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Abstract

The energy landscape of optical excitations in mono- and few-layer transition metal
dichalcogenides (TMDs) is dominated by optically bright and dark excitons. These excitons can be
tully localized within a single TMD layer, or the electron- and the hole-component of the exciton
can be charge-separated over multiple TMD layers. Such intra- or interlayer excitons have been
characterized in detail using all-optical spectroscopies, and, more recently, photoemission
spectroscopy. In addition, there are so-called hybrid excitons whose electron- and/or
hole-component are delocalized over two or more TMD layers, and therefore provide a promising
pathway to mediate charge-transfer processes across the TMD interface. Hence, an in-situ
characterization of their energy landscape and dynamics is of vital interest. In this work, using
femtosecond momentum microscopy combined with many-particle modeling, we quantitatively
compare the dynamics of momentum-indirect intralayer excitons in monolayer WSe, with the

dynamics of momentum-indirect hybrid excitons in heterobilayer WSe,/MoS,, and draw three key
conclusions: First, we find that the energy of hybrid excitons is reduced when compared to excitons
with pure intralayer character. Second, we show that the momentum-indirect intralayer and hybrid

excitons are formed via exciton-phonon scattering from optically excited bright excitons. And
third, we demonstrate that the efficiency for phonon absorption and emission processes in the
mono- and the heterobilayer is strongly dependent on the energy alignment of the intralayer and
hybrid excitons with respect to the optically excited bright exciton. Overall, our work provides
microscopic insights into exciton dynamics in TMD mono- and bilayers.

1. Introduction

Exfoliated and artificially stacked monolayers of
transition metal dichalcogenides (TMDs) have been
shown to be a highly tuneable material platform for
exploring optical excitations and correlated interac-
tions on the atomic scale [1-7]. After first experi-
ments identified the transition from an indirect to a

© 2023 The Author(s). Published by IOP Publishing Ltd

direct semiconductor when exfoliating bulk TMDs to
the monolayer limit [8, 9], subsequent studies char-
acterized the strong exciton response to an optical
excitation [10-13]. Importantly, these pioneering all-
optical experiments are for the most part only sens-
itive to radiative recombination processes within the
light-cone [14, 15]. However, in addition to these
bright excitons, it is meanwhile well-known that
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Figure 1. Real-space sample structure and energy landscape of monolayer WSe; and heterobilayer WSe,/MoS,. (a) Real-space
resolved photoemission image of the monolayers WSe, (orange polygon) and MoS, (dark red dashed polygon). Femtosecond
momentum microscopy experiments of the monolayer WSe; and the heterobilayer WSe,/MoS, are performed in the
regions-of-interest indicated by the orange and dark red circles, respectively. (b) Schematic sketch of the TMD heterostructure
after excitation with a 1.7 eV light pulse. Intralayer excitons are formed in the WSe, monolayer and the WSe,/MoS; heterobilayer.
In the WSe»/MoS; heterostructure, the energetically most stable state is the interlayer exciton where the electron and the hole
component are localized in the WSe; and the MoS; layer, respectively. In addition, hybrid excitons are formed for which the
exciton’s hole is fully localized in the WSe; layer and the exciton’s electron has probability density in the WSe;, and the MoS; layer.
(), (d) Single-particle energy landscape of monolayer WSe; and heterobilayer WSe,/MoS;. The filled bars indicate the
single-particle valence and conduction band extrema at the Brillouin zone’s high-symmetry points. The ovals indicate the
Coulomb correlation between the single-particle electrons and holes, and the letters label the electron-hole pairs, as introduced in
the main text. (e), (f) Energy landscape of excitons in the WSe, monolayer and the WSe,/MoS, heterobilayer. The energies Eexc
are obtained in experiment, and the blue arrows indicate the dominant scattering pathways.

also tightly bound dark excitons contribute to the
energy landscape of excitons [16-21]. For example,
for momentum-indirect dark excitons in a monolayer
TMD, the exciton’s electron and hole component can
reside in different valleys of the TMD Brillouin zone
(figures 1(c) and (e)). In the case that TMD homo-
and heterostructures are assembled by more than one
layer, the situation can become even more complex:
The twist-angle between two neighbouring TMD lay-
ers can be varied from 0° to 60°, and, in this way,
the high-symmetry points of the Brillouin zones are
offset in momentum space. Hence, so-called inter-
layer excitons for which the electron- and the hole-
component are charge-separated across the interface
are typically momentum-indirect and thus optically
dark (figures 1(d) and (f)) [22].

