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The optical excitation of a bright exciton may be followed by the formation of lower-energy dark states.
In these formation and relaxation processes, nonequilibrium exciton and phonon populations play a
dominant role but remain so far largely unexplored, as most states are inaccessible by regular spectros-
copies. Here, on the example of homobilayer 2H-MoS2, we realize direct access to the full exciton
relaxation cascade from experiment and theory. We find distinct changes in the time-, energy-, and in-plane
momentum-resolved photoemission spectral function that can be explained only when considering the
formation and subsequent thermalization of excitonic nonequilibrium occupation distributions. In agree-
ment with microscopic many-particle calculations, we quantify the timescales for the formation of a
nonequilibrium dark-excitonic occupation and its subsequent thermalization to 85 and 150 fs, respectively.
Our results provide a previously inaccessible view of the complete exciton relaxation cascade, which is of
importance for the future characterization of nonequilibrium excitonic phases and the efficient design of
optoelectronic devices.

DOI: 10.1103/w29j-z48v

Transition metal dichalcogenides have become a promis-
ing platform for the next-generation optoelectronic devices
[1,2]. This is because the energy landscape of excitations is
built up by excitons [3,4], whose energy Eexc, kinetic center-
of-mass momentum Q, and dynamics can be controlled via
multiple parameters such as interlayer hybridization [5,6],
charge-carrier density [7], dielectric environment [8], moiré
potential [9–11], or the proximity of correlated phases [12].
Concerning the exciton formation and thermalization
dynamics [13], Fig. 1(a) illustrates how scattering processes
can lead to the buildup of strong nonequilibrium (NEQ)
exciton populations: After optical excitation of bright
exciton states within the light cone (Q ≈ 0), exciton-phonon,

exciton-exciton, and exchange-driven scattering events can
lead to a redistribution of the energy- and Q-momentum-
dependent Ei

excðQÞ exciton population within the same
exciton parabola (i ¼ KK) and toward energetically favor-
able dark excitons that can be of momentum-indirect or
spin-forbidden nature (i ¼ ΓK;ΓΣ) [14–21]. Given the stark
energy difference between the quasiparticles involved in the
scattering processes, such as excitons at electron-volt scales
versus phonons at millielectron-volt scales, the resulting
exciton and phonon populations after scatteringmust occupy
NEQ states and distributions (Q ≠ 0) [22,23]. Additional
energy dissipation processes are necessary for the exciton
population to thermalize toward Q ≈ 0. Depending on the
energetic alignment of the excitonic states and the available
phonon modes, this thermalization process can take a few
femto- to picoseconds. Therefore, to understand and tailor
the excitonic formation and thermalization processes, an
understanding of initial NEQ exciton dynamics is necessary.
While microscopic model calculations naturally capture

the Ei
excðQÞ-resolved exciton dynamics [17,24], experi-

mental access is challenging. This is because all-optical
spectroscopies are typically sensitive to only transitions
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within the light cone and are limited with regard to
Q-momentum-resolved experiments [13]. Still, selected
all-optical spectroscopies [18,25–27] could differentiate
the respective timescales of formation and thermalization,
e.g., by evaluating phonon-assisted secondary [26] or
internal 1s-2p [18,27] transitions. Complementary, time-
and angle-resolved photoemission spectroscopy (trARPES)
provides access to the full momentum-space distribution
and is ideally suited to resolve the Ei

excðQÞ-resolved exciton
dynamics [28]. Recent trARPES experiments enabled the
direct experimental access to dark excitons whose wave
function is composed of valence and conduction band
states with different valley indices [19–21,29–36].
However, probing the energy- and Q-momentum-resolved
dynamics is a more challenging scenario, because the
photoemission experiment is not sensitive to the exciton
center-of-mass momentumQ but to the in-plane momentum
kk of the single-particle electrons that result from the
breakup of excitons in the photoemission process. Hence,
even though there are theoretical predictions on how
Q-momentum-dependent exciton populations would appear
in the EðkkÞ-resolved experiment [24,37–41], it has
not yet been shown that trARPES can address the
Ei
excðQÞ-dependent dynamics of excitons.
Here, we demonstrate the contribution of NEQ excitonic

occupations to formation and thermalization processes
from experiment and theory. We chose homobilayer
(BL) 2H-MoS2 as our model system. This material is
perfectly suited to create and study NEQ exciton popula-
tions, because its dark-exciton landscape necessitates the
creation of NEQ exciton distributions following an optical
excitation [Figs. 1(a) and 1(b)] [24,42,43]. We follow
the ultrafast scattering processes in experiment using

