positions. A Gaussian fit
model including Shirley background was applied (see Appendix A.4). Resulting transient
band shifts of conduction and valence bands are presented in Fig. 6.3a. The CB shows an
oscillating band position while the VB shifts upwards. By substracting the two curves in
Fig. 6.3a the transient quasiparticle band gap is determined (Fig. 6.3b). It is renormalized
transiently by ~ 150 meV for 0.8 + 0.4 ps which is often observed in monolayer TMDs due
to enhanced screening after photoexitation [81,174,175,188].

However, to uncover an band shifts due to charging we can remove the contribution of
bandgap renormalization from transient band positions. This is achieved by adding (sub-
tracting) |AFE,q|/2 to (from) transient conduction (valence) band shifts and shown in
Fig.6.3b. Both, conduction and valence bands, shift simultanoulsy upwards by ~ 100 meV
for 1.03£0.07ps. The reduction of binding energy indicates a negative charging of the
WS, layer. Hence, the oscillatory behaviour of the transient CB position is a superposi-
tion of renormalization and charging shifts with different timing. The charging shift of
graphene bands was obtained by Lorentzian fits of momentum distribution curves along
the red dashed line in Fig.6.1b and converted into an energy shift by multiplication
with the slope of the m-bands of ~7eVA. They shift down by ~ 70meV for 1.08 £ 0.06 ps
(Fig. 6.3¢) which indicates a positive charging. The opposite shifts of the bands of both
layers serve as evidence for charge separation at the interface of the heterostructure.

For photoexcitation at ¥ (lower panel in Fig.6.3) the picture looks similar. A bandgap
renormalization of 150 meV for 2.3+ 0.5ps is measured. The charging shift of WS,
(graphene) is ~80meV (~70meV) for 400 £ 100fs (600 £ 130fs), respectively. Remark-
ably, the charging shift peaks ~400 fs later than upon excitation at K.

To measure transient changes to the carrier density in graphene we performed Fermi-Dirac
fits (Fig.6.4a) of the photoelectron distribution within the Dirac-cone in the green box
in Fig.6.1b. The transient shift of chemical potential A, was referenced to the Dirac-
point (Augp) by subtracting the charging shift of graphene in Fig. 6.4b. From Apgp and
the transient electronic temperature in graphene Ty, (Fig.6.4c) we calculated transient
changes to the electron density in graphene AN, (see Appendix A.7). The density of
transferred holes to graphene is then obtained by AN, = —AN, and shown in Fig. 6.4c for
excitation at K. The hole density increases immediately after photoexcitation — thereby
confirming the charge transfer WS, to graphene — and decays within 1.34+0.1ps. On
the other hand, the transferred holes peak ~400fs after photoexcitation at ¥ and decay
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Figure 6.3: Transient changes in band positions: Comparison of
excitation at K and ¥ in the upper and lower row, respectively. (a) and (d)
Transient position of the WSs conduction and valence band and transient
band gap at Kyg,. (b) and (e) Charging shifts of WSy conduction and
valence bands at Kyyg,. (c¢) and (f) Charging shift of graphene. Thin black
lines are fits to the data, whereas the thin grey lines in (a) are composed
out of fits from transient band gap and charging shifts. The grey shaded
area is the pump pulse.

within 1.9 £0.2 ps.

To sum up, asymmetric population dynamics, charging shifts and holes injected into
graphene layer provide evidence for ultrafast charge separation upon photoexcitation at
K (hwpymp=2¢€V) in the WSy /graphene heterostructure. The hole transfer takes place
within 250fs, the electron transfer within 1.3 ps and the lifetime of holes in graphene is
1.3 ps. We found the hole transfer to be instantaneous within the experimental resolution
as the WS, conduction band population and hole concentration inside the Dirac cone

reach peak at same time. When we excite at ¥ (Awpump=3.1€V) we observe similar
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Figure 6.4: Fermi-Dirac fits of the carrier distribution in
graphene: (a) Energy distribution curves at negative pump-probe de-
lay (-0.5ps, red) and peak of the pump-probe signal (+0.5ps, orange)
together with Fermi-Dirac-fits. The dashed vertical line denotes the equi-
librium chemical potential. (b) Transient shift of the chemical potential in
graphene referenced to vacuum level Apiyqe and to Dirac-point Augp. (c)
and (d) transient hole density AN} and electronic temperature T,; within
the Dirac-cone for excitation at K and X, respectively. The grey shaded
area is the pump pulse. Vertical dashed lines compare to peak of graphene
gain (red, G1) and WSy CB gain signals at K (orange, C2) from Fig.6.2b
and a.

asymmetric population dynamics, charging shifts and hole injection into graphene. But
contrary to the above a time delay of 400 fs is observed between photoexcitation (peak of
graphene gain, peak of orange box at ¥) and peak of WSy conduction band population

at K, charging shifts and the hole concentration inside Dirac cone.
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6.3 Discussion

By pumping resonant to the A-exciton (Awyymp=2e€V) the photoexcitation in WS, takes
place at the K valley and the ultrafast hole transfer close to K (see section 4.3). For above-
gap excitation in WSy (Awpump=3.1€V) we propose the following scenario based on our
findings: (1) The excitation located close to the 3 valley of the BZ (see Appendix A.10)
[31,76,77]. (2) Photoexcited carriers scatter from ¥ to K within 400fs. (3) The hole

transfer to graphene then follows close to the K valley.

The observed intervalley scattering time of 400 fs is in good agreement with previous tr-
ARPES experiments on TMDs [84-86]. Once arrived at the K valley, the microscopic
charge transfer model from chapter4 for 2eV excitation applies. In this model, photoex-
cited carriers can tunnel directly via band intersections of WS, and graphene bands with
no energy or momentum transfer needed. To reach these intersection points in VB (CB)
photoexcited holes (electrons) have to overcome an energy barrier from the VB maximum
(CB minimum) respectively. The model was successful to describe transfer rates for direct
tunneling of electrons and holes to graphene. The lifetime of the charge separated state,
on the other hand, is found to strongly depend on trapping of photoexcited electrons at

defect states generated by S vacancies (see section 4.3).

Within the model, the intersection points of WSy and graphene bands were assumed
to be hybridization points at which photoexcited carriers can transit from one layer to
the other. We will further substantiate this idea by density functional theory (DFT)
calculations. A supercell with 4 x 4 WS, and 5 x 5 graphene to minimize lattice mismatch
was calculated (Fig.6.5a) and its bandstructure is shown in Fig. 6.5b. Orbital projections
of the wavefunction at positions (1) and (2) in the supercell BZ reveal 100 % localization
at graphene and WS, layers and the bands can be assigned to the w-bands and WS, VB,
respectively. At the point of the supercell BZ (3) where these bands overlap the orbital
projection reveals 36 % (64 %) localization on the graphene (WS,) layer, respectively.
Wave function mixing then leads to hybridization as highlighted by white color in Fig. 6.5b.
Finally, Fig.6.5d projects the supercell BZ onto the individual layers to compare with
ARPES snapshots in Fig.6.1. The hybridization is strong enough to open an avoided

crossing of ~50 meV in the valence band in between the K points of WS, and graphene.

The the avoided crossing is below the energy resolution of the current experiment and was
not previously observed by ARPES. But hybridizations in TMD /graphene heterostruc-
tures were actually measured. Diaz et al., found avoided crossings of ~300 meV between
the pi-bands of graphene and lower lying bands in MoS, [96] but no hybridizations in the
WS, VB at I'. The latter is in contrast to TMD/TMD heterostructures where bands at
I' were found to hybridize [189] due to the out-of-plane character of TMD orbitals at the
BZ center [112-114]. This means the charge transfer might happen close to the T' valley
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Figure 6.5: Hybridization and opening of avoided crossings: (a)
Sketch of the 4 x 4 and 5 x 5 WSy /graphene supercell in real space and k-
space. (b) Supercell band structure. Arrows mark the points (1), (2) and
(3) for which the orbital projection of the wavefunction is depicted below.
(¢) Unfolding projection of the supercell band structure onto individual
WSs and graphene layers. The layer projection of the wavefunction is
indicated by the color code and symbol size.

in TMD/TMD heterostructures, while it takes place at the K valley in TMD /graphene
heterostructures.

To conclude, we investigated the interplay of intervalley scattering and ultrafast charge
transfer in a WS, /graphene heterostructure by means of tr-ARPES. When excited across
the direct band gap in WSy at K (Awpump=2¢€V), hot electrons and holes transfer from
WS, to graphene close to the K valley where bands intersect. Upon photoexcitation
close to the ¥ valley (hwpump=3.1eV) we found photoexcited carriers to scatter from %
to K within 400fs. Then the same scenario as above applies for the charge transfer.
Density functional theory predicts hybridization at the intersection points in the order of
50meV in the valence band which lays the foundation for direct tunneling between the
layers. Our results provide important conclusions for the design of novel photodetectors

and photovoltaics based on TMD /graphene heterostructures.
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CHAPTER 7

Momentum dependence of light-induced band gap

renormalization

This section is based on the manuscript:

R. Krause, A. Steinhoff, S. Aeschlimann, M. Chavez-Cervante, T. O. Wehling, S. Refaely-
Abramson, S. Forti, F. Fabbri, C. Coletti and I. Gierz, Momentum dependence of light-
induced band gap renormalization in WS, /graphene heterostructure, manuscript in prepa-

ration [5.

7.1 Introduction

Tailoring the bandstructure of semiconductors opens up the pathway for design of novel
optoelectronic applications, as tailoring GaN by doping was the breakthrough for efficient
blue LEDs back then [190,191|. Nowadays, monolayers of transition metal dichalgogenides
(TMDs) are in the scientific spotlight due to strong light-matter interaction in the visible
range (see section 2.2.3).