First direct access to these dark excitons has
been provided in optical-pump-midinfrared-probe
experiments [23, 24]. With the development of
high-repetition rate extreme ultraviolet light sources
[25-28], time- and angle-resolved photoelectron
spectroscopy (trARPES) [29, 30] has become applic-
able to probe the energetics and dynamics of bright
and dark excitons. First experiments focused onto
the ultrafast exciton and charge carrier dynamics

in semiconducting bulk [31-35] and wafer-scale
[36-40] TMDs. More recently, empowered by the
development of time-of-flight momentum micro-
scopes (ToF-MMs) [41, 42], trARPES has been suc-
cessfully applied to probe the formation dynamics of
momentum-indirect intralayer excitons [43, 44] and
the valley depolarization dynamics [45] in exfoliated
monolayer TMDs. In addition, the cascaded exciton
transition from bright intralayer to dark interlayer
excitons has been quantified in an artificially stacked
TMD heterobilayer [46, 47].

These seminal trARPES experiments of exfoliated
TMDs all focus on excitons that are either of full intra-
or interlayer character: The exciton’s electron and
hole either reside both in a single TMD layer, or are
charge-separated between both layers. Until today, no
trARPES experiment has focused on the case where
hybridization between the neighbouring TMD layers
leads to the formation of a new type of exciton where
either the electron-, the hole-, or the electron- and the
hole-component are delocalized between both lay-
ers (figure 1(b)). Importantly, these so-called hybrid
excitons are of great interest due to their potential
to mediate charge transfer across a TMD interface
[34, 46, 48—52]. Moreover, they have a high oscillator
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strength and a sensitivity to external electrical fields
due to their partial intra- and interlayer character
[20, 53-59].

In this article, we study the effect of interlayer
hybridization on the energy landscape of excitons
and the resulting femto- to picosecond dynam-
ics. We follow-up on our recent work [46], where
we have studied the ultrafast exciton dynamics in
heterobilayer WSe,/MoS, and found that interlayer
excitons are formed in a step-wise process via inter-
mediate hybrid excitons. Here, we directly com-
pare the impact of layer-localized ¥ excitons in a
monolayer WSe, with hybrid h3 excitons in a het-
erobilayer WSe,/MoS, on the exciton dynamics. For
both excitons, the hole-component to the exciton
is fully layer-localized and found in the Ky valley
valence band maximum (VBM) of WSe,. In contrast,
the exciton’s electron, which resides in the X valley
of the conduction band, is either fully layer local-
ized (WSe,) or has a significant degree of interlayer
hybridization (WSe,/MoS;,). First, we experimentally
quantify the bright and dark exciton energies E. . of
the correlated two-particle energy landscape. Second,
we identify exciton-phonon scattering as the dom-
inating mechanism for the formation of intralayer
3 and hybrid h¥ excitons. And third, we show that
the sub-ps exciton thermalization dynamics are sig-
nificantly affected by the energy alignment of the 3
and hX exciton with respect to the optically excited
exciton.

2. Bright and dark excitons in WSe; and
WSe,/MoS$S,

The major goal of this manuscript is the identification
of hybrid excitons in the trARPES experiment and
the evaluation of their impact on the exciton relaxa-
tion dynamics. Therefore, we describe the low energy
landscape of excitons as calculated by solving the
Wannier equation [6, 20, 21, 49, 60, 61]. All relevant
excitation energies are summarized in the energy dia-
grams in figures 1(c)—(f) and table 1. The calculations
are performed on the same basis as in our previous
works for monolayers [61] and heterobilayers [46].
If the monolayer WSe, is pumped with 1.7 eV
photons, bright Als excitons of WSe, are resonantly
excited (black arrow in figure 1(c)). We label this
exciton as K as its electron and hole component reside
in the Ky valley conduction band minimum and
VBM, respectively. Note that throughout the manu-
script, we do not differentiate between K excitons that
are bound at Ky or Kj, valleys, because we cannot
distinguish them in experiment. In addition to the
bright Als exciton, two distinct momentum-indirect
dark excitons can be formed in a subsequent scatter-
ing process: On the one hand, there are momentum-
indirect dark excitons for which the electron- and
the hole-component are found in the Xy and the
Ky valleys, respectively; these excitons are labelled
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as % throughout our work (figures 1(c) and (e)).
On the other hand, momentum-indirect excitons
for which the electron- and the hole-component are
momentum-offset and found in the Ky or Kj, val-
leys can be formed. Importantly, while it is expec-
ted that these momentum-indirect excitons are ener-
getically favourable over the optically excited bright
excitons [21, 57, 58], where the electron- and the
hole-component are bound in the same Ky or Kyy
valley, within the energy resolution of the photoe-
mission experiment, it is not possible to separate
these excitons. Hence, we label both of them with K
throughout the manuscript.

In the WSe,/MoS, heterostructure, 1.7 eV
photons can be used to resonantly excite the Als
exciton in WSe, (black arrow in figure 1(d)). A sim-
ilar resonance frequency for the optical excitation of
WSe; Als excitons in the mono- and the heterobilayer
region can be rationalized based on the fact that wave-
function hybridization at the Ky valleys is negligible
(48, 51, 60, 62, 63]. In addition, because the optical
excitation of Als excitons of monolayer MoS, would
require at least 1.9 eV light-pulses [47, 50, 63, 64], the
MoS; monolayer is not directly excited. The optic-
ally excited WSe, Als excitons can decay to form
momentum-indirect excitons, where the electron-
and the hole-component are momentum-offset
between the Ky and Ky valleys. Because we can-
not differentiate between these momentum-indirect
excitons and the bright Als excitons in the photoe-
mission experiment, as in the case of the WSe, mono-
layer, we label both these bright and momentum-
indirect excitons with K. More interestingly for our
study, momentum-indirect hybrid h¥ excitons are
formed for which the exciton’s hole and electron can
be found in the Ky and the (") valley, respectively:
Here, the X() valley conduction bands of the WSe,
and MoS, are hybridized, and, in consequence, the
h% exciton can be described in the hybrid exciton
basis with approximately 30% intra- and 70% inter-
layer character [46]. Note that the hybrid character of
this exciton’s electron component is indicated by the
letter ‘4’ in the abbreviation. With this hybrid char-
acter of the hY excitons, interlayer charge transfer is
strongly favoured and interlayer excitons (ILX) can
be formed [46, 49]. For ILX, because of the negligible
hybridization of the wavefunctions at the WSe, K\%)
and MoS, KI(VQ) valleys, the exciton’s electron and hole
component are again fully localized in the monolay-
ers (figure 1(d)).

3. Momentum microscopy: energy
landscape of excitons

In this section, we experimentally quantify the exciton
energies of the bright and dark excitons in the WSe,
monolayer and the WSe,/MoS, heterolayer. All ener-
gies are summarized in table 1.
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Table 1. Overview of the exciton energies E. . in monolayer WSe; and heterobilayer WSe,/MoS,. The table compares experimentally

exc

determined values of this work with many-particle calculations (heterobilayer values reproduced from [46]). In addition, exciton
energies obtained in photoluminescence (PL) [62] and other trARPES [43, 65] experiments are reproduced. The theory values are
calculated based on the model for the mono- and the heterobilayer, as detailed in [46, 61]. Note that the exciton energy of the optically
excited bright exciton in the model is adapted to experiment. If two calculated exciton energies are noted, the first is attributed to the
exciton where the electron- and the hole-component are found at a high-symmetry point of the Brillouin zone with the same valley
degree of freedom (e.g. KK excitons). The second value then gives the energy of the exciton where the electron- and the hole-component

have different valley degrees of freedom (e.g. KK’ excitons).

Monolayer WSe; Heterobilayer WSe>/MoS; PL trARPES trARPES
Experiment Theory Experiment Theory [46] Reference [62] Reference [43] Reference [65]
E}fxc (eV) 1.6740.05 1.67and1.61 1.66+0.05 1.66and1.61 1.66 1.73 —
EZ.(eV) 1.60£0.05 1.62and1.83 — — — 1.73 —
E™Z (eV) — — 1.46£0.05 1.37 and 1.48 — — —
EXX (ev) — — 1.20+£0.05 1.24and 1.25 1.05 — ~1.1

3.1. Femtosecond momentum microscopy of
exfoliated TMDs

In order to establish the most direct experimental
comparison of the exciton energy landscape of the
WSe, monolayer and the twisted WSe,/MoS, het-
erobilayer, we fabricate a single sample that con-
tains distinct areas in which the monolayer WSe,
flake and the WSe,/MoS, heterostructure are found
(figure 1(a)). We have chosen a doped silicon
wafer with a native oxide layer as the substrate for
the heterostructure, because it ensures high quality
trARPES data that is not affected by sample charging
(figure 1(b)). Moreover, the TMD flakes are stacked
on 20-30 nm hexagonal boron nitride [66] for best
interface quality [67]. Before the trARPES experi-
ments, the sample is annealed for 1 h to 670 K. In the
real-space-resolved photoemission electron micro-
scopy image in figure 1(a), the boundaries of the
WSe, and MoS, monolayers are traced by orange
and dark red (dashed) polygons, respectively. The
twist-angle of the heterostructure is quantified to
9.8 +0.8° [46].

Time-resolved photoemission spectroscopy of
exfoliated mono- and heterobilayers becomes pos-
sible by using our setup for femtosecond momentum
microscopy (see [25, 68, 69]). We resonantly excite
the bright Als exciton of WSe, with 1.7 eV 40 fs light
pulses (s-polarized). Photoemission from the occu-
pied band structure and the excitons is induced with
time-delayed 26.5 eV 20 fs light pulses (p-polarized)
that are created in a table-top 500 kHz repetition rate
high-harmonic generation beamline [25, 70, 71]. For
each delay between the pump and the probe laser
pulse, the ToF-MM (Surface Concept GmbH) collects
three-dimensional data cubes that contain inform-
ation on the two in-plane momenta k, and k, and
the energy E of the detected photoelectrons [25, 42].
Notably, by inserting an aperture into the real-space
plane of the microscope, the experiment is sensitive
to the exciton dynamics in a sample region with a dia-
meter of 10 um (orange and red circles in figure 1(a))
[43-46].

The momentum microscopy experiment can be
used to directly characterize and compare the occu-
pied band structure of monolayer WSe, and het-
erobilayer WSe,/MoS, (figure 2). In both sample
areas, the spin-split valence bands at the WSe,
Kyw valley can be identified (labelled (1) and (2)
in the magenta energy-distribution-curves (EDCs)).
For the characterization of the inhomogeneity of the
heterostructure, we analyse the linewidth of the top
WSe, valence band at the Ky valley, and find a full
width at half maximum of ~280 meV (figure 2(b)).
The linewidth is composed of the spectral width of the
probe laser pulse (=200 meV) and inhomogeneous
broadening of about ~200 meV due to imperfections
and inhomogeneities within the probed sample area
(~100um?) [46, 72]. In the heterobilayer, in addition,
the MoS, valence band is observed at E — Eypy =
0.94 £0.05 eV (labelled (3) in figure 2(b)). While the
dispersion of the WSe, valence bands are similar at
the Ky valleys of the mono- and the heterobilayer,
it is strikingly different at the I valley: In the mono-
layer, only a single band at the I" valley is observed
(horizontal arrow, figure 2(a)). In contrast, in the het-
erobilayer, we find two energetically separated bands
that are a clear indication for interlayer hybridization
(two horizontal arrows in figure 2(b)) [73-75].

3.2. Spectroscopy of excitons in monolayer WSe,
and heterobilayer WSe,/MoS,

Having identified these distinct spectroscopic sig-
natures of the electronic band structure that allow
the direct discrimination of the mono- and the het-
erobilayer region in the trARPES experiment, in the
next step, we probe the energetics of the optical excit-
ations of the WSe, monolayer. Therefore, optical
pump pulses with a centre energy of 1.7 eV are used in
order to be resonant to the WSe, Als exciton (fluence:
280 uJ cm?, exciton density: 5.4 10'? excitons cm?).
We find spectral weight above the valence bands that
we attribute to photoelectrons being emitted from
excitons (figure 2(a)). Specifically, at a pump-probe
delay of 1 ps, photoemission yield is detected at the
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Figure 2. Energy- and momentum-resolved photoemission spectra of monolayer WSe; and heterobilayer WSe;/MoS; along the
I"-Kw direction (inset). (a) The occupied valence band structure of monolayer WSe, is dominated by a single-band at the I" valley
(black horizontal arrow) and the spin-split valence bands at the Kw valley (labelled (1) and (2) in the EDC). At a pump-probe
delay of 1 ps and a photoemission energy of 1.7 eV, exciton photoemission yield from intralayer K (orange) and ¥ (grey)
excitons is detected. (b) The occupied valence band structure of heterobilayer WSe,/MoS; is characterized by the WSe; spin-split
valence bands at the Ky valley (labelled (1) and (2) in the EDCs) and the valence band of MoS; (3), for which the spin-splitting is
not resolved. At the I" valley, interlayer hybridization leads to the formation of two bands (horizontal black arrows). Ata
pump-probe delay of 1 ps, exciton photoemission yield is detected from the intralayer K excitons (orange), hybrid h¥ excitons
(grey) and ILX (red). The photoemission energy from hybrid h3 exciton’s is significantly reduced when compared to the
intralayer K (monolayer and heterobilayer) and 3 (monolayer) excitons. The energy-momentum cuts are obtained by
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Kw and the Xy valleys of the WSe, Brillouin zone
(orange and grey hexagon in figure 3(a), respectively).
These spectral signatures can be attributed to photoe-
mission from intralayer K and X excitons, consistent
with earlier reports [43, 44].

When applying similar excitation conditions to
the WSe,/MoS, heterobilayer region, much richer
spectral signatures are detected in the momentum
microscopy experiment: A complex distribution of
photoemission intensity is detected above the WSe;
valence bands in an energy window ranging from
0.9eVto 1.9¢V (figure 2(b), 1 ps pump-probe delay).
The momentum-map centred at an energy of 1.7 eV
above the WSe, VBM shows spectral weight at the
momenta of the Kw and the Xy valleys that we
attribute to photoemission signal from intralayer K
and hybrid h¥ excitons (figure 3(b), orange and grey
hexagon, respectively). At a lower energy (figure 3(c),
E— Eygm = 1.1 V), we find a complex momentum
structure of the photoemission intensity that can
be attributed to ILX: Spectral weight is detected at
the Ky, valley and the additional x valleys that are
described within the moiré mini Brillouin zone (mBz,
red hexagon). This hallmark of the moiré superlattice
imprinted onto the exciton photoemission signature

from the interlayer ILX excitons is discussed in detail
in [46].

3.3. Energy landscape of excitons in WSe, and
WSe,/MoS,

Having identified the major photoemission spec-
tral signatures of excitons, we aim to experiment-
ally quantify the energy landscape of bright and dark
excitons in the mono- and the heterobilayer sample.
For this, first, we have to discuss at which energy
the photoemission experiment detects single-particle
photoelectrons that have initially been bound in the
correlated exciton state. In the process of photoe-
mission from an exciton, the Coulomb correlation
between the exciton’s electron and hole is broken at
the cost of the exciton binding energy. As described
by Weinelt et al [76] and others [35, 47, 77-84], the
single-particle photoelectron from an exciton will be
detected one exciton energy E. . above the energy of
the single-particle band where the former hole con-
tribution to the exciton remains in the sample, i.e. at

Eelec = Ehole + Eixc + hw (1)
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Figure 3. Momentum-resolved photoemission maps at the energies of the intralayer, hybrid and interlayer excitons in monolayer
WSe; and heterobilayer WSe,/MoS,. The pump-probe delay and the photoemission energy with respect to the WSe, VBM are

given in the figure. All momentum maps are integrated in an energy window =+ 0.3 eV around the centre energy. (a) In the WSe,
monolayer, the exciton photoemission momentum fingerprints of intralayer K (orange) and X (grey) show spectral weight at the

K\(N/ ) and Z‘(N/ ) valleys of the WSe; hexagonal Brillouin zone. (b) In the WSe;/MoS; heterobilayer, exciton photoemission from the

intralayer K (orange) and the hybrid h¥ (grey) excitons is found at the K\(,\,, ) and ZSNI ) valleys of the WSe;, hexagonal Brillouin
zones. (c) The momentum-misalignment of the Brillouin zones of WSe, (orange hexagon) and MoS, (dark red dashed hexagon)
leads to a complex photoemission signature from ILX that can be described within the moiré mini Brillioun zone (mBZ, red

hexagon).

with Epole and Eee as the single-particle energy of
the hole- and the electron-state, respectively; fur-
thermore with E. _ as the exciton energy and fiw as
the probe photon energy. Importantly, equation (1)
sets the energy of the WSe, VBM at the Ky valley
as the natural reference point of the present experi-
ment, because the single-particle hole of all probed
excitons remains in this valley once photoemission
has occurred (see figures 2(c) and (d)).

Hence, we can quantify the exciton energy E.
of all contributing intralayer, hybrid and interlayer
excitons by analysing the EDCs taken at the Ky, the
3w and the Ky, (k) valleys (figure 2). Following
equation (1), we then calculate the energy difference
between each exciton photoemission signal and the
energy of the Ky valley VBM. All exciton energies E., .
quantified for the WSe, mono- and the WSe,/MoS,
heterobilayer are summarized in table 1. In addition,
previous experimentally determined exciton ener-
gies extracted by photoluminescence (PL) [62] and
trARPES [43, 65] are summarized in table 1, and show
an excellent agreement with our analysis.

Having experimentally measured the exciton
energies E.__, we are now in the position to systemat-
ically compare those values. First, we find that, within
the experimental error, the intralayer K exciton
energy is comparable in the mono- and the het-
erobilayer region (1.67 £ 0.05 eV vs. 1.66 £ 0.05 V).
For WSe,/MoS,, this result strongly supports the
expectation that excitons, where the electron- and
hole-component are localized in the Ky valleys, are
not affected by interlayer hybridization [48, 51, 60].
In contrast, we find that the hybrid character of the
h3 excitons indeed leads to a renormalization of the
exciton energy: The interlayer hybridization leads to
areduction of the exciton energy from 1.60 & 0.05 eV
(X exciton, monolayer WSe;) to 1.46 £0.05 eV (hX

exciton, heterobilayer WSe,;/MoS;). This observation
is a direct experimental verification of seminal pho-
toluminescence experiments that reported a changed
emission energy for hybrid excitons, if the degree of
hybridization is controlled, e.g. by the twist angle
[51, 85-87]. Moreover, it fully confirms the calculated
energy landscape of excitons that predicts a reduc-
tion of the energy of the hybrid 43 exciton of the
WSe,/MoS, heterobilayer in comparison to the int-
ralayer ¥ exciton of the WSe, monolayer (table 1).

4. Ultrafast exciton dynamics in WSe, and
WSe,/MoS$,

Having characterized the energy landscape of
excitons, we now turn to the exciton scattering
dynamics. Specifically, the goal of the analysis is to
pinpoint the impact of the intralayer ¥ and hybrid h%
excitons on the relaxation dynamics. Therefore, first,
we compare the experimentally measured exciton
dynamics with microscopic many-particle calcula-
tions that allow us to identify exciton-phonon scat-
tering as the dominant mechanism for intervalley
thermalization and the formation of the intralayer ¥
and hybrid h¥ excitons. Second, we focus on the sub-
ps dynamics in order to elucidate the impact of the
different exciton energies of the intralayer 3 and the
hybrid h¥ exciton on the exciton relaxation cascade.

4.1. Exciton-phonon scattering: Formation of
intralayer 3 and hybrid hX excitons

The femtosecond momentum microscopy experi-
ment provides direct access to the ultrafast dynam-
ics of bright and dark excitons. The symbols in the
main panels of figure 4 show the pump-probe delay-
dependent photoemission yield from the intralayer
K (orange), intralayer X (grey), hybrid h¥ (grey)
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Figure 4. Direct comparison of the ultrafast exciton dynamics in (a) monolayer WSe; and (b) heterobilayer WSe,/MoS,. The
symbols show the pump-probe delay-dependent photoemission yield from excitons, and the solid lines are based on microscopic
calculations. The exciton photoemission yield is filtered in the black-circled regions-of-interest indicated in the momentum-maps.

and ILX (red) excitons. In addition, the femtosecond
evolution of exciton occupation as calculated in our
microscopic model is plotted as solid lines of the
respective colour.

In the WSe, monolayer (figure 4(a)), photoemis-
sion yield from the K exciton peaks at pump-probe
delays close to 40 fs. Delayed to this process, we
find that spectral weight from momentum-indirect >
excitons (grey) increases on a 100 fs timescale. This
rise of the photoemission yield from the intralayer
3 excitons is in agreement with momentum micro-
scopy experiments by Madéo et al [43] and Wallauer
et al [44]. Moreover, the rise time is also in agree-
ment with our microscopic calculations that include
exciton-light and exciton-phonon interaction. From
the model, we therefore identify exciton-phonon scat-
tering as the dominant mechanism for the formation
of intralayer ¥ excitons. Note that for pump-probe
delays >100 fs, the exciton occupation calculated in
the model overestimates the experimentally meas-
ured photoemisison intensity from both excitons. The
reason for this deviation is that the model does not
include decay processes and thus overestimates the
exciton occupation for longer pump-probe delays.

The pump-probe delay-dependent photoemis-
sion yield from excitons measured in the WSe,/MoS,
heterobilayer is shown in figure 4(b). We find a direct
hierarchy in the onset of rising photoemission yield
from the three types of excitons, i.e.the K excitons
(orange), the hybrid h3 excitons (grey), and the ILX
(red). Again, the dynamics is in excellent agreement
with our microscopic calculations, such that we can
identify exciton-phonon scattering as the dominant
mechanism for the formation of hybrid 43 excitons.

4.2. Monolayer WSe;: Steady state of phonon
emission and absorption processes

So far, we have found that the intervalley relaxa-
tion processes in monolayer WSe, and heterobilayer
WSe,/MoS, are phonon-mediated and lead to the
formation of intralayer > and hybrid h¥ excitons,
respectively. However, even though the interval-
ley relaxation proceeds via the same mechanism,
we find distinctly different decay dynamics of the
contributing intralayer and hybrid excitons on the
sub-ps timescale (figure 5 and table 2). In the fol-
lowing, we pinpoint the origin of the different
dynamics to the relative energy alignment of the int-
ralayer 3 and hybrid h¥ excitons with respect to
the intralayer K excitons, which has direct impact
on the efficiency of exciton-phonon scattering
processes.

In monolayer WSe,, the energy difference
between the optically excited K and the intralayer
¥ exciton is AEWS® = EX_—E%_=0.0740.10 eV.
Hence, phonon emission and absorption processes
with typical energies of 0.03 eV [88] can efficiently
create a steady state between both excitonic species,
i.e. K= 13, where the relative exciton occupation
is given by degenerate Bose—Einstein distributions
[21]. In order to identify this steady state in the pho-
toemission data, we plot the sub-ps pump-probe
delay-dependent photoemission intensity from K
and ¥ excitons on a logarithmic intensity axis in
figures 5(a) and (b), respectively. As indicated by
the yellow, green and blue marked areas, the sub-ps
dynamics of K excitons can be divided into over-
all three characteristic timescales. On the sub-40-fs
timescale (yellow, figure 5(a)), photoemission yield
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Figure 5. Quantitative analysis of the intralayer and hybrid exciton dynamics. In the yellow, green and blue shaded delay regions,
excitons are optically excited, thermalize and radiatively recombine, respectively. (a) Pump-probe-delay evolution of
photoemission signal from K excitons in monolayer WSe;, (empty triangles) and heterobilayer WSe,/MoS, (filled triangles); the
dashed and solid lines are bi-exponential decay fits to the data. (b) Quantitative evaluation of the formation and relaxation
dynamics of intralayer 3 excitons (empty squares, grey) and hybrid h¥ excitons (filled squares, grey). The rise time of the
excitons is evaluated with a one-level rate equation model (blue dashed and solid line, respectively). The decay dynamics is
approximated by bi- and single-exponential fits, respectively. The rise time of the ILX (red circles) is fitted with a single
exponential function (red line). All rise and decay constants are summarized in table 2.

from K excitons increases due to the optical excita-
tion. For increasing pump-probe delay, the decaying
photoemission intensity can be approximated by a
bi-exponential function. Here, the two decay times
TWsepfust = 70T 10 fs and 7ge, g0, =1.5£0.2 ps
describe the fast and the slow component of the
dynamics that are dominant in the green and blue
delay-regions, respectively. In direct comparison to
time-resolved all-optical spectroscopies, the slow
component T\If,semlow can be attributed to radiat-
ive recombination processes of the bright excitons
[50, 63, 89]. However, the interpretation of the fast
time constant T&,Sehfast is more complex (green):
First, it contains information on the decay of the
coherent exciton polarization towards the incoher-
ent K exciton population [44, 90], which is not the
focus of our study. Second, and more importantly,
TWsep.fast 15 dominant in the delay-window that is
necessary to establish a steady state between phonon
absorption and emission events transferring K into
excitons and vice versa. In agreement with this assign-
ment, we find that photoemission intensity from
momentum-indirect ¥ excitons, which are formed
due to the decay of K excitons, rises on the same
timescale and peaks at 100 fs (yellow and green delay-
region in figure 5(b)). For longer delays (blue delay-
region), the 3 exciton photoemission intensity decays
and is described by a single-exponential fit with a
decay time of Tyg., =1.1+0.1 ps. Notably, it has
already been suggested that the decay of momentum-
indirect 3 excitons dominantly proceeds via phonon
absorption processes that first transfer the 3 excitons

into bright K excitons that can, subsequently, decay
in a radiative process [15,21, 91]. Our analysis verifies
this proposition, because the experimentally quanti-
fied decay time Ty, of dark ¥ excitons is in reason-
able agreement with the radiative decay time 7y,
of K excitons (cf table 2).

fast

4.3. Heterobilayer WSe,/MoS,: Phonon emission
processes and formation of interlayer excitons

The situation is significantly different for the
WSe,/MoS, heterobilayer. The hybrid charac-
ter of the h¥ exciton leads to a reduction of its
exciton energy and thus to an energy difference of
AENS/MoS — K EhS —0204£0.10 eV with
respect to the intralayer K exciton. Hence, accom-
panied by the emission of a phonon, optically
excited K excitons can effectively be transferred to
hybrid h¥ excitons. However, the large energy differ-
ence AEZXEQ/ MoS, strongly suppresses backscattering
events for which multiple phonon absorption pro-
cesses would be required. The suppression of the
backscattering channel in the heterobilayer in com-
parison to the monolayer is most evident by the much
stronger reduction of photoemission intensity from K
exctions to below 10% after only 100 fs (green delay-
region in figure 5(a)). Photoemission intensity from
hybrid h3 excitons, on the other side, rises on the
same timescale, which is in agreement with the inter-
pretation of an initially fast transfer of excitons from
K to hX excitons (yellow and green delay-regions in
figure 5(b)).
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Table 2. Summary of the experimentally quantified rise and decay times of photoemission yield from excitons.

Monolayer WSe; Heterobilayer WSe;/MoS;
Tflist (fs) 70+ 10 2842
X (f5) 1500 4 200 1900 + 800
Tiwse, (f5) 1050 = 60 _
Tises /Mos fust (£5) — 110 + 40
Tivses /Mosy slow (£5) — 1600 =+ 800
Tre (f5) 36+3 _
hee (fs) — 3443
Trew (£s) — 120+ 20

Once the hybrid hY excitons are formed, they can
relax to the ILX by subsequent exciton-phonon scat-
tering processes within the MoS, layer. For the ana-
lysis of this process, we fit the picosecond evolution
of photoemission intensity from hybrid kX excitons
with a biexponential function (figure 5(b)) and
extract a fast b3, —ILX decay time of 7yyg, Mo fast =
110+ 40 fs. Notably, this decay time is in excel-
lent agreement with the rise time of photoemis-
sion intensity from ILX (figure 5(b), T\I,\I;éiz /Moy rise =
120 £20 fs, red data points), being thus a strong
indication that ILX excitons are directly formed from
hybrid h3 excitons. Again, because of the large energy
difference between the hybrid 3 exciton and the ILX,
ie. AELX = Eh> _ EILX — 026 4-0.10 eV (cftable 1),
phonon absorption processes are nearly fully sup-
pressed and backscattering events from ILX to hybrid
h% excitons can also be excluded.

Finally, we note that our experimental observa-
tion on the efficiency of forward and backward scat-
tering in the WSe, monolayer and the WSe,/MoS,
heterobilayer are fully consistent with our micro-
scopic model. Specifically, for the WSe, monolayer,
the calculations reproduce the establishment of a
steady state K= 23 (blue arrows in figure 1(e)).
Notably, the model here finds that especially the
momentum-indirect excitons, where the hole- and
the electron-component are momentum-offset in the
Ky and Ky, valleys, contribute to the establishment of
the steady state, as detailed, e.g. in [15, 21]. In addi-
tion, for the WSe,/MoS, heterobilayer, the micro-
scopic model reproduces the negligible efficiency for
backscattering as compared to the forward scattering
leading to the formation of ILX (blue arrows in
figure 1(f)).

5. Conclusion

In a joint experiment-theory effort, we have used
femtosecond momentum microscopy and micro-
scopic modelling to characterize the energy land-
scape of bright and dark excitons and the result-
ing scattering dynamics in monolayer WSe, and het-
erobilayer WSe,/MoS;. First, we find that interlayer

hybridization in WSe,/MoS, leads to a reduction of
the energy of the optically dark hybrid exciton when
compared to monolayer WSe,, where the exciton is
localized in the layer. Second, in direct comparison
to microscopic modelling, we demonstrate that the
hybrid A and the intralayer X excitons are formed
via exciton-phonon scattering. And third, we show
that the relative efficiency of phonon absorption and
emission processes are the dominant parameter for
the different exciton dynamics in monolayer WSe,
and heterobilayer WSe;/MoS;. Specifically, in mono-
layer WSe,, we showed that the occupation of int-
ralayer K and ¥ evolves into a steady state,i.e. K = %,
and the overall exciton occupation decays via radi-
ative processes of the bright K excitons. In contrast,
in the WSe,/MoS, heterobilayer, we found that the
energy level alignment of the contributing excitons
strongly suppresses phonon-absorption processes
and leads to a true exciton cascade K — hY¥ —ILX
with negligible contributions of backscattering.
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