time-resolved photoemission momentum microscopy
[44,45] and are able to get a clear contribution of NEQ
excitons to the observed exciton dynamics. Specifically,
we find a time-dependent broadening and narrowing of the
kk-momentum width of the excitonic photoemission sig-
natures, which are indicative for the formation and thermal-
ization of NEQ dark-excitonic occupations. Our data are
supported by microscopic many-particle calculations based
on density matrix formalism [31,46]. We find that the NEQ
distribution in BL 2H-MoS2 is formed with a rise time of
≈85 fs and thermalizes with a time constant of ≈150 fs.
Our Letter opens the door to study NEQ exciton occupa-
tions and their role in the formation and thermalization
dynamics in arbitrary two-dimensional semiconductors
such as WSe2, MoS2, and their heterostructures. More
broadly, this identification of NEQ signatures in trARPES
can facilitate the future study of NEQ excitonic phases in
quantum materials and support the development of van der
Waals semiconductor devices.
The exciton energy landscape of homobilayer

2H-MoS2—Figures 1(a) and 1(b) illustrate the low-energy
landscape of excitons in BL 2H-MoS2 in the exciton and
the single-particle picture, consisting of the optically bright
A1s exciton and two additional momentum-indirect dark
excitons. We label the A1s exciton as “KK,” because
the exciton’s hole and electron components reside in the
K-valley valence and conduction bands, respectively
[Fig. 1(b)]. In the same notation, the two energetically
relevant momentum-indirect dark excitons are labeled as
ΓK and ΓΣ excitons. Because we consider only an
excitation resonant to the KK exciton energy, we can
exclude the contribution of higher-energy excitations such
as the B exciton and interlayer KK0 excitons [24,47,48].
Moreover, the contribution of spin-dark excitons is
excluded, because they are formed only on a much longer
timescale [49,50]. In this energy landscape, it can then be
anticipated that the population of the optically excited KK
excitons decays via intervalley hole transfer (black arrow)
in an exciton-phonon scattering process to the energetically
favorable ΓK exciton [15]. Importantly, the energetic
separation between the exciton band minima of the bright
KK and the dark ΓK excitons in BL MoS2 is ≈400 meV
and, therefore, much larger than typical phonon energies of
≈30 meV [51]. Hence, exciton population transfer via
exciton-phonon scattering from KK to ΓK must lead to
a NEQ exciton distribution in the ΓK state, i.e., creation of
NEQ dark excitons with considerable excess energy [violet
region in Fig. 1(a)]. It is this NEQ distribution and its
subsequent thermalization toward Q ≈ 0 that we aim to
probe with momentum microscopy.
Using time-resolved momentum microscopy ([44,45],

details in End Matter), we identify the signatures of the
different bright and dark excitons in the photoelectron
spectra. Figure 2(a) shows an EðkkÞ-resolved spectrum
taken at Δt ¼ −1000 fs. We find the highest occupied

(a) (b)

FIG. 1. Formation and thermalization of nonequilibrium ex-
citonic occupations. (a) Low-energy landscape of excitons in
homobilayer 2H-MoS2 and optically induced quasiparticle NEQ
scattering dynamics. (b) Single-particle energy landscape, where
the KK (orange), ΓK (violet), and ΓΣ (brown) excitons are
composed of single-particle Bloch states originating from the
2H-MoS2 valence and conduction bands.
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valence band at the Γ valley, where the double-peaked
structure is indicative of the bilayer nature of the sample
[42,52]. At Δt ¼ 400 fs after resonant excitation of the
bright A1s excitons (1.9 eV) [Fig. 2(b)], we find additional
spectral weight at (i) the K valley and (ii) the Σ valley at
higher energies, and (iii) a distinct suppression of spectral
weight at the Γ-valley VBM. We can attribute these
photoemission signatures to specific exciton species as
follows: The K- and Σ-valley spectral weight result from
the photoelectrons that did belong to excitonswhose electron
component resided in the respective K and Σ valleys
[19,20,28,29,31]. Hence, the K-valley spectral weight is
indicative for the presence of KK and/or ΓK excitons.
Similarly, the Σ-valley spectral weight results from the
breakup of ΓΣ excitons. Intriguingly, the ΓK and ΓΣ
exciton’s hole contributions can also directly be verified
by the observation ofmissing valence band spectral weight at
the VBM of the Γ valley [32]. For a quantitative description,
we evaluate the energies of all contributing bright and dark
excitons (see End Matter) [28,34,53], which are in excellent
agreement with our ab initio calculated results and earlier
photoluminescence experiments [42,43] (see Table I).
Signatures of NEQ exciton occupations in the ultrafast

dynamics—We now consider the delay-resolved experi-
ment to quantify population transfer between the excitonic
states. Importantly, since the photoemission signatures of
the KK and ΓK excitons coincide, we expect unusual
dynamics for photoelectrons detected at the K point.
Figure 3(a) shows the delay-dependent total photoelectron
intensity at the K valley (black circles) and the Σ valley (red
squares), which corresponds to the sum of the population
dynamics of KK and ΓK excitons (signal at K) and ΓΣ
excitons (signal at Σ). The signal at K shows a pronounced

dip around 100 fs and a delayed rise thereafter, which
would not be expected for a simple cascaded population
transfer. We propose that this dip can be understood only if
a NEQ population transfer from ΓK to ΓΣ excitons is
considered: While the population at ΓK is in a NEQ,
excitons that transfer from ΓK to ΓΣ do not contribute to
spectral weight at the K valley, leading to a transient
reduction of the K-valley signal. Simultaneously, photo-
emission spectral weight at the Σ valley increases as ΓΣ
exciton occupation is formed. At later times, the drop of
Σ-valley spectral weight and the second rise at K is caused
by the backtransfer from ΓΣ to ΓK due to thermalization of
the NEQ distribution.
In order to support this proposition, we simulate the

delay- and EðQÞ-dependent population dynamics of KK,
ΓK, and ΓΣ excitons with the exciton density matrix
formalism [31,46] (see Supplemental Material [54]). The
calculated EðQÞ-momentum-integrated population dynam-
ics is overlaid as lines on the experimental data in Fig. 3(a)
(cf. Supplemental Material Fig. S1 [54]). Importantly, we
find that the dip in the experimental K-valley dynamics is
also present in our theoretical analysis, if we consider the
joint occupation dynamics of both excitons that are probed
at theK valley [i.e.,KK and ΓK excitons, solid black line in
Fig. 3(a)].
For a more detailed understanding of the NEQ dynamics,

Figs. 3(b)–3(e) show snapshots of the calculated EðQÞ-
resolved exciton populations. The first observation is that,
subsequent to the optical excitation of bright KK excitons,
intravalley exciton-phonon scattering leads to a broadening
of the KK exciton population to Q momenta outside the
light cone [Figs. 3(b) and 3(c)]. In addition, the emission of
K phonons andM phonons (Σ phonons) enables intervalley

(a) (b) (c)

FIG. 2. Energy- and kk-momentum-resolved photoemission spectra of BL 2H-MoS2. (a),(b) In addition to the valence band structure
at energies E − EK

VBM < 0.5 eV, spectral weight originating from the breakup of excitons is observed at the K and the Σ valley for
E-EK

VBM > 1 eV after optical excitation [(b) at 400 fs]. At 400 fs, a distinct suppression of intensity at the Γ-valley valence band
maximum indicates the presence of excitonic holes in 2H-MoS2 (cf. insets). (c) Energy-distribution curves integrated in a
0.09 × 0.09 Å−2-wide momentum region around the K valley (black), the Σ valley (brown), and the Γ valley (blue).
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hole transfer processes that transfer KK exciton population
to ΓK and intervalley electron transfer processes that
transfer ΓK exciton population to the ΓΣ state, respectively
[15]. Importantly, Fig. 3(c) shows that not only the initial
ΓK, but also the ΓΣ exciton population is clearly in a NEQ
condition. At 120 fs, subsequent intra- and intervalley
exciton-phonon scattering events have lead to the thermal-
ization of the exciton populations and the formation of a
ΓK⇌ΓΣ steady state [Fig. 3(d)]. As the time delay
increases, the major part of the exciton population becomes
of ΓK nature [Fig. 3(e)], because the ΓK exciton state is
energetically most favorable. In particular, we find that
the dynamics can be grouped into the delay regimes of
optical excitation [−100 fs < Δt < 0 fs, red Δt regime in
Fig. 3(a)], intervalley charge-transfer and dark-exciton
formation (0 fs < Δt < 100 fs, blue), and the thermaliza-
tion of the exciton populations (Δt > 100 fs, yellow).
NEQ exciton dynamics probed in the photoemission

spectral function—To capture the NEQ dynamics and the
distinctly different timescales for exciton formation and
thermalization, it is necessary to differentiate Q ≈ 0 and
Q ≠ 0 exciton momentum distributions in the EðkkÞ-
resolved photoemission experiment. It is established that
Q ≈ 0 excitons lead to holelike photoemission signatures
mirroring the kk-dependent valence band dispersion
[29,30]. For thermal and NEQ Q ≠ 0 distributions, how-
ever, so far no experimental signatures have been discussed
in detail. Rustagi and Kemper [39] predicted that NEQ
distributions (Q ≠ 0) should lead to distinct deviations
from the holelike dispersion, including a broadening of

the photoemission spectral weight on the photoelectron
energy- and kk-momentum axis [33].
Guided by the clear experimental and theoretical results

of NEQ dynamics, Figs. 4(a)–4(c) illustrate EðkkÞ-resolved
photoemission snapshots collected at the K valley. As this
spectral weight has contributions from the breakup of KK
and ΓK excitons, it is not possible to directly probe a
signature of the ringlike Q-dependent NEQ occupation for
ΓK excitons in the 60 fs data. Nevertheless, differences in
the momentum-dependent dynamics are clearly identifi-
able, in particular, in the difference map shown in Fig. 4(d)
and in the extracted momentum-filtered energy-distribution
curves in Fig. 4(e).
To quantify the spectral changes systematically, Figs. 4(f)

and 4(g) show the delay dependence of energy-integrated
momentum-distribution curves (MDCs) of the exciton
photoemission signatures at the K and Σ valley. On top of
the color-coded photoemission yield, the lines indicate the
full width at half maximum θi (i ¼ K;Σ) obtained by
Gaussian fits to the MDCs (End Matter). Moreover, the fit
results θi are plotted as a function of delay in Fig. 4(h). First,
for the K-valley spectral weight, we find an increase of θK
that peaks at ≈100 fs and is followed by a subsequent
decrease. Second, at theΣvalley, we observe that θΣ is nearly
constant up to delays of ≈100 fs before it decreases and
saturates on a longer timescale. These observations can now
directly be connected to the formationdynamics of darkNEQ
excitonic occupations and their subsequent thermalization:
For Δt ≈ 0 fs, KK excitons are optically excited and the
small Q-momentum width translates to a comparably small

(a) (b)

(d) (e)

(c)

FIG. 3. Exciton formation and thermalization dynamics in homobilayer 2H-MoS2. (a) Energy- and kk-momentum-integrated excitonic
photoemission spectral weight extracted at the K valley (black circles) and the Σ valley (red squares) as a function of delay together with
microscopic model calculations that capture the NEQ population dynamics of KK (orange), ΓK (violet), and ΓΣ (brown) excitons. Note
that the K-valley (Σ-valley) spectral weight corresponds to the sum of the KK and ΓK populations (the ΓΣ population). The inset
illustrates the exciton scattering cascade KK → ΓK⇌ΓΣ. (b)–(e) Delay-dependent snapshots of the calculated energy- and
Q-momentum-resolved exciton population dynamics for KK, ΓK, and ΓΣ excitons subsequent to the resonant excitation of KK
excitons. Exciton-phonon scattering leads to the formation of a NEQ distribution of KK, ΓK, and ΓΣ excitons (b), (c). Only subsequent
intra- and intervalley scattering processes lead to the thermalization of the exciton population distribution and the establishment of a
ΓK⇌ΓΣ steady state (d), (e).
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θK value [39]. For increasingdelay, θK is expected to increase
for two reasons: First, photoelectrons with slightly larger kk
are detected because of intravalley exciton-phonon scattering
that induces a comparably small Q > 0 KK distribution
[Figs. 3(b) and 3(c)]. Second, intervalley hole transfer leads
to a Q > 0 ΓK exciton population that must strongly
contribute to the measured broadening at K [cf. Fig. 3(c)].
In addition to the NEQ exciton population dynamics in

the KK and ΓK states, we can also analyze the formation
and thermalization dynamics of the NEQ exciton pop-
ulation in the ΓΣ state. Since exciton-phonon scattering
leads to a NEQ ΓΣ exciton occupation, we expect to find a
broad momentum distribution that gradually sharpens
with time. Indeed, for delays as early as the signal-to-
noise ratio allows one to extract θΣ, we find that θΣ
is already at θΣð0 fsÞ ≈ 0.35 Å−1, while the signal in
the K valley is narrower with θKð0 fsÞ ≈ 0.29 Å−1. This
observation aligns with the theoretical model, which
predicts that the ΓΣ population initially forms in a
NEQ distribution.

On the longer timescale, both NEQ exciton populations
at ΓK and ΓΣ are expected to thermalize via additional
exciton-phonon scattering events that dissipate excess energy.
Indeed, θK and θΣ decrease on timescales > 100 fs with
decay constants of τ¼ð170�15Þ fs and τ ¼ ð120� 30Þ fs,
respectively [Fig. 4(h), dotted lines]. Interestingly, the similar
dynamics of the narrowingof theK- andΣ-valleyMDCwidth
supports the theoretical prediction that not only intravalley
exciton-phonon scattering thermalizