#® ROYAL SOCIETY

Chemical
P OF CHEMISTRY

Science

View Article Online
View Journal | View Issue,

PERSPECTIVE

Time- and angle-resolved photoemission
spectroscopy (TR-ARPES) of TMDC monolayers and

i ") Check for updates ‘

Cite this: Chem. Sci., 2023, 14, 736

8 All publication charges for this article bl laye rs
have been paid for by the Royal Society )
of Chemistry Fang Liu®~*

Many unique properties in two-dimensional (2D) materials and their heterostructures rely on charge
excitation, scattering, transfer, and relaxation dynamics across different points in the momentum space.
Understanding these dynamics is crucial in both the fundamental study of 2D physics and their
incorporation in optoelectronic and quantum devices. A direct method to probe charge carrier dynamics
with momentum resolution is time- and angle-resolved photoemission spectroscopy (TR-ARPES). Such
measurements have been challenging, since photoexcited carriers in many 2D monolayers reside at high
crystal momenta, requiring probe photon energies in the extreme UV (EUV) regime. These challenges
have been recently addressed by development of table-top pulsed EUV sources based on high harmonic
generation, and the successful integration into a TR-ARPES and/or time-resolved momentum
microscope. Such experiments will allow direct imaging of photoelectrons with superior time, energy,
and crystal momentum resolution, with unique advantage over traditional optical measurements.
Recently, TR-ARPES experiments of 2D transition metal dichalcogenide (TMDC) monolayers and bilayers
have created unprecedented opportunities to reveal many intrinsic dynamics of 2D materials, such as
bandgap renormalization, charge carrier scattering, relaxation, and wavefunction localization in moiré
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1. Introduction

During the past two decades, two-dimensional (2D) atomically
thin monolayers have demonstrated a variety of distinct
mechanical, optical, and electrical properties that differ from
their bulk counterparts, which have stimulated tremendous
advances in multiple fundamental research topics."* For
example, transition metal dichalcogenides (TMDCs), such as
MoS,, WS,, MoSe, or WSe,, are monolayer semiconductors with
direct bandgap and strong optical absorption in the visible to
near IR region. The atomically thin 2D geometry leads to
enhanced excitonic effects and reduced charge carrier
screening.* In TMDC monolayers, spin-orbit spitting and C;
symmetry result in selective optical excitations at different
inequivalent but energetically degenerate valence band maxima
and/or conduction band minima, i.e., valleys.** Distribution of
carriers, such as electrons and holes, at different valleys can
carry information with their corresponding spin and valley
indexes. This new route of encoding information, i.e., valley-
tronics, will offer an innovative approach for information
storage and processing, multifunctional quantum devices, and
quantum computation.*” In addition, bilayer structures
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and opportunities of such techniques in the future.

constructed by stacking two monolayers exhibited emergent
phenomena beyond those found in single monolayers. For
example, TMDC heterostructures form interlayer excitons with
long-lived spin and valley polarizations.**® The interlayer exci-
tons can be trapped in moiré superlattices,** akin to a matrix of
interacting quantum dots.”*™ Twisted bilayer graphene at
magic angle induces unconventional superconductivity and has
promoted the study of new topological properties and corre-
lated electronic behaviors.’*?® The unique properties of 2D
monolayers and their heterostructures have launched lots of
exciting opportunities for future electronic, optoelectronic, and
quantum information device applications.®”*%>1:>?

The behaviors of electron wave functions in 2D materials in
the momentum space dictate the ability of charge carriers to
interact with light and phonons through energy and
momentum conservation.”® Energy- and momentum-resolved
dynamics of charge carriers in 2D materials is crucial in
understanding many properties such as valley polarization,®
interlayer charge transfer,* and exciton localization in moiré
superlattices.* Such information has been initially investigated
through static optical spectroscopic experiments including
optical absorption,® reflection,” and photoluminescence,*® as
well as time-resolved pump-probe spectroscopy such as tran-
sient absorption/reflection* and 2D electronic spectroscopy.*®
However, most optical spectroscopy experiments measure the
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bright, momentum-direct optical transitions and are largely
restricted to the excitonic phase space regions where intercon-
version with photons is directly allowed. For example, bright
direct bandgap transitions of monolayer TMDCs mostly occur
between the band edges at the K point. The spectroscopic
probing of interlayer excitons of heterobilayers is only sensitive
to transitions within the light cone.** However, upon photoex-
citation, the charge carrier wavefunctions can relocate to other
momenta and have a broader distribution in momentum space.
Such scattering processes may play prominent roles in
dynamics of the interlayer charge transfer, the formation of
indirect or momentum-forbidden dark excitons, and the relax-
ation of valley polarization.”*** Unfortunately, processes
involving the electrons and holes at different momenta often
lack bright optical transition to be probed with optical spec-
troscopy. Despite the versatility of optical spectroscopy
measurements, full momentum-resolved dynamics of 2D
materials has been unachievable in conventional direct optical
detection.

Time- and angle-resolved photoemission spectroscopy (TR-
ARPES) provides a direct and superior way to probe band
structures and charge carrier dynamics in the momentum
space, and reveals the critical information that has been
undetectable in optical spectroscopy. Over the past decade,
a successful combination of table-top femtosecond EUV
generation and TR-APRES has enabled lots of recent studies to
unveil the electron dynamics in a variety of quantum mate-
rials.**** For 2D materials, advances in space-, time-, and angle-
resolved photoemission spectroscopy techniques allowed for
detection of full momentum space information with high
spatial and temporal resolutions. They have created unprece-
dented opportunities in the study of static and dynamic prop-
erties in 2D materials. The earliest TR-ARPES experiments on
2D materials were performed on graphene. They revealed
ultrafast non-equilibrium response of electrons under different
excitation energies near the K point of the Brillouin zone and
provided crucial information on the electron phonon coupling
and the thermalization of electron gas at the Dirac cone.***
Following the success of graphene, TR-ARPES has recently
successfully revealed many of the fundamental underlying
quantum behaviors and mechanisms in TMDC monolayers and
bilayers with high temporal, spatial, and momentum resolu-
tions. These efforts directly access the extensive dynamics, such
as the size and valley configuration of intralayer excitons and
interlayer excitons, dark exciton formation, the intervalley
scattering dynamics, and how the excitons are influenced by the
moiré potential.

One of the major challenges in current research of 2D
materials is the availability and quality of samples.*® To obtain
clear and ordered band dispersion, the TR-ARPES samples
usually need to be uniformly crystalline beyond the area of
detection, typically on hundreds of micrometers (um) to milli-
meters (mm) scale. However, many 2D material samples,
including monolayers produced from scotch tape exfoliations,
have lateral dimensions of tens of pm. This mismatch has been
recently resolved from two general directions: (a) development
of time-resolved momentum microscopy (TR-MM), which is
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based on the electron optics of electron microscopy, to spatially
resolve pm-sized regions on small 2D flakes and (b) production
of high-quality single crystal monolayers and heterostructures
on a large uniform area of mm to cm scale.

Here, we aim to summarize a few recent research develop-
ments on dynamic TR-ARPES measurements of 2D materials,
focusing on TMDC monolayers and their 2D heterostructures,
along with a discussion about future instrument upgrades for
further spatial-, spin-, and time-resolved acquisitions.
Combined with the experimental advances to prepare large-
area, higher-quality monolayers, the momentum- and energy-
resolved measurements will reveal new information on exciton
creation, relaxation, and charge carrier scattering and localiza-
tion dynamics beyond those observed in optical spectroscopy
experiments.

2. Technical overview

2.1. A brief overview of TR-ARPES techniques

ARPES is an effective technique to measure electronic band
structures. Static ARPES has played a central role in the recent
discovery, characterization, and understanding of quantum
materials, which have been extensively reviewed.****** Adding
an optical pump prior to the photoionization probe allows for
time-resolved measurements, offering unique possibilities to
directly measure charge carrier dynamics with time, energy, and
momentum information. As shown in Fig. 1(a), a photoemis-
sion experiment measures electrons emitted from a sample
upon photoionization. The intensities of photoelectrons are
resolved in a range of kinetic energy Ey and angle « with respect
to the surface normal. The parallel momentum vector kj of
photoelectrons from 2D materials can be determined as

k“ = (211’!Ek)1/2 sin « (1)

The kinetic energy Ej of photoelectrons reflects the binding
energy of the electronic bands where electrons arise from, while
the parallel momentum k; of photoelectrons is equal to the
crystal momentum of electronic bands in a 2D material. By
combining photoemission signals at different kinetic energies
and momenta/angles, a slice of the static band structure in k
space is obtained.

A typical detector used to achieve this goal is a semispherical
analyzer shown in the bottom part of Fig. 1(a). After the elec-
trons enter a narrow slit at the entrance, their trajectories are
bent by an electric field. The final radii of the electron trajec-
tories depend on their initial kinetic energy. Traditional hemi-
spherical analyzers collect electrons within a small angle range
(therefore a small k; range) in a single acquisition, and the
scanning of a broader k space is traditionally carried out by
rotating the sample. Another class of electron analyzers are
time-of-flight (TOF) analyzers, shown in the upper part of
Fig. 1(a). Electrons traveling at different kinetic energies are
separated in time inside a drift tube, and spatially resolved at
different angles.”®* Recent developments of analyzer systems
allow for a large solid angle acceptance, which records over
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(a) Layout of a typical setup for TR-ARPES of 2D materials, including schematics of both hemispherical (bottom) and time-of-flight (top)

electron analyzers. Note that in most experiments, only one electron analyzer is applied. (b) Schematic of a TR-MM experimental setup with
magnified real space image plane and reciprocal space plane with angle-resolved images of photoelectrons at different energies, shown for
monolayer WSe,.** (c) Top: illustration of typical band topologies of 2D TMDCs (shown as 2H bilayer TMDs)* and bottom: Brillouin zone of
a TMDC crystal (MoS,) with high symmetry points. Dashed green lines represent the observable parallel momentum range using typical tabletop
UV probes (UV-2PPE) and EUV probe pulses from HHG (HHG-2PPE).#” Copyright (2020) American Association for the Advancement of Science.
Copyright (2017) American Chemical Society. Copyright (2016) American Institute of Physics.

a broad (kj, Ey) parameter space without sample rotation or
angular scanning. Keeping sample position stable is particu-
larly important for spatially resolved ARPES measurements.

Typical scotch tape exfoliated flakes and heterostructures
often have lateral sizes of <100 um. The samples are usually
composed of several crystallographic domains with different
thicknesses and twist angles, which is not suitable in the
traditional TR-ARPES technique with large sampling areas.
Time-resolved momentum microscopy is a TR-ARPES technique
to solve this problem with pm scale spatial resolution. In
a momentum microscope setup, photoelectrons are usually
accelerated by an electrostatic electron objective lens, and
further transferred, magnified, and projected on to a CCD
camera, allowing spectro-microscopic imaging for small
samples.*** Photoelectron microscopy imaging in full-field
view can provide spatial resolutions down to the ~10 nm
scale, whereas for clear momentum-space imaging of band
structures, the aperture typically samples pm sized areas. A brief
schematic is shown in Fig. 1(b). TR-MM has succeeded in
resolving the dynamics among different local structural disor-
ders, such as the edges and interior regions of 2D flakes.”>* It is
a suitable technique for small exfoliated 2D flakes and their
heterostructures.

At the current state of development, the detection capabil-
ities of momentum microscopes and hemispherical analyzers
are complimentary to each other, as demonstrated in a recent
study with bulk WSe,.** A time-of-flight momentum microscope
permits efficient mapping of the full band structure and
provides an overview of all relevant carrier relaxation pathways
within the entire Brillouin zone. On the other hand, a hemi-
spherical analyzer is less restrictive to space charge or detector
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saturation. A hemispherical analyzer is better at analyzing
dynamics within specific energy momentum regions. It has
high momentum resolution, rapid data acquisition time, and
smaller dataset sizes.

2.2. Development of light sources

Many important physical phenomena of 2D or quantum mate-
rials occur at momenta far away from the Brillouin zone center
I’ point, such as the Dirac cone of graphene,' band edges of
transition metal dichalcogenides,® and band inversion of many
topological materials.>>*® According to eqn (1), obtaining
information at high momentum k; requires photoelectrons
emitted with high kinetic energies, which must be excited by
light with large enough photon energy. For example, conduc-
tion band and valence band edges of TMDCs are located at the K
points at the Brillouin zone boundaries. As shown in Fig. 1(c),
observation of carrier dynamics at these high momenta often
requires probe photon energies >~15 eV, at the extreme ultra-
violet (EUV) region. A traditional way to generate UV probe light
for two photon photoemission (2PPE) is frequency doubling/
tripling of the tabletop lasers using nonlinear crystals.’”*®
However, a similar process cannot be used to generate EUV
emission, due to significant absorption of common nonlinear
crystals at EUV energies beyond their optical bandgaps.
Generation of ultrafast EUV probe pulses with sufficient fluence
and short pulse duration is a major task in TR-ARPES experi-
mental design. Common sources of EUV radiation include
synchrotron/free electron laser facilities®® and tabletop high
harmonic generation (HHG). EUV from synchrotron radiation
has been often applied for resolving static band structures with

© 2023 The Author(s). Published by the Royal Society of Chemistry
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high energy resolution, while the ultrafast EUV pulses gener-
ated from HHG are broadly used in pump-probe TR-ARPES with
superior femtosecond time resolution.

HHG light sources to generate femtosecond EUV radiation
have developed very rapidly in the past few decades, which were
reviewed extensively.*>®"%* A brief 3-step schematic for the HHG
process to generate EUV pulses is shown in Fig. 2.%° A laser beam
with high intensity is focused into a noble gas. The resulting
ponderomotive energy of electrons from the intense laser is
much larger than the ionization potential of the gas atoms. As
a result, ionization can occur by the tunneling mechanism,
when the Coulomb barrier is significantly shaped by the laser
electric field. A small proportion of the electrons driven by the
oscillatory electric field will return to the atomic nucleus peri-
odically. When they travel close to the nucleus, sudden accel-
eration of electrons by the intense nucleus attraction generates
attosecond bursts of light.’>** Half of the electrons will be
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Fig.2 (a) Classical schematic of a three-step model for high harmonic
generation. The electric field of an intense laser extracts an electron
from an atom through tunnel ionization. The laser field then acceler-
ates the electron, with a small fraction of the electron returning back to
the atom, releasing high-energy photons as an attosecond EUV
burst.* (b) Time-domain and frequency-domain relationship between
the attosecond pulse train “APT" and the HHG frequency comb.®°
Copyright (2010) Springer Nature.
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ejected near the positive maximum of the electric field while the
other half will be ejected near the negative maximum. As
aresult, the emitted sequence of pulses occurs each half cycle of
the driving laser field. Fourier transform of the periodic emis-
sion in time creates a spectrum of odd harmonics spaced by two
times the fundamental driving laser frequency. The high-
harmonic generation is not a perturbative (i.e. not a x9)
process, and the output can be distributed over a wide range of
harmonics.

Because certain energy resolutions of TR-ARPES often
require a quasi-monochromatic light source, such requirement
imposes a trade-off among HHG photon energy, flux, and time
resolution. To obtain the desired EUV photon energy, spectral
width, and pulse duration, the fundamental driving laser pulse
wavelength, intensity, and duration are carefully tuned. A short
fundamental pump wavelength yields lower EUV photon ener-
gies from HHG, however with higher conversion efficiency.**
Compared with IR or near-IR fundamental pump frequencies,
the EUV fluence can be improved by orders of magnitude
through pumping HHG with shorter wavelengths in the visible
or UV region. For example, HHG of frequency-doubled Ti:sap-
phire lasers at 400 nm creates a bright 7th harmonic in Kr gas.*
This scheme generates 22 eV EUV radiation, which has been
broadly used for many TR-ARPES experiments.*** Experimen-
tally, the noble gas in TR-ARPES setups can be introduced with
small gas-filled cells,** gas-filled fibers,**® gas jet or
nozzles.*”* To optimize the EUV fluence, the gas filled capillary
waveguide is designed to balance the neutral gas and free
electron plasma dispersion and improve phase matching,*® and
the gas-jet or nozzles is coupled with tight focusing geometry.*
The energy resolution of ARPES can be enhanced by adding a EUV
monochromator. Using gratings or selectable multilayer band-
pass mirrors and thin film filters, recent TR-ARPES studies have
achieved a high energy resolution down to 9 meV.%7

To ensure sufficient EUV output in TR-ARPES experiments,
the visible or IR femtosecond pump lasers for high harmonic
generation often need to be at intense powers of 100 pJ to several
m]J per pulse. This has been initially achieved with Ti:sapphire
amplifier systems with repetition frequencies of a few kHz.”*7¢
The high density of generated photoelectrons often exhibits
electrostatic repulsion among each other, i.e. space charge effect,
which is a major limitation in ARPES energy resolution.”” It can
lead to broadening of the photoemitted electron energy spec-
trum and blurring of the ARPES image. To solve this problem,
high harmonic sources operating at higher repetition rates are
often desired. The high repetition rate will provide sufficient
cumulated signals at a short acquisition time even with fewer
photoelectrons per pulse, and minimize the electron-electron
repulsion. Recent development of HHG TR-ARPES setups has
improved the repetition rates to hundreds of kHz and up to 88
MHz, using Yb fiber laser or Ti:sapphire long cavity oscilla-
tors.®>7>7%78 HHG efficiency from the low pulse energy at MHz
repetition rate can be enhanced by optical cavities, obtaining
both high EUV output fluence and minimal space charge
distortions in the TR-ARPES.**”® Recently, high-power ytterbium
lasers and amplifier systems with both high photon energy and
high repetition rates have become commercially available. They

Chem. Sci., 2023, 14, 736-750 | 739
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allowed efficient EUV production at the hundreds of kHz repe-
tition rate even without HHG cavity enhancement.®*”*”® The
power of EUV output is up to milliwatt, which opened up new
possibilities for TR-ARPES experiments.®**

2.3. Development of 2D material samples

Conventional TR-APRES detection requires crystalline samples
with a clean, smooth, and uniform area of millimeters to obtain
clear band dispersion. In addition, flat sample surfaces are also
favored in momentum microscopes to prevent field emission
from the high extractor voltage. Current strategies to produce
2D monolayers for TR-ARPES include (a) bottom-up methods,
using molecular precursors to synthesize monolayer 2D crys-
tals® and (b) top-down methods, where a monolayer is exfoli-
ated from a layered bulk crystal.®> After many years of
development, both methods have been reported to produce
single crystal 2D monolayer flakes up to millimeter sizes. The
availability of large area, high-quality single crystal flakes will
open up new possibilities for implementation in large scale
devices and the study of their dynamics with TR-ARPES.

The most recognized bottom-up synthesis technique is
chemical vapor deposition (CVD), which has unique advantages
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in high scalability and low cost. A general strategy to grow large
flakes is suppressing the nucleation density*** and enhancing
the edge growth speed,” as shown in Fig. 3(a). It yields single
crystal graphene flakes with a lateral dimension of mm to cm
scale.®**> For monolayer transition metal dichalcogenides, large
flakes are obtained by lowering nucleation density through
reactive barriers,*® a molten glass surface,® or self-capping
vapor-liquid-solid reactions.”® As such, mm-scale single-
crystal TMDC monolayers or full-coverage polycrystalline TMDC
films with large domain sizes can be synthesized. Examples of
the obtained large TMDC flakes are shown in Fig. 3(b). The large
monolayer films have demonstrated a well-resolved band
structure in ARPES, as shown in Fig. 3(c).*® On the other hand,
several recent advances have been made to grow homobilayer
crystals and heterostructure bilayers such as TMDC/
graphene.®*® Most of the grown heterobilayers are with a 0 or
60° twist angle and have pm or sub-um-sized domains. They
have been applied in the study of ultrafast interlayer hot carrier
transfer dynamics with optical spectroscopy and TR-ARPES
experiments, and integrated into photodetectors.?”"* However,
direct growth of twisted bilayers and/or heterobilayers with
designed nonzero uniform twist angles over a large area has
been particularly challenging and awaits further developments.

(d)
Scotch tape §

substrate

! monolayer !

-05 00 05 10 15
ki(A )

(a) Schematic of a general CVD growth strategy to obtain large single crystal flakes, where low nucleation densities and rapid edge growth

rates are favorable, illustrated for CVD graphene.®® (b) Examples of large CVD grown TMDC single crystal flakes. Left: MoS,;8 right: MoSe; (ref. 85)
(c) left: ARPES electronic band structure of a CVD-grown continuous MoS, monolayer. Right: constant energy plot taken around the valence
band maximum at K.8¢ There are two preferred orientations of the MoS, monolayer grown on sapphire, leading to two set of bands K; and K,
overlapping with each other at 30° angle mismatch. (d) Left: schematics of scotch tape exfoliation. Right: constant energy plot and energy—
momentum dispersion along the K-T direction of a WSe,/MoS, heterobilayer constructed from scotch tape exfoliated monolayers, obtained in
a TR-MM setup.?” (e) Top: schematics of gold tape exfoliation; bottom: optical images of the obtained monolayer and heterostructure, and
ARPES of MoSe,/WSe, heterobilayers prepared by gold tape exfoliation.®® Copyright (2016) (2017) (2018) American Chemical Society. Copyright
(2022) Springer Nature. Copyright (2020) American Association for the Advancement of Science.
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The most popular top-down exfoliation strategy is tape
exfoliation, which is shown in Fig. 3(d). It has been widely used
to produce high-quality monolayers with lateral dimensions up
to tens of um.>'* Compared with CVD-grown flakes, single-
crystal flakes from Scotch tape exfoliation are often of higher
quality and better surface cleanness, benefiting from the low
defect density of bulk crystals grown with the chemical vapor
transport or flux growth methods.*** In comparison with Scotch
tape and Si substrates, metals are found to be more efficient
exfoliation media.'” The strong metal-monolayer interaction
effectively overcomes the interlayer van der Waals attractions.'®
Metals also induce a lateral strain on the target monolayer to
enhance monolayer selectivity.’®* As shown in Fig. 3(e), metal-
assisted exfoliation has obtained monolayers with lateral
dimensions of mm to cm.?*'>%® The large monolayers can be
used to construct bilayer and multilayer stacks, with desired
twist angles that are uniform over the mm-sized sample.****
The obtained single crystal monolayer and heterostructures
displayed well-resolved reciprocal-space band structure and
crystal structures in photoemission® and electron diffraction**®
and can be an excellent material platform for TR-ARPES
experiments.

In a typical APRES experiment, ejection of photoelectrons
leaves a net positive charge on the sample. Therefore, the 2D
material sample needs to be electrically grounded to prevent
charge accumulation. A number of TR-APRES studies, including
a few of the earliest experiments, were conducted with mono-
layers on a metal substrate such as Au, or a conductive substrate
such as HOPG or graphene.””® The results revealed many key
dynamics such as charge carrier extraction from metal contacts.
However, monolayers are highly susceptible to environmental
screening from a conductive substrate. A metal substrate has
a strong n doping effect on the monolayers,'”"** which signif-
icantly reduces the charge carrier lifetimes, closes the bandgap,
and changes the CB/VB alignment in TMDC monolayers.">'*?
In addition, mismatches of the lattice and stiffness between the
metal and monolayer will jointly lead to epitaxial stress and
biaxial strain on the monolayers grown on metal.'*>"* "¢ A
number of recent TR-ARPES experiments are conducted on
monolayers or bilayers positioned on a dielectric substrate such
as SiO, or hBN.*»#7199117118 The electrical grounding is achieved
either by placing an electrode on the side of the monolayer
crystal or by contacting through a very thin hBN layer on
a highly doped Si substrate. The dielectric substrates will
maintain photoexcited charge carriers at higher densities with
longer lifetimes on hundreds of ps timescale.'”” It allows
probing of more pristine properties of monolayers or bilayer 2D
materials.

Photoemission spectroscopy is highly sensitive to the surface
of the sample. For bottom-up CVD growth, large monolayer
TMDC flakes are usually grown on insulating substrates such as
sapphire and SiO,/Si. On the other hand, most monolayers from
common top-down exfoliations are initially prepared on SiO,/Si
substrates as well, for better visualization and sample
screening. These prepared monolayers often need to be trans-
ferred onto a new destination substrate, such as metal or thin
hBN/Si for ARPES measurements. The transfer or stacking of 2D
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materials often involves many steps such as polymer coating
and/or solvent rinsing. The residual surface contaminations
and air adsorption require further treatments, such as anneal-
ing in forming gas and vacuum, to obtain a clean surface before
a TR-ARPES measurement can be conducted.

3. TMDC monolayer dynamics

The poorly screened Coulomb potential in 2D monolayers leads
to exceptionally large exciton binding energies (Ep). In the
presence of charge carriers, the many-body Coulomb interac-
tions and dielectric screening will reduce exciton binding
energies and shrink the bandgaps (Ey); the latter effect is
described as bandgap renormalization. The amount of reduc-
tion in E, and Ej, is almost the same. The optical transition
energy measures the difference between them, and their
cancellation often leads to little change in the optical transition
energies at different carrier densities."***° An ideal technique to
measure quasiparticle energy is TR-ARPES, which enables the
precise determination of the CB/VB energies with momentum
resolution. Multiple research efforts have been carried out on
this aspect, revealing monolayer bandgaps under different local
or transient charge carrier density and/or dielectric screening
conditions.

A typical material platform to study the reduction of
bandgaps of monolayers is on metal substrates, which provides
both intense dielectric screening and efficient charge carrier
extraction. An early TR-ARPES study of MoS, monolayers
epitaxially grown on Au (111) directly observed momentum-
space ultrafast free carrier dynamics.” The result determined
a direct quasiparticle bandgap of 1.95 eV, substantially smaller
than the estimated value of 2.8 eV for free-standing MoS,. The
dynamic measurement reveals an ultrafast (50 fs) transfer of
excited free carriers from monolayer MoS, to the Au substrate.
The hot electron transfer dynamics between monolayer MoS,
and Au is later investigated using TR-MM with a 2.4 eV pump
and 3.61 eV probe, with an advantage to spatially distinguish
photoemissions from different areas in micrometer-sized
samples.*”* The electron transfer at the MoS,/Au interface was
found to occur via incoherent hopping. Its dependence on local
MoS,/Au distances is confirmed by AFM characterization of the
same area. An in-depth TR-ARPES study on monolayers MoS,
and WS, grown on Au(111), Ag(111) and graphene/SiC further
revealed the transient electronic structure and ultrafast carrier
dynamics.” The monolayer on Au and Ag exhibited a similar
reduced quasiparticle bandgap and efficient removal of photo-
induced carriers from monolayer into the metal. In comparison,
the monolayer bandgap is much larger (~2.5 eV) on graphene,
indicating that graphene has less of dielectric screening effect
than metals. The initial decay time constant of the CB electrons
for TMDC/graphene is on the order of 170 fs, slower than TMDC
on metal substrates, and was attributed to Auger recombination
and in gap defect states.

The charge carriers generated from photoexcitation also
induce strong screening effects, leading to the renormalization
of quasiparticle bandgaps in the 2D material. Photoexcitation
with pump fluences above the Mott threshold creates electron-
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hole gas inside a monolayer. A TR-ARPES experiment was con-
ducted on the MoS, monolayer exfoliated on SiO,/Si upon such
high excitation density. As shown in Fig. 4(a), it directly reveals
a reduction of bandgap up to 400 meV.'” The measured
quasiparticle bandgap provided an experimental benchmark
for strong many-body interactions in the TMDC monolayer,
which shows excellent agreement with later computational
studies.”* Another TR-ARPES study carried out on monolayer
MosS, on graphite substrates characterized the intravalley cool-
ing dynamics of CB electrons around the K point.*** A negligible
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quasiparticle bandgap renormalization was observed (displayed
in Fig. 4(b)). At low excitation density, the dielectric screening
effect from HOPG is dominant over the screening from photo-
excited free carriers. As opposed to the bandgap reduction from
screening of free carriers, an increase in the bandgap by 40 meV
was recently observed in the monolayer MoS,/HOPG system."*
The TR-ARPES experiment was carried out at lower excitation
densities below the Mott threshold, which created excitons in
MoS, instead. This phenomenon was assigned to exciton-driven
band renormalizations due to the simultaneous enhancement
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Fig.4 Dynamics of monolayers revealed by TR-ARPES. (a) Band renormalization of monolayer MoS; at different pump probe delay times, at high
excitation density (200 pJ cm™2) 17 (b) CBM and VBM energies of Mo$S, at different pump probe delay times under much lower