The size of the quasiparticle bandgap in monolayer TMDs is strongly affected by Coulomb
interaction and extremely sensitive to screening. Yet some works has been done to tailor
the size of the quasiparticle bandgap in monolayer TMDs by (photo-)doping [192, 193],
gating 78], stain [76] and screening in artificial van-der-Waals (vdW) heterostructures
[97,194]. Light-induced band gap renormalization was predicted to be strongly momentum
dependent [195], but this has never been observed experimentally.

In this chapter we present the first measurement of strongly fluence- and momentum-

dependent WS, valence band shifts in a WS, /graphene heterostructure observed with

79



Chapter 7. Momentum dependence of light-induced band gap renormalization

time- and angle-resolved photoemission spectroscopy (tr-ARPES). The shift is found to be
biggest at the K valley with 170 meV. Many-body GW calculations can trace back the VB
shift to momentum dependent band gap renormalization. Tailoring band gaps, effective
masses and the density of states by laser excitation is comparatively easy, reversible and

opens up new approaches for optical communications.

7.2 Results

Tr-ARPES experiments were carried out at the Hamburg setup (see section3.1.4) us-
ing XUV probe pulses at fwprope—21.7€eV and visible pump pulses at hwpymp—2€eV and
hwpump=3.1€eV. The photocurrent was measured with a hemispherical analyzer (see sec-
tion3.1.7). The energy resolution was 170meV (200meV) and the temporal resolution
2001fs (300fs) for 2eV (3.1eV), respectively. The excitation density n./,, was estimated
to be ~3-10%cm™2 (~4-102c¢m™2) for 2eV (3.1eV) excitation, respectively (details see
Appendix A.3). The determination of the electronic temperature in WS, is very difficult
as discussed in detail in Appendix A.8. A rough estimate yields 2500 K (3000 K) at peak
of the pump-probe signal for 2eV (3.1eV) excitation, respectively.

As a starting point, we present the unperturbed band structure in Fig. 7.1a at negative
pump probe delay. Like in the previous chapter it is composed out of three separate
ARPES snapshots along the 'K direction with varying signal-to-noise ratio (e.g. see
dataset around ). However, the bandstructure of the heterostructure is nicely resolved,
especially the spin splitting at the K valley. Moreover the bands are found to be just a
superposition of both monolayers by comparison with overlayed theoretical bands [51,69].
We then photoexcited with fiw — 3.1€V and an excitation density of ~4-10'2cm~2 and
show pump induced changes to the spectrum in Fig.7.1b at peak of the pump-probe
signal. Changes in photocurrent were obtained by subtraction of the equilibrium ARPES
spectra from the spectra at peak of pump-probe signal. Gains and losses in photocurrent
can be traced back to excitation of photocarriers in WSy and graphene followed by an
ultrafast charge transfer. A complete understanding of transient population dynamics is
beyond the scope of this letter and is provided in detail in chapter 6. Herein, we focus
on transient band shifts after photoexcitation. Already by eye, a strong gain-and-loss
signal above and below the equilibrium position of the valence band of WS, can be seen
in Fig. 7.1b which seems to be weaker at the I' valley than at the K valley.

Similarly, Fig. 7.1c shows the changes in photocurrent after photoexcitation at hw = 2eV
and a density of ~3-103¢m =2 at peak of the pump-probe signal. The response looks quite
similar to the Fig.7.1b despite the stronger population of the WS, conduction band at
the K valley and the stronger gain-and-loss signal at the I' valley.
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Figure 7.1: time- and angle resolved photoemission spectroscopy:
(a) Photocurrent at negative pump-probe delay (-0.5 ps) measured along
the 'YK direction. Colored dashed lines denote the momenta for fits of
transient band positions in Fig.7.2. (b) Pump-induced changes of the
photocurrent at peak of the pump-probe signal (-+0.5ps) for an excita-
tion density of ~4-102cm~2 at 3.1eV pump energy. (c) Pump-induced
changes of the photocurrent at peak of the pump-probe signal (+0.2ps)
for an excitation density of ~3-103cm~2 at 2eV pump energy. White (a)
and black (b and ¢) dashed lines denote the theoretical band structure of
WSy [69] and graphene [51]. A rigid band shift of —0.81eV and —1.19eV
was applied to the WSy conduction and valence band, respectively. The
graphene Dirac cone was shifted by +0.3eV to account for the observed
hole doping.
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Chapter 7. Momentum dependence of light-induced band gap renormalization

To determine transient band positions we took linecuts along the orange dashed lines in
Fig.7.1a and fitted the energy distribution curves (EDCs) with Gaussians and Shirley-
background. The fits for WS, valence bands along the orange linecuts at I, ¥ and K
valleys are displayed in Fig.7.2a and for the conduction band at K in Fig. 7.2b.
Resulting shifts of the valence band at I', ¥ and K upon 3.1eV excitation are shown
in Fig.7.2c. The shifts point upwards and decay exponentially within 1.1 +0.07 ps but
remarkably they vary in amplitude at different momenta. A fact on which we will focus
later on. For completeness we first analyze the band shifts at the K wvalley in more
detail. The conduction band at K shifts down, up and down again (Fig.7.2d). This
behaviour becomes clearer in the following section. From conduction and valence band
shifts we can deduce the transient quasiparticle band gap at the K valley in Fig. 7.2e. First,
the equilibrium gap size is 2.08 eV and the the exciton binding energy is ~100meV by
comparison with A-exciton photoluminescence of the heterostructure (see Fig. 3.14e). In
comparison to WSy monolayers on insulating substrates |[72], band gap and exciton binding
energy of WSy are already reduced in equilibrium condition due to external screening by
the graphene substrate. Second, the bandgap is further reduced after photoexcitation
by ~ 150 meV for 2.3 + 0.5 ps. This in known as dynamical bandgap renormalization and
stems from enhanced screening of the Coulomb-interaction in the presence of photexcited
carriers [81,174,175,188|.

We can deduce another contribution to the band shifts by adding (subtracting) |AE,,,|/2
to (from) transient conduction (valence) band shifts, or in other words, remove the con-
tribution of bandgap renormalization. The resulting shift is displayed in Fig. 7.2f. Here,
conduction and valence bands shift upwards simultaneously by ~ 80 meV for 400 4 100 fs.
The reduction of binding energy indicates a negative charging of the WS, layer. We also
extracted the transient shift of graphene bands (details see Appendix A.4) which shift
downwards in energy (Fig.7.2f) indicating a positive charging of the graphene layer. As
proved in the previous chapters, the opposite charging induced shifts of the bands of both
layers serve as evidence for ultrafast charge separation at the interface of the heterostruc-
ture. It also gets clear that the oscillatory conduction band shift in Fig. 7.2d is an overlap
of bandgap renormalization and charging induced shifts with different timing. Band shifts
at 26V excitation (3-10cm™2) were already discussed in Fig. 4.3.

Finally, we investigate the momentum dependence of band shifts. To do so, EDCs were
taken along linecuts all over the Brillouin zone of WS, and fitted. All fits and tran-
sient shifts can be found in the Appendix B.5. Fig.7.3a shows the valence band shift at
peak of the pump-probe signal as a function of momentum. For the excitation at 3.1eV
(~4-102cm™2) the valence band shifts almost uniquely upwards at ' and ¥ but peaks at
the K valley with ~130 meV difference. This non-rigid shift previously became manifest

in a stronger gain-and-loss signal at K in Fig. 7.1b. On the other hand, at 2eV excitation
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Figure 7.2: Transient shifts of WS, and graphene states: (a) En-
ergy dispersive curve of WSs valence states at negative pump-probe delay
integrated over 0.05 ~! along the orange dashed lines in Fig.7.1a together
with fit components. (b) Difference energy dispersive curve of WSs con-
duction band at Kyyrg, and at peak of the pump-probe signal with Gaussian
fit. (c) Transient shift of the WSy valence band corresponding to fits in
(a). (d) Position of the WSy conduction band at Ky g, as a function of
pump probe delay. (e) Transient band gap at Kyg,. (f) Charging shifts
of WSy conduction (CB) and valence bands (VB) at Kyyg, and graphene.
Thin black lines are fits to the data, whereas the thin grey line in (e) is a
composed out of fits from transient band gap (e) and charging shifts (f).
The grey shaded area in (c)-(f) is the pump pulse. The orange arrow in (e)
an (f) marks the delay at which the charge separated state is over. All data
is presented for an excitation density of ~4-102cm™2 (hwpump = 3.16V).

(~3-10'¥cm™2) the valence band shift has a smaller K-I'-difference of ~40 meV and less

momentum dependence (see gain-and-loss signal in Fig. 7.1c).
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Figure 7.3: Momentum dependent valence band shift in WS,:
Shift at peak of the pump-probe signal as a function of momentum for
a carrier density of ~4-102cm™2 (3.1eV) and ~3-103cm=2 (2eV). Open
symbols show the amplitude of the charging shift at K at similar pump-
probe-delay.

The renormalization of the WS, band structure due to photoexcited electrons and holes is
calculated by self-consistently evaluating a GW self-energy, which is given in equations 25
and 26 from Ref. [80]. Our approach is based on band structures and Coulomb matrix
elements from first principles. Environmental screening is included via the Wannier func-
tion continuum electrostatics method [196] using a macroscopic dielectric function for the
given sample geometry [197|. Here, we assume that the WS, monolayer with a thickness of
0.6 nm rests on graphene and a SiC substrate with dielectric constants of e=4 and €=6.5,
respectively. The renormalization was calculated for several electron densities in WS,. In
the charge separated state (cf. chapter6) we assume all holes have already tunneled to

graphene and hole density in WS, was set to zero.

The momentum dependent band valence band shift for different carrier densities is shown
in Fig. 7.4a. The shift peaks at the K valley already at low excitation densities but the I"
valley keeps up at higher excitation densities. This result is in good qualitative agreement
with the experimental observation in Fig. 7.3 and thus an excitation energy dependence
can be neglected at this point. Futhermore, increasing the electronic temperature in WS,
smears out the momentum dependence and lowers the maximal shifts (Fig.7.4b). The
conduction band shift is displayed in Fig.7.4c. Subtraction of valence from conduction
band renormalizations yields also a strongly momentum dependent band gap renormal-
ization in Fig. 7.4d. But the calculated band gap renormalization at K is roughly half as

large as the experimentally determined values (triangular symbols).
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Figure 7.4: Calculated band renormalizations: (a) Valence band
shift. (b) Calculated valence band shift for different electronic tempera-
tures in WSy at an excitation density of 3-102cm~2. (c¢) Conduction band
shift. (d) Band gap renormalization. Triangular symbols compare to the
experimental band gap from Fig. fig:7.shifts. The electronic temperature
in WS2 was set to 2500 K for the panels a, b and c. Different excitation
densities in a, b and ¢ are indexed by a color code.

7.3 Discussion

Band gap renormalization in monolayer TMDs is a common phenomenon driven by gating
[78], doping [192], substrate screening [97| or photoexcitation [81,174,175]. The latter

was predicted to induce a momentum dependent renormalization [195] which was so far

not experimentally verified.

Here, we presented the first direct observation of momentum dependent band gap renor-
malization by tr-ARPES combined with many-body GW calculations. We found the mo-

mentum dependence to strongly depend on the density and temperature of photoexcited
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Chapter 7. Momentum dependence of light-induced band gap renormalization

electrons in WS,. Controlling these parameters provides an approach for fully reversible
band structure engineering as discussed in more detail in Appendix C.2.

However, the calculated renormalization does agree qualitatively with the experimen-
tally observed valence band shift but not quantitatively. A missing contribution in the
calculations could be external screening from the increased hole density and electronic
temperature in graphene [34].

Further, we know from the analysis at the K point in Fig. 7.2 that the valence band shift
is a superposition of renormalization and charging shift. The role of the charging shift
to the momentum dependent VB shift is not yet clear. It might be an initial state effect
and the negative (positive) potential leads to decrease (increase) in binding energy which
makes it easier (harder) for an electron to escape from the solid, respectively [118]. Or it
can be the surface photovoltage (SPV) effect, a final state effect quite similar to pump-
induced space charge described in section3.1.8. Under SPV, the field of the negative
(positive) charged surface accelerates (decelerates) the photoemitted electron on its way
to the analyzer which increases (decreases) its kinetic energy [198,199]. However, both
scenarios can explain the direction, magnitude and time scale of the charging shift, but a
momentum dependence was not reported for both of them.

To sum up, we reported the first direct observation of momentum dependent band gap
renormalization after optical excitation in a WS, /graphene heterostructure. The band
shift is strongly dependent on excitation density and electronic temperature in WS, as
determined by a combination of tr-ARPES and many-body GW calculations. Although
the measured valence band shift agrees qualitatively with the calculations it cannot be de-
scribed quantitatively yet. Futher contributions might be external screening by graphene
and or the charging shift. These discrepancy should be subject to future experimental

and theoretical investigations.
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CHAPTER 8

Conclusions and Outlook

8.1 Conclusions

Time- and angle-resolved photoemission spectroscopy (tr-ARPES) was used in this thesis
to investigate the phenomenon of ultrafast charge transfer in TMD /graphene heterostruc-
tures which has promising potential for applications in photodetectors, photovoltaics and
opto-spintronics.

We built a tr-ARPES setup which enables a direct view on carrier dynamics in energy,
momentum and time to investigate the ultrafast charge transfer following A-exciton res-
onant excitation in epitaxial WS, /graphene heterostructures. We could determine the
main signatures for ultrafast charge transfer: asymmetric population dynamics, charging
shifts and an increasing hole density in graphene.

To understand the microscopic mechanism behind the ultrafast charge transfer a series
of experiments followed up. We performed pump-fluence dependent measurements and
excited the WSy /graphene heterostructures with 3.1eV light close to the X valley in the
Brillouin zone. In addition, bilayer WS, /graphene heterostructures were investigated. We
were supported by density functional theory and microscopic many-body theory calcula-
tions in these projects.

To conclude, we find the timescale for charge separation is set by direct tunneling at
points in the Brillouin zone where WS, and graphene bands cross. These points are
close to the K point. Hybridization ensures the extension of the wave function over both
layers and carriers can tunnel without energy or momentum transfer. The asymmetry in
electron and hole transfer rates can be explained by the energy barrier which carriers need

to overcome from conduction (valence) band minimum (maximum) to the intersection
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points, respectively. The timescale for electron-hole recombination, on the other hand, is
set by defect-assisted tunneling via localized S vacancies. Thus, the sample quality is an
important design factor for charge separation.

We show that ultrafast charge separation at the interface between bilayer WS, and mono-
layer graphene can also explained by the same model. Upon photoexcitation close to the
Y. valley we found photoexcited carriers to scatter from ¥ to K within 400fs. Then the
same scenario as above applies for the charge transfer.

With full momentum view on the WS, valence band shift we further present a direct
observation of non-rigid band shifts after optical excitation. We could show two contri-
butions to the valence band shift which are band gap renormalization and charging shift.
Many-body GW calculations of the momentum dependent band gap renormalization can
reproduce the valence band shift qualitatively and reveal that it is affected by the den-
sity and temperature of photoexcited electrons in WS,. Future investigations will show
how the band gap in WS, is affected by external screening from the hot hole-plasma in
graphene.

The experiments within this thesis have shown that the proposed microscopic model for
ultrafast charge transfer is robust in different scenarios and provides an understanding for
charge transfer phenomena in similar TMD /graphene heterostructures. From our results
one can draw important conclusions for the design of opto-electronic devices based on

van-der-Waals heterostructures.

8.2 Outlook

In the following I will present preliminary results from tr-ARPES on heterostructures of
WS, on n-doped graphene and oscillations found in several tr-ARPES datasets. These
topics provide good starting points for umpcoming research projects. Finally, T will pro-
vide approaches for refinement and substantiation of the microscopic charge transfer model

and how to investigate charge transfer phenomena with next generation tr-ARPES.

8.2.1 Heterostructures of Monolayer WSy, on Thermal Decom-

posited Monolayer Graphene

In this thesis, the investigated heterostructures consist of WS, on quasi-freestanding
monolayer graphene (QFMLG), as described in section 3.2.2. We also carried out tr-
ARPES measurements of heterostructures of monolayer WS, on thermal decomposited
monolayer graphene (TDMLG) with again excitating the A-exciton in WS, resonantly.

TDMLG is prepared similarly to QFMLG from a SiC substrate, described in section 3.2.2.
After cleaning and etching of the SiC(0001) substrate graphitization is driven further until
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a monolayer of graphene forms on top of the zero layer [159]. A monolayer of WS, is then
grown by CVD on top of the TDMLG as described in section 3.2.2. The final layer

structure is sketched in Fig. 8.1a.
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Figure 8.1: WS,/TDMLG heterostructure: (a) Sketch of the layer
structure. Adapted from [48]. (b) and (c) Tr-ARPES snapshots at neg-
ative pump-probe delay (t=-0.5ps) and peak of the pump-probe signal
(t=+0.1ps), respectively. Dashed white and black lines denote the theoy
bands of WSy and graphene. A rigid band shift of -1.54eV and -1.82eV
was applied to the WSs CB and VB, respectively. The graphene Dirac
cone was shifted by -0.43 eV to account for the observed hole doping [164].
Colored dashed lines denote the line profiles for WS, VB and graphene fits.
Colored boxes indicate integration areas used for the dynamics in Fig. 8.2.

In contrast to the p-doped QFMLG (cf. Fig.3.15), the TDMLG forms an n-doped layer
on the SiC substrate [164]|. This doping of ~430 meV can be seen in an ARPES snapshot
at negative pump-probe delay in Fig.8.1b. The heterostructure is still of typel band
alignment, although the WS, conduction band is just 0.26 €V above the Fermi level (Er).
Remarkably, the WSy bands obtain the same relative alignment to the Dirac-Point of
graphene as in WSy /QFMLG (see Fig. 3.15). Unfortunately, the WS, bands are measured

with low signal-to-noise ratio in this datasets.

Results

The sample was excited resonant to the A-exciton at fw,ymp—= 2 eV with a pump fluence of
2.5mJ/cm?. Fig.8.1c shows the difference ARPES spectrum at peak to the pump-probe
signal. It looks somewhat familiar to the data on WSy/GFMLG shown in chapters 4-

7. In addition, a small loss signal below Ep within the gap of WS, can be seen which
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is marked by box A. For the investigation of photo-induced dynamics we integrated the
photocurrent within the colored boxes of Fig.8.1c and displayed them as a function of
pump-probe delay in Fig.8.2. The gain-and-loss signal in graphene is asymmetric with an
exponential lifetime of 7 = 150 & 40fs (7 = 750 & 75fs) for the gain (loss) above (below)

Er, respectively.
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Figure 8.2: Pump-probe dynamics in WSy/TDMLG: (a) Gain
above the Fermi level (red, box G) and loss below the Fermi level (blue,
box L) inside the graphene Dirac cone as a function of pump-probe delay.
(b) Gain in the WSy CB (box C) as a function of pump-probe delay. (c)
Loss within the gap of WSy (box A). (d) and (e) Shift of graphene and
WSs VB respectively. Black lines are fits to data.

The low signal-to-noise ratio hindered the WS, CB analyis. The occupation within the
orange box C was determined by integration of the photocurrent over momentum to de-
termine EDCs. The EDCs were then fitted with a single Gaussian to obtain a transient
CB population (Fig. 8.2b). The CB is populated by the laser excitation and decays within
7 =400 £ 100fs first. At later pump-probe delays (=1 ps) the population stays constant
at a finite value. Within the experimental resolution no holes in the VB of WS, could
be found. The loss of the additional signal within box A is short lived (7 = 130 + 100 fs,
Fig. 8.2¢).

The transient band position of the 7-bands in Fig.8.2d was determined by Lorentzian
fits of the MDC line profiles +0.05 A along the red dashed line in Fig. 8.1b. Contrary to
previous experiments, the graphene bands shift upwards by ~15meV for 7 = 110 4 60 fs.
The position of the VB4 of WS, was determined by fits of the EDC line profiles along
the green dashed line in Fig.8.1b with a Gaussian fit model including Shirley background
(cf. Appendix A.4). The transient band position is shown in Fig.8.2e. The valence band
shifts upwards by ~60meV for 7 = 1.7 + 0.8 ps. Because ot the low signal-to-noise ratio
the transient position of the CB of WS, could not be determined.

We performed Fermi-Dirac-fits of EDCs integrated within the range from 1.5 to 1.83 A.
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The obtained transient electronic temperature T,; and shift of chemical potential Ay are
shown in Fig.8.3a and b. The calculated changes of the electron density in graphene is
plotted in Fig. 8.3c. It reveals a short lived gain of electrons in graphene for 7 = 140+40 fs
which is in strong contrast to the experiments on WSy /QFMLG (cf. Fig. 4.5¢).
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Figure 8.3: Hot carrier dynamics in TDMLG: (a) Transient elec-
tronic temperature. (b) Transient shift of chemical potential referenced
to the vacuum level Ay and referenced to the Dirac-point Augp. (c)
Transient electron density in graphene. Black lines are fits to data.

Discussion

To sum up, we found a similar asymmetry of photoexcited carriers in graphene after
photoexcitation resonant to the A-exciton in WSy /TDMLG compared to WS, /QFMLG.
The upshift of the WS, VB is also comparable in magnitude (~60meV) and lifetime
(1 =1.7ps). But in contrast to the results from chapters 4-7, the TDMLG graphene shifts
upwards (~15meV) after pump excitation with a lifetime of 7 =140fs and its electron
density increases on a similar timescale. An additional loss signal within the gap of WS, is
found which is also short lived (7 =130fs). These results appear rather puzzling compared
to the findings from the main text.

Some understanding of the dynamics might appear when discussing possible origins of
additional states in the grey box A in Fig.8.1c. They could be assigned either to zero
layer graphene which exhibits two broad non-dispersive states at -0.3eV and -1.2eV (see
Fig. 8.4a) [200] or defect states from S vacancies [173]|. The ladder would yield two occu-
pied defect states below Er in WS, on top of TDMLG (see Fig. 8.4b) assuming a similar
distance from CB minimum to the defect states on top of QFMLG.

Direct transitions by the 2eV pump pulse from both additional states to graphene would
be possible within the box A range as sketched by orange arrows in Fig.8.4. Such tran-
sitions could explain the short lived depletion of signal within box A (Fig.8.2c) and the
short lived gain of electrons in graphene (Fig.8.3c). Consequently, the negative charging

of graphene would explain the upshift of graphene bands (Fig. 8.2d).
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Figure 8.4: Possible origin of in-gap states: (a) In-gap states from
zero layer graphene [200]. (b) In-gap defect states from S vacancies [173].

Orange arrows mark supposable transitions to graphene bands at fwpump
= 2¢eV.

As shown in chapter 4, defect states from S vacancies can indeed be found in WS, mono-
layers (Appendix B.4) and play a major role for the dynamics. On the other hand, the
zero layer is spatially closer to the monolayer graphene in TMDLG compared to the hy-
drogen intercalated QFMLG (cf. Fig.8.1a and Fig.3.13e). Thus, electronic transitions
from zero layer might be possible to TDMLG but not to QFMLG. In literature tr-ARPES
experiments, the data from Johannsen et al. shows a similar short-lived gain signal above
the m-bands in TDMLG [201] compared to our Fig.8.1c. This could indicate a similar
upshift due to transitions from zero layer as observed in our experiment.

Besides the short-lived electron transfer to graphene, it is hard to say, if a charge separation
between WS, and graphene takes place or not. On the one hand, the graphene gain-and-
loss signal is asymmetric like in QFMLG which is a signature of ultrafast hole transfer.
But on the other hand, the graphene electron density and band position do not support
such a picture.

The initial hole transfer should be even faster for WSy on TDMLG than on QFMLG,
if one compares the availability of final states for electron and hole transfer from CBM
and VBM to Ef (see section3.3). This is not found here. As the relative alignment
in between WS, and graphene bands is unchanged, the transfer rates of carriers via the
points where the bands cross should be similar. Unfortunately, the presented first results
on WSy /TDMLG could not provide answers to the charge transfer in between WSy and
graphene. In any case, the WSy /TDMLG experiments need to be repeated with a better

experimental resolution to identify the charge transfer channels and clarify remaining
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questions.

8.2.2 Oscillations in Tr-ARPES Data

We stumbled across oscillating signals in several tr-ARPES datasets within this thesis.

Fig. 8.5 gives an overview of these findings which will be discussed in the following.
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Figure 8.5: Overview of oscillations in tr-ARPES data: (a) Pump
induced changes to the photocurrent in monolayer WSo/QFMLG after ex-
citation with 2.85mJ/cm? at w — 2eV at peak of the pump-probe signal
(+0.2ps). (b) and (c) display oscillations in WSy CB gain and graphene
gain, resepctively. (d) Pump induced changes to the photocurrent in mono-
layer WSy /TDMLG after excitation with 2.5 mJ/cm? at hw = 26V at peak
of the pump-probe signal (+0.1ps). (e) and (f) display oscillations of the
WS, VB position and wihtin the blue box in (d), respectively. Colored
boxes in (a) and (d) mark the integration areas for the graphs in (b), (c)
and (f). The dashed line in (d) marks the line profile for VB fits. The
insets in (b), (c), (e) and (f) compare the noise at negative pump-probe
delays (color) to the magnitude of oscillations (black).

Upon A-exciton resonant excitation in WSs on QFMLG we found oscillations in the WS,
CB gain and graphene gain signals, as displayed within the first row of Fig. 8.5. The data
was first fitted with an exponential fit function (see Appendix A.5) and the fit afterwards

subtracted from data. The residual curves (grey) were fitted with a sine. To evaluate the
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signal-to-noise ratio of oscillations, a histogram of the noise at negative pump-probe delay
was fitted with a Gaussian distribution (with variance o) and compared to the oscillation
magnitude (see insets in Fig.8.5b and ¢). The oscillations in WS, CB gain and graphene
gain are at frequencies of 1.4+0.1 THz and 1.34+0.1 THz with a signal-to-noise ratio of
3.50 and 1.9 0, respectively. Moreover, these oscillations are in-phase to each other. This
findings strongly suggests that WS, and graphene layers oscillate at a collective mode.
In WS, on TDMLG (second row in Fig. 8.5) a similar oscillation frequency of 1.0+0.1 THz
with a signal-to-noise ratio of 1.2 ¢ can be found in the transient position of WSy VB after
similar photoexcitation.

Another oscillating signal was found within the Dirac cone in WS, /TDMLG in a cer-
tain area marked by the blue boxf in Fig.8.5d. A sinusoidal fit revealed a frequency of
2.8+0.2 THz for oscillations of the photocurrent (see Fig.8.5f). But the signal-to-noise
ratio is with 0.67 ¢ too low to prove this as a real feature. Furthermore, fits of the =-
bands at corresponding energy or momentum showed no oscillations in band position or
carrier population. Improved statistics or experimental resolution in future experiments
is needed for this signal to become manifest.

However, the observed oscillations in the range of 1-1.5'THz were investigated in more
detail. Fig.8.6a shows the WS, CB as a function of pump-probe delay and momentum.
It can be seen that the width of the conduction band oscillates with pump-probe delay
after photoexcitation resonant to the A-exciton in WSs. This is not observed for 3.1eV
excitation. The width of the CB was determined by a Gaussian fit and is displayed in
Fig.8.6b as a function of pump-probe delay. The oscillation frequencies for several pump
fluences were in the range of 1-1.5 THz but at a pump fluence of 1.63mJ/cm? the CB
oscillates at 2.2 THz. The central position of the CB does not shift within the error bars
which indicates that the WS, in-plane lattice constant is not strongly deformed. A distinct
dependence of oscillation frequency or amplitude on the pump fluence is not found. A
possible explanation for the oscillatory broadening and shrinking of the CB is sketched in
Fig. 8.6¢ by alternate addition and subtraction of electrons. This scheme is in accordance
with the oscillating total CB population in Fig. 8.5b.

To sum up, oscillations at a frequency of 1-1.5 THz (33-50 cm™1) were observed in WS,
CB and VB and graphene, for the stacks on QFMLG and TDMLG. They just appear
at A-exciton resonant excitation and do not significantly distort the lattice constants of
WS, or graphene.

These findings are highly interesting as they can refer to collective modes of both layers,
e.g. a layer breathing mode as sketched in Fig. 8.7a. The frequency range of the observed
oscillations 1-1.5 THz (33-50 cm™1) lies between literature data for layer breathing modes
of WS, bulk at 0.8 THz (27.5c¢cm™1) and graphite at 1.3 THz (43.5cm™1). Also a mixed

bulk shear mode (Fig.8.7b) may play a roles since the corresponding bulk modes are at
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ki (A7)

1.4THz (47.8cm™ 1) and 3.8 THz (128 cm™ 1) for WS, and graphite, respectively [202]. In

both considered modes the unit cell of individual monolayers is not distortet which is in
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Figure 8.6: Oscillating CB width: (a) Integrated photocurrent within
0.3-1.3eV in monolayer WSy/QFMLG after excitation with 2.85mJ/cm?
at hw = 2eV as a function of pump-probe delay and momentum. (b)
Oscillation of the CB Gaussian FWHM as a function of pump-probe delay.
The fluences 0.52, 1.63, 2.85, 3.74 and 4.78mJ/cm? are represented by
violet, pink, red, darka and light orange curves, respectively. (c) Sketch
of CB population oscillations and the corresponding change of Gaussian
FWHM.

agreement with the observations.
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Figure 8.7: Interlayer phonon modes between WS, and graphene
layers: (a) Layer breathing mode. (b) Layer shear mode. Not to scale.
Adapted from [202].

Coherent excitation of these modes is possible by impulsive Raman scattering when the

pump pulse is sufficiently shorter than a single vibrational cycle of the phonon [203]. Cou-

pling is most efficient when the wavelength is close to a direct transition [204,205]. This

explains why the oscillations are strong at 2eV excitation but absent at 3.1eV excitation
since the direct band gap in WS, is found to be 2.08 eV (see Appendic A.6).

The question rises, if charge is actually oscillating between WS, and graphene layers. From

Fig.8.5b and ¢ we know that both layers gain and loose electrons coherently. Thus, the
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situation is more complicated. Carrier oscillations might involve states at other regions
within the Brillouin zones or even the next BZs [204]. This would lead to additional
scattering channels to the ones provided in chapter4. Wang et al. state that the out-
of-plane breathing modes in a typell heterostructure affect the charge recombination
time [98]. In this case a direct-to-indirect band gap transition is modulated which affects
exciton decay rates. The mechanism behind the oscillations in typeI heterostructures and
their impact on the charge transfer, however, remains as extremely interesting question to
tackle in upcoming experiments. For that purpose, temperature dependent measurements
of the ultrafast charge transfer in TMD /graphene heterostructures could be carried out

combined with an improved temporal resolution.

8.2.3 Refinement and Substantiation of the Microscopic Model

In chapter4 we revealed direct tunneling and defect-assisted tunneling to be the micro-
scopic scattering channels behind the ultrafast charge transfer. Although the model was
shown to apply for bilayer WS, /graphene (see ch.5) and above gap excitation (see ch.6)
as well, it still can be refined and substantiated.

In our charge transfer model, direct tunneling is possible via opened anticrossings at the
intersections of WS, and graphene bands (see Fig.6.5). This picture is valid for epitaxial
WS, /graphene heterostructures with a twist angle of 0° or 60° between both layers such
that either the 'K or 'K’ direction of WS, aligns with the I'K direction of graphene (see
section 3.2.2).

At an intermediate twist angle the band intersections will shift in energy and momentum
which could alter state mixing and the opening of avoided crossings. This might impede
the charge transfer between the layers in TMD /graphene heterostructures with typel
band alignment. Ref. [174] did not find indications for a charge transfer at a twist angle
of 30° between MoS, and graphene. In heterostructures of typell bad alignment on the
other hand, the orbital overlap is made responsible for the charge transfer. Since the
orbital overlap at I' does not change much with layer twist the ultrafast charge transfer
is found to be rather unaffected [98,206,207].

Lattice mismatch and twist angle lead to periodic changes of the layer stacking configura-
tion in real space (cf. Fig.6.5a) forming a Moiré pattern. Electronic properties like band
gap or exciton binding energies can vary significantly within the discriptive Moiré super-
cell [170,208-211]. The effect of a superperiodic potential of the ultrafast charge transfer
in twisted WS, /graphene heterostructures is worth to investigate in future experiments,
e.g. by tr-u-ARPES, and needs to be implemented in the microscopic model.

Defect states from S vacancies play an important role for charge separation, as shown

in chapter4. Trapping of photoexcited electrons by in-gap defect states can prolong
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the lifetime of charge separation by several orders of magnitude [111|. Although hints
for defect states were found (see Appendix B.4), they could be better resolved in future
tr-ARPES experiments. Defect-assisted tunneling of trapped electrons and excitons to
graphene states is object of current investigations by density functional theory and many-
body perturbation theory. The aim is to obtain transition matrix elements which can

explain the prolonged charge separation lifetimes (cf. Fig. 4.6).

8.2.4 Next Generation Tr-ARPES

As introduced in section 2.2.4 it is possible excite spin-valley selective by using circularly
polarized light and create a spin-polarization [89-93]. The observed charge transfer to
graphene might by accompanied by spin transfer (see Fig.3.16¢) which would inject a
net spin polarization into graphene. Due to long spin-scattering lifetimes in graphene
[54, 56, 57| heterostructures of WS, /graphene are promising candidates for spintronics
devices. We tried to measure the injected spin-polarization of graphene carriers with time-
and spin-resolved ARPES at the Artemis setup (see section 3.1.4) in 2018. Unfortunately,
the experiment failed due to technical issues with the spin-detector. A repetition of this
experiment is planned at the group of Martin Aeschlimann at the Technische Universitit
Kaiserslautern, Germany.

However, in the present work we assign the photoexcited signal in WSy to free electrons
and holes rather than to excitons (see section4.2), e.g. due to elevated temperatures by
using comparatively high pump fluences [81]. The lower edge of applicable pump fluence
was limited by the signal-to-noise ratio for the observation of pump-induced changes. For
improved statistics we usually averaged the photocurrent of an over-night-measurement in
the 1kHz laser setup (see section 3.1.4). Novel tr-ARPES setups based on high repetition
rate lasers are able to obtain good statistics at a fraction of that time [212] and make it
possible to apply lower pump fluences to investigate the interplay between excitons and
free electron-hole pairs [80].

Lastly, with our large XUV probe spot of 300 x 560 um we cannot distinguish between the
K and K’ point as our epitaxial WS, flakes grow in two domains rotated by 60° with a size
300-700 nm (see Fig.3.14a). This hurdle can be tackled by using a much smaller spot size
in time-resolved p-ARPES which allows to measure excitons in single flakes of monolayer
TMDs [85,86]. An application of this technique on TMD /graphene heterostructures is
highly interesting.
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APPENDIX A

Tr-ARPES Data Analysis

A.1 Treatment of Raw Data

The qualitiy of the tr-ARPES raw data was impaired by three main factors:

m (1) a featureless background due to dark counts on the detector as well as photo-

electrons emitted from the pump rather than the probe pulse (see section 3.1.8)

m (2) fluctuating ARPES counts due to shot-to-shot intensity variations of the XUV

pulses

m (3) variations of the relative intensity of WS, and graphene bands due to sample

inhomogeneity

These problems were solved as follows:

(1) We measured the photocurrent with pump but without probe pulse and subtracted
this background from the tr-ARPES snapshots.

(2) We integrated the counts over the area marked by the pink box in Fig. A.1a where
the photocurrent is expected to be zero after background subtraction. This yields a
photocurrent [y, (t) that fluctuates with time ¢ (Fig. A.1b). Next, we averaged Iy, (t)
at negative delays yielding < I,,, >. We then multiplied each tr-ARPES snapshot with
a factor f =< Iyor > [Ipox(t) (Fig. A.lc). The effect of this procedure on the transient
photocurrent at the bottom of the conduction band obtained by integrating the tr-ARPES
data over the area marked by the orange box in Fig. A.1a is illustrated in Fig. A.1d.

(3) As the WS, coverage in our WS, /graphene heterostructure is not uniform, the relative

intensity of the WSy and the graphene bands varies from spot to spot and, hence, between
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Figure A.1l: Treatment of raw data: (a) Tr-ARPES snapshot at neg-
ative pump-probe delay taken with a pump fluence of 1.63mJ/cm?. The
pink box is used to extract Ip,,(t) in panel (b). The orange box captures
the carriers at the bottom of the conduction band shown in panel (d). (b)
Photocurrent Ip,,(t) integrated over the area marked by the pink box in
(a) together with its average for negative pump-probe delays < Iy >. (¢)
Normalization factor f =< Ipoe > /Ipox(t) as a function of pump-probe
delay. (d) Effect of the raw data correction on the time dependence of the
photocurrent integrated over the area marked by the orange box in panel
(a). (e) Ratio of the reference intensities Lycf g, and L g2 as defined in
Fig. A.4c and a, respectively, for the datasets obtained with different pump
fluences.

different tr-ARPES runs. In order to turn our results independent of the precise value of
the WS, coverage we divided the pump-probe traces shown in Fig. 4.2a by the integrated
intensity of the upper WS, valence band I,.f g, from Fig. A.4a and the pump-probe trace
shown in Fig.4.2b by the integrated intensity of the Dirac cone I, s, from Fig. A.4c.
The ratio Lef g /Irerws, for the different tr-ARPES runs with different pump fluences
is shown in Fig. A.lc. The measurement with the highest pump fluence was done on a
sample area where the WS, coverage was particularly low. This reduced the absolute
number of photoexcited electron-hole pairs and, hence, the absolute number of holes that
were transferred to the graphene layer as well as the measured shift of the Dirac cone.
For this reason, the high fluence data point in Fig. 4.5¢ and d was set in brackets and not

included for the determination of the guide to the eye.

A.2 k-Space Conversion and Experimental Resolution

As described in section 3.1.3 the photocurrent [ is detected on a two-dimensional detector
as a function of emission angle 6 and kinetic energy E};, of the photoelectrons. The
conversion into I(Ep,, k‘”) is done via equations3.11 and 3.1. ¢ is the work function of

the analyzer, that — in the absence of space charge effects (see section 3.1.8) — determines
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Figure A.2: Space charge effects: (a) Position of the Fermi level at
negative delays as a function of pump fluence. The gray line is used to
extrapolate the position of the Fermi level to zero pump fluence. The data
point in brackets was obtained on an area of the sample where the WS,
coverage was particularly low. The error bars are smaller than the symbol
size. (b) Energy resolution for different pump fluences.

the kinetic energy where the Fermi level appears in the measurement.

The energy resolution of the tr-ARPES measurements was determined from Fermi-Dirac
fits of the carrier distribution inside the Dirac cone at negative pump-probe delay (see
Appendix A.7). These fits revealed that the kinetic energy at which the Fermi level ap-
peared in the measurement (Fig. A.2a) as well as the energy resolution (Fig. A.2b) depend
on the applied pump fluence. The temporal resolution of the tr-ARPES measurements
of 200fs was deduced from the full width at half maximum (FWHM) of the width of
the derivative of the rising edge of the photocurrent integrated over the graphene gain
signal marked by the red box in Fig.4.1f. The conversion of the measured photocurrent
from (Ejin, 0) to (Epin, k) relies on an accurate value for the kinetic energy of the Fermi
level that is commonly used as energy reference in ARPES data. To solve this issue,
we extrapolated the kinetic energy of the Fermi level in Fig. A.2a to zero pump fluence,
yielding Epg = 17.48eV.

A.3 Pump Fluence and Excitation Density:

The pump fluence F for all datasets was calculated with:

g SA—
= e (A1)
S - frep

where Pggppie is the power of the laser beam incident at the sample, S is the pump

illuminated area and f,., is the laser repetition rate of 1kHz. We used a transmission
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factor T' to determine the power at the sample position in UHV Pyuppie = Prcasured = 1
from the position of the power meter including reflection of the pump pulse at mirrors
and transmission through windows. The pump illuminated area S = Syecasured - 1/ COS ¢
takes into account the enlargement of the measured pump beam area S,,cqsureq Under
tilted pump beam (Fig. A.3a). The angle « is defined here as difference between sample

normal and pump beam.
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Figure A.3: Pump fluence and excitation density: (a) Dependence
of the sample illuminated area on the angle o between sample normal and
pump beam. Dashed lines mark typical setup configurations for measuring
at I or K. (b) Excitation density vs. pump fluence for different estimation
approaches (see text). (c) Hole density in WSy as function of pump-probe
delay. The inset shows the WSs VB4 peak area depletion as a function
of momentum at peak of the pump probe signal. For each EDC it was
referenced to the peak area at negative pump probe delay. Black lines are
fits to data.

Estimation of the Excitation Density

The estimation of meaningful excitation densities n./, for the applied pump fluences
turned out to be rather difficult. A first approach was done following the equation:

ne/h = %A (A.Q)
with A beeing the dimensionless absorbance of the sample [175]. The excitation frequency
dependent absorbance A(w) was taken from literature for monolayer WS, [213] and mul-
tiplied by a factor to adapt the peak of the A-exciton to bulk WS, of ~ 7%. This idea
is motivated by the determination of the equilibrium band gap in out sample of 2.08 eV
(see Appendix A.6) which is close to bulk WSy of ~2.1eV [72] due to substrate screening.
Fig. A.3b compares the estimation of this approach via absorbance (light red) to the mea-

sured number of holes transferred to graphene (pink). It is easily seen that this approach
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overshoots the measured number of holes by orders of magnitude. This discrepancy was
previously observed by Ref. [174] who calculated excitation densities in the order of 10
~ 10% /cm? by this approach but just measured excitation densities of 103 /cm 2.

Since we can measure the number of transferred holes to graphene with confidence (see
Appendix A.7) we based a second approach for estimation of excitation density on them.
We take the excitation to be equal to the number of excited holes in WSy: ne/, = njws,
and assume all photoexcited holes to transfer to graphene. For a WS, coverage C' the
holes will then dilute in graphene after transfer due to the larger area (cf. Fig.3.14a and

b). Thus,

Ne/h = NhWSy = 1/C- Nh,gr (A.3)

The resulting fluence dependent excitation density for of C=40% is plotted in Fig. A.3b
as grey curve.

This approach was further backed up by determination of excited holes in WS,. The
transient hole density in WS, is depicted in Fig. A.3c. First, valence band EDC fits like
in Appendix A.4 were performed. The depletion of WSy V B,y peak area Nj(k) around
the K valley is shown in the inset of Fig. A.3c together with a Gaussian fit. The total

number of holes per unit area is then determined by integration:

47
Spz
where Sgpy is the area of the Brillouin zone and R is the radial extend of the Gaussian fit
centered at the K valley [174]. The resulting peak hole density in WS, is plotted as blue

data point in Fig. A.3b and matches with the previous approximation. Consequently, the

Npws, =

/ "’ Ny (k) kdk (A.4)

excitation density was estimated using equation A.3 for the datasets.

A.4 Determination of Transient Band Positions

Transient band positions were determined either by fitting energy distribution curves
(EDCs) or momentum distribution curves (MDCs) and examples are given in Fig. A.4.
The EDCs in Fig. A.4a were obtained by integrating the tr-ARPES data over a momen-
tum interval of 0.05 A~! centered at the green dashed line in Fig.4.1a. A total of three
Gaussians (one for the upper and lower WS, VB, respectively, and one for the back-
ground) was used to fit the spectra. While the lower and upper VB are nicely resolved at
negative pump-probe delays, the broadening of the spectrum after photoexcitation makes
a correct determination of the transient peak positions difficult. This difficulty could be

avoided by constraining the parameters of the fit as follows:
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Figure A.4: Determination of transient band positions: (a) EDCs
extracted along the dashed green line in Fig.4.1a at ¢t < 0fs (light green)
and at t = 200fs (dark green) together with Gaussian fit (black) in the
WS, VB region. The shaded areas indicate the three individual Gaussians
used to fit the data. The area of the dark-shaded Gaussian I,.f g2 was
used to turn the measured photocurrent independent of the WSy coverage.
(b) EDCs extracted along the dashed green line in Fig.4.1a from the dif-
ferential tr-ARPES data shown in the lower panel of Fig.4.1 in the WS,
CB region for t < 0fs (dark orange) and ¢ = 200fs (light orange) together
with Gaussian fit (black). (c) MDCs extracted along the dashed red line
in Fig.4.1a for t < 0fs (dark red) and ¢ = 200fs (light red) together with
Lorentzian fit. The area of the dark-shaded Lorentzian I,y 4 was used to
turn the measured photocurrent independent of the WSs coverage. The
data was obtained for a pump fluence of 2.85 mJ /cm?.

m No peak was allowed to gain spectral weight with respect to negative pump-probe

delay

m Only the upper valence band (VB,4) was allowed to loose spectral weight as a result

of photoexcitation
m No peak was allowed to narrow with respect to negative pump-probe delay
m The separation of the upper and lower WS, was fixed at 430 meV

m The position of the third Gaussian for the background was fixed at £/ = —2.5eV.

It was also possible to determine a transient loss in peak area of the upper valence band
as displayed in Fig.4.2a). A Shirley-background was included into transient valence band
fits for chapters5-7. Previous results from chapter 4 were double checked and found to
be similar to Shirley-background-including fits within the errorbars.

The EDCs in SFig. A.4b were obtained by integrating the differential tr-ARPES data in
the second row of Fig.4.1 over a momentum interval of 0.1 A~! centered at the green
dashed line in Fig.4.1a. These spectra were fitted with a single Gaussian for all pump-

probe delays where the CB was found to be occupied.
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The integration range for the MDCs in Fig. A.4c was +0.06eV around the red dashed
line in Fig.4.1a at £ = —0.5eV. The MDCs were fitted with a single Lorentzian peak
revealing a transient shift in momentum. By multiplication with the slope of the m-bands
of 7eVA [51] a transient shift in binding energy of graphene bands was determined as
displayed in Fig.4.3d for example.

The dark shaded areas in Fig. A4 I,y wse and L.r g were used as reference to turn the
measured photocurrent independent of WSy coverage. The resulting fluence dependent

excitation parameters are displayed in Fig. 4.5 in the main text.

A.5 Fit Function for Exponential Decay

The fitting function is given by

=1 (1 +erf (M» exp (“2 - 2;;; t0)7> (A.5)

oT

where a is the amplitude of the pump-probe signal, ¢ is related to the full width at half
maximum (FWHM) of the derivative of the rising edge via FWHM = 2v/2In20, t, is
the middle of the rising edge, erf is the error function, and 7 is the exponential lifetime.
This fitting function is obtained by convolving the product of a step function and an

exponential decay with a Gaussian to account for the finite rise time of the signal.

A.6 Determination of the Equilibrium Band Gap

The determination of the equlibrium quasiparticle band gap in WSs is hindered by the fact
of the unoccupied conduction band at negative delays. To determine transient positions
of CBM and VBM we performed transient fits at & +0.1A~* for the conduction band and
+0.05A 1 for the valence band, respectively, as described in Appendix A.4. The transient
band gap is then obtained by subtraction of VBM from CBM position as shown in Fig. 4.3
in the main text. As the transient band gap subject to dynamical bandgap renormalization
we had to develop a procedure for determination of the equilibrium gap size. It is based on
minimization of the fit error for the transient band gaps at different pump fluences shown
in Fig. A.5. The curves were fitted alltogether with an exponential decay fit function (see
Appendix A.5) with the equilibrium gap size set equal for all datasets. The equilibrium
gap size in the fits was then scanned from 1.9 eV to 2.5eV. The total fit error in all datasets
was found to be minimal for an equilibrium gap size of 2.08 eV.

We then get an excition binding energy of ~100meV by substraction of the photolumi-
nescence peak of the WSy /graphene heterostructure at 1.98eV (see Fig. 3.14¢) from the

equilibrium quasiparticle gap size [30].
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Figure A.5: Transient quasiparticle band gap for different excitation
fluences at hwpymp=2€V. The curves were offsetted by +0.2eV

A.7 Fermi-Dirac fits of Electron Distribution Inside Dirac

Cone

In Fig. A.6 we provide an example for Fermi-Dirac fits of the transient electron distribution
inside Dirac cone used to determine the electronic temperature and the chemical potential
in Fig. 4.4a and b, respectively. The fitting function consisted of a Fermi-Dirac distribution
(eq.3.8) convolved with a Gaussian to account for the finite energy resolution.

From these fits the number holes transferred from the WS, into the graphene layer was
determined as follows. The transient shift of the chemical potential referenced with respect
to the graphene Dirac point j,ppy was calculated by subtracting the graphene band shift
in Fig.4.3d from the chemical potential in Fig. B.5b that is referenced with respect to
the vacuum level. From p.pp)(t) and T.(t) (Fig. B.5a) we can then directly calculate the

change of the total number of electrons in the graphene layer via

o0

An,(t) = / 0E p(E) [frp(E, u(t), T(t)) — fro(E. o, To)]

[e.e]

where p(E) = 24<E-EDl g the density of states in the Dirac-cone (cf. Fig.2.2¢) with

2,2
s h2vg,

the unit cell area A, = 3‘[73“2 and the lattice constant a = 1.42A. The equilibrium
chemical potential is g = —0.3eV. The transient chemical potential is given by pu(t) =
to + Apteepy(t). The equilibrium temperature is 7y = T'(t < 0ps) = 300 K. The number

of transferred holes shown in Fig. 4.4c is then given by Any,(t) = —An.(t).
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Figure A.6: Fermi-Dirac fits: EDCs obtained by integrating the counts
over the momentum width of the yellow box in Fig.4.1a at t < 0fs (color)
and t = 200fs (color) together with Fermi-Dirac fits (black).

A.8 Estimation of the Transient Electronic Tempera-
ture in WS,

In the semiconducting WS, the valence (conduction) band is completely occupied (empty)
at negative pump-probe-delays, respectively. The absence of a Fermi cut-off prohibits the
determination of the equilibrium electronic temperature like it was done in Appendix A.7.
Transient electronic temperatures, however, could be estimated with a carefully designed
fit function applied on transient hole (electron) densities in valence (conduction) band,
respectively. Inspired by transient fits of the momentum-dependent distribution of holes
in the valence band of MoSy by Ulstrup et al. [174] we developed a fit function of transient

momentum-dependent distributions of electrons in the conduction band of WS,.

Figs. A.7a-c illustrate the fit procedure. We take the band dispersion of the conduc-
tion band (Fig. A.7a) and a hot Fermi-Dirac-distribution (Fig. A.7b, cf. eq.3.8) to get a

momentum-dependent distribution of electrons in the conduction band:

1
Jfe(k) = e —m kT 4+ 1

(A.6)

The distribution in eq. A.6 is used as fit function of momentum-dependent hot-carrier
distributions. In this approach the WS, conduction band dispersion €(k) was taken from
theory data [69] and kept fixed. The quasi-chemical potential p is kept at the conduction
band minimum. This assumption will be discussed later. From Fig. A.7c it gets now clear
that the transient electronic temperature T, g, is determined by the transient width of

the momentum-dependent distribution.
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Figure A.7: Fits of the momentum distribution of electrons
in CB (a) Band dispersion of CB. (b) Fermi-Dirac-distribution. (c)
Momentum-dependent distribution of electrons in the conduction band ac-
cording to eq. A.6. (d) Integrated photocurrent within 0.3-1.3 €V in mono-
layer WS2/QFMLG after excitation with 2.85mJ/cm? at hw = 2eV as a
function of pump-probe delay and momentum. (e) Momentum-dependent
distribution of electrons in CB at peak of the pump-probe signal together
with fit.

Fig. A.7d shows tr-ARPES data of the width of the occupied conduction band after pho-
toexcitation at hw = 2eV. The width is fitted as a function of momentum as displayed
in Fig. A.7e. The results of the estimated electronic temperature in WSy are plotted in
Fig. A.8a for the fluence dependent measurements at fuwyymp = 2 eV. For check of sanity the
WS, temperatures are compared with the transient electronic temperature in graphene.
To clarify: they don’t need to be similar in both materials but values of a few thousand
K are expected for our pump fluences. [214]. It can be seen that the estimated electronic
temperature in WS, by the simple fit model matches quite well with the electronic tem-
perature in graphene. This point is highlighted in Fig. A.8b which compares the peak
electronic temperatures in graphene with the estimation in WS,. From this, we conclude

that the peak electronic temperature in WS, increases as a function of pump fluence sim-
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ilar to the electronic temperature in graphene.
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Figure A.8: Estimation of transient electronic temperature in
WSsy: (a) Transient electronic temperatures in WSs and graphene for
different pump fluences at fuvpymp = 2€V. (b) Peak electronic temperature
as a function of pump fluence. (c) Transient electronic temperatures in
WSs and graphene for different pump fluences at hwpymp = 3.1eV. The
transient population of the WSo CB was displayed for comparison.

Upon excitation at Awpymp = 3.1 eV we estimate an electronic temperature in WS, which
is ~1000 K larger than in graphene (Fig.A.8c). By comparison to the CB population
we further see that the CB is populated with hot electrons. These findings are in good
agreement with the results of chapter 6. The photoexcitation in WS, takes place close to
the Y valley and the CB is populated by intervalley scattering within 400 fs. As the pump
at 3.1eV is resonant to the C-peak deposits excess energy into WS, which is higher than
by A-exciton resonant pumping (2¢eV).

However, oscillations of the transient electronic temperature are visible in Fig. A.8a. To
our best konwledge, an oscillating electronic temperature is rather unphysical in the
present case. We refer the reader to the outlook8.2.2 in which the oscillating width
of the conduction band is discussed. Here, we conclude that the oscillating electronic
temperature is an artifact of oscillating carrier populations.

This is not the only weak spot of the fit model. Tt further neglects the width of the spectral
function and the experimental resolution |215]. Further, the width of the momentum-
dependent electron distribution depends not only on electronic temperature but also on
the transient quasi-chemical potential as illustrated in Fig. A.9a and b. There is no reason
for the quasi-chemical potential p to be kept fixed at the conduction band minimum.
Unfortunately, the fit function fails when p is unrestrained due to the signal-to-noise ratio
of the data.

Thus, the fit model should be developed for a precise determination of the electronic
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Figure A.9: Dependence of the width of the electronic distribu-
tion on electronic temperature (a) and quasi-chemical potential (b). The
quasi-chemical potential is at the conduction band minimum in (a). The
electronic temperature in (b) is 300 K.

temperature. A two-dimensional (2D) fit model was successfully applied in Ref. [215] for
the transient dynamics in metallic TaS;. An advanced fit model could indeed be based
on 2D fits.

A.9 Temporal Matching of Assembled Datasets

When comparing pump-probe traces in between tr-ARPES datasets they need to be
temporally matched as the pump-probe temporal overlap can vary in between days of
data aquisition. The approach was as follows: An initial pump excitation is clearly visible
the within the Dirac-cone of graphene in the K dataset (cf. Fig.6.1b). Thus, the pump-
probe delay axis of the datasets at > and I' can be referenced to that.

As described in the main text of chapter 6, the identification of inital excitation signals in
WS, at ¥ or I was rather difficult. Thus, we based the temporal matching of the datasets

on the valence band shift assuming it to take place at all momenta simultaneously.

The purple boxes in Fig. 6.1d were placed above the equilibrium position of the WS, VB
in all three datasets. The pump-probe traces of the photocurrent integrated within the
purple boxes is shown in Fig. B.2. The pump-probe delay axes of the datasets at I' and X
were then shifted by a to match the centers of the rising edges referenced to the dataset
at K. These adjustments were below 100fs and thus below the temporal resolution.
Moreover, all three curves exhibit a similar decay time of ~1.1ps. This indicates a

simultaneous VB upshift and legitimates the assumption for temporal matching.
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Figure A.10: Temporal matching of I', 3 and K datasets: Pho-
tocurrent within the purple boxes in Fig. 6.1d as a function of pump-probe
delay.

A.10 Direct Transitions to WS, Bands at 3.1eV Exci-
tation Energy

The calculation of possible direct transitions into the conduction band of WS, is based
on the theoretical band structures of WSy and graphene [51,69]. The band positions
were adjusted to match the experimentally determined configuration (see Fig.3.15) and
the quasiparticle bandgap was adjusted to the experimentally determined value of 2.08 eV
(see Appendix. A.6).

In a next step, subtraction of valence from conduction bands yields transition energies
as a function of momentum for spin-allowed transitions A-A, B-B and spin-integrated
transitions from graphene to WSs. The transition probabilities as function of momentum
displayed in Fig. A.11 are then extracted for a Gaussian centered at 3.1 eV resembling our
excitation pump pulse. According to Ref. [31] both transitions A-A and B-B are strong
at ~0.4 A1, Thus, a spin-integrated direct transition close to the ¥ valley seems likely.
Including further limiting effects like orbital overlap (cf. section2.2.2) and pseudospin
conservation (cf. section2.1.2) into transition probabilities was beyond the scope of this

first simple estimation.

113



Appendix A. Tr-ARPES Data Analysis

114

120

: WS, A-A  [Kys, K

—~ = 1

5 80 ! — WS, B-B

& ! — G-WS,

-2’ T 1

f !

5 40 — !

E - 1

0 : /

I I I I

-0.5 0.0 0.5 1.0 15 2.0
-1
Ky A
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APPENDIX B

Additional Tr-ARPES Data

B.1 Photocarrier Dynamics of Quasi Freestanding Mono-

layer Graphene

In Fig. B.1 we present tr-ARPES results for quasi freestanding monolayer graphene (QFMLG,
graphene/H-SiC(0001)) without WSy on top for similar pump excitation conditions as
the ones for the measurements on the WS, /graphene/H-SiC(0001) heterostructure in sec-
tion 3.3 and chapter 4. Fig. B.1a and b show tr-ARPES snapshot at negative pump-probe
delay and difference plot at peak of the pump-probe signal, respectively. Fig. B.1c shows
extracted graphene gain and loss traces as a function of pump-probe delay.

This gain-and-loss signal has symmetric time constants in contrast to the WSs/QFMLG

heterostructure (cf. section 3.3 and chapter 4).

B.2 Comparison of VB Shifts with Integrated Photocur-
rent Above the Equilibrium Position of the Valence
Band

In Fig B.2 we show that the gain above the equilibrium position of the upper WS, VB from
Fig. B.3c and the WS, charging shift from Fig. B.4e exhibit the same fluence dependence.
Hence, the lifetime of the gain above the equilibrium position of the upper WSy VB is a

measure for the lifetime of the charge separated state.
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Figure B.1: Photo-carrier dynamics in graphene/H-SiC(0001).
(a) Photocurrent along the I'K-direction for negative pump-probe delay.
(b) Pump-induced changes of the photocurrent 200 fs after photo-excitation
at a pump photon energy of 26V with a pump fluence of 2mJ/cm?. Gain
and loss of photoelectrons are shown in red and blue, respectively. (c)
Pump-probe traces as a function of delay obtained by integrating the pho-
tocurrent over the area indicated by the red and blue boxes in panel (b).
Thick gray lines are double-exponential fits to the data.
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Figure B.3: Fluence dependence of the population dynamics: (a)
Gain in the CB (orange) and loss in the VB (green) of WSs. (b) Graphene
dynamics: Gain above the Fermi level (red) and loss below the Fermi level
(blue). (c) Gain above the equilibrium position of the upper WSy VB.
Thin black lines are single exponential fits to the data.

B.3 Additional Tr-ARPES Data for Other Pump Flu-

ences

The fluence dependent data corresponding to Fig. 4.2, 4.3 and 4.4 is shown in Figs. B.3,
B.4 and B.5, respectively. The fluence dependence of various parameters at the peak of

the pump-probe signal is summarized in the main text in Fig. 4.5.
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to graphene as a function of pump-probe delay for different pump fluences.
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Figure B.6: Evidence for in-gap defect states. EDCs through the
K-point of WSs in the conduction band region at negative delay and at
the peak of the pump-probe signal at ¢ = 0.2ps. Gray lines indicate the
Gaussian peaks used to fit the spectrum at t = 0.2 ps. The two Gaussians
marked with black arrows are attributed to in-gap defect states due to
Sulfur vacancies.

B.4 Evidence for In-Gap Defect States

In Fig. B.6 we show an energy distribution curve through the K-point of WS, in the energy
region of the conduction band. At negative delay the WS, conduction band is unoccupied.
At t = 0.2 ps we observe a pronounced Gaussian peak at £ = 0.96¢eV for the transiently
populated WS, conduction band, as well as two other smaller Gaussians at £ = 0.29¢eV
and F = 0.54eV that we attribute to Sulfur vacancies in good agreement with scanning

tunneling spectroscopy data in Ref. [173].

B.5 Momentum Dependent Valence Band Shifts

In Fig.7.2 only fits of selected energy distribution curves at I, ¥ and K were shown
together with the correspnding valence band shift at that points. For the sake of com-
pleteness, we plot fits of all energy distribution curves along the Brillouin zone and the
resulting shift of the valence band in Fig. B.7. This Data is shown for excitation densitites
~4-10"%cm™2 (3.1¢eV) in Panel (a) and (b) and for ~3-10"%¢cm~2 (2€V) in Panel (c) and
(d). From these VB shifts the amplitude was displayed as a function of momentum in

Fig. 7.3 and discussed in the main text.
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Figure B.7: Valence band fits and shifts for the whole mea-
surement range: (a) and (b) Equilibrium energy distributon curves for
datasets with an excitation density of ~4-102cm™2 (3.1eV) and corre-
sponding transient valence band shift, respectively. (c) and (d) Equilib-
rium energy distributon curves for datasets with an excitation density of
~3-103cm=2 (2eV) and corresponding transient valence band shift, re-
spectively. Black lines are fits to data. Please note the different VB shift
axis scaling in (b) and (d).
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APPENDIX C

Many-Body Theory

C.1 Microscopic Model of Charge Transfer

In the second quantization formalism, the Hamilton operator describing electron tunneling

from one layer (I) to another (I) is

Hr = Z T,g\éla;’l:kﬂa%l,k, (C.1)

I\kq
where A\ = v, ¢ is the valence/conduction band, k the momentum of the initial state and
g the momentum transfer of the process. The tunneling matrix element reads T,j(lll_ =
(I, \,k + q|Vr|l, \, k) with the tunneling potential V; = V; + V; being the sum of the

A, WSs—g
T p

potential of each layer. In order to find an expression for , we use a tight-binding

approach to describe the electronic wavefunctions in graphene and WS, [216|

1 . .
wik (’I“) = \/ﬁ Z Cg\k: Z o'k Fii Qb%\(’r - Rj)v (02)
8 j=A,B R;

1

\/ NWSQ Ryw

Here N; is the number of unit cells in layer I, ¢}, are graphene’s tight-binding coeffi-

J

() = oW (r — Ryy). (C.3)

cients, R; are the atomic positions, and ¢! () is the linear combination of atomic orbitals

contributing to the band A. Graphene’s tight binding coefficients around the K point

1
5
graphene’s K point. While for graphene the wavefunction has contributions from A and

read cfy, = \/Li and cf, = Z=0,e"*X&, where 6_g, is the angle of k with respect to

B lattice points, in semiconducting TMDs the main orbital contributions come from the
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metal atoms [180,217|. Introducing the respective electronic wavefunctions, the tunneling

matrix element reads

T - J/«f3r [Vsg)] Vel

—i(k+q)- R; ezk Rw

/—N N, JRXI;W ,\k+q
x/' P [8(r — B)) Ve(r)dl (r — Ruy) (C.4)

Using Vi = V; 4+ V; and the periodicity of V; in the lattice of [ and writing the orbital
wave functions in terms of their in-plane Fourier transform, ¢(r) = %ZP ePTlpy(2), we
can define a tunneling parameter h,, that contains the overlap between the orbital wave

functions and the tunneling potential. The tunneling matrix element now reads
WSos 1 , . .
A WS —i(k+q—p)-R; ,i(k—p) Ry
lq = ——— E (C&Hq) e ikta—p)B; oilk—p) Pap, (C.5)

with the tunneling parameter

hap = tan % + (tg WSQ) .t

b= | e [0 W) ©9

We perform the summation over the lattice points of each layer using Nil > R, etk Ry —
> e'Gr9itf, g, and determine the allowed momentum exchange 0q,Gg—Gws,» Where G
is the reciprocal lattice vector of the layer [. The lattice offsets §;; are defined as 64 =
—0w = 3RY and 64 = ;RY + Tap = 1R}, with 745 being a vector from an A lattice

point to a nearest neighbor B. This yields

AWSa—g j * i1(Ge RO94+Gws,-RY)
qu - Z (C&,k—i—q) e2rs Ty 274 h)x,kJrGst 5Q,Gg7GWSQ' (07)
JGgGws,

In a practical scenario, the initial momentum k will lie in the vicinity of Kws,. Assuming
that the tunneling parameter decays quickly with momentum, the significant reciprocal
lattice vectors will be those connecting two K points of the Brillouin zone, ie. K; +
G, = CYK,;. Hence we can reduce the allowed scattering transitions to 5q,chK—AK-
Finally, the rotational symmetry of the orbitals yields hy cp Kws, = h,\,KWSQGW", with
Orn = %”n(MAWSQ — M), where M} is the rotational quantum number. Defining the
Moiré phase @;, = (G, - R) + Gws, - RY), the tunneling matrix element now reads
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2

ANWSo—g i X i® o o
qu B Z (C;7k+11) erne h/\Kst(Sq,C;AK—AK- (08)
J,m=0
Now we choose the offset R = 0, resulting in &4, = 0, &5, = _%ﬂn. Introducing

graphene’s tight-binding coefficients, we obtain

2
ToaVr8 = 37 (1 oeitheasee 0 ) by ey G cpar A (C.9)

n=0
Finally, we are interested in the squared absolute value of the tunneling matrix element.
Note that the condition ¢ = CYAK — AK cannot be fulfilled by more than one n-value
simultaneously. Hence the phase ¢, ,, will in fact be a global phase which cancels out when
computing the absolute value. Thus, we can write our final expression for the tunneling

matrix element as

2
2T
|T2&W82%g’2 = Z |h/\7KWSQ |2 |:1 -+ 0 CcOos (eng+q - ?TL)] 6q,C§‘AK7AK~ (ClO)
n=0

Here o) = %1 for the conduction (+) and the valence (—) bands, 0i_k,+q is the angle of
k + g with respect to the closest graphene K, point, AK = K, — Kys, is the momentum
difference between graphene’s and WSy’s K points, C} is a 27/3 rotation operator, and
hy contains the overlap of the wavefunctions with the tunneling potential. From this
expression we obtain the behaviour shown in Fig.5a-b, i.e. the tunneling is efficient for
holes but suppressed for electrons. This effect, together with the cosine dependence, is a

manifestation of graphene’s pseudospin.

In order to calculate tunneling rates, we insert the tunneling Hamilton operator in the
Heisenberg’s equation together with the carrier occupation p, in the density matrix
formalism [52]. Within a second-order Born-Markov approximation [218], we find the

following Boltzmann-like equation:

. om . ' '
e = 2 DT [Pl = k) = Phall = Phieg)| 0GR — i) (C1D)
q

We approximate the carrier distribution in the conduction band in WS, with a Boltzmann
distribution. Integrating over momentum leads to a rate equation for the carrier density.

We thus find that the carrier density that tunnels from WS, to graphene follows

- WS, —1, WS,
ny —Ty Ny 2, (C.12)
where
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All WS WS
X V= BAR w52 Z| Pk’ (1 —=p3 k+q)5(5)\ K~ 5§7k+q) (C.13)

C.2 Screened Exchange in TMD Monolayers

As it might be in the interest of the reader we present here further results of the many-
body GW calculations on the effect of internal dielectric screening onto WS, bands. The
band structure at different excitation densities, displayed in Fig. C.1, can be controlled
on purpose by variation of the excitation density or, in other words, the applied pump
fluence. Panel (b) shows the band gap reduction at K as a function of excitation density.
In Panels (¢) to (f) we plot effective masses at points of interest within the Brillouin
zone determined by fits of the band curvature. It can be seen that the effective masses
for conduction and valence band at K decrease with excitation density, implying higher

mobility in transport.
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C.2 Screened Exchange in TMD Monolayers
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Figure C.1: Band structure engineering: (a) The non-equilibrium
band structure of WSs displayed for different excitation densities as in-
dexed by a color code. (b) Calculated change of the quasiparticle band
gap with excitation density. (c)-(f) Change of effective masses with excita-
tion density at certain positions in the Brillouin zone. The effective masses
are displayed as multiples of the electrons rest mass mg.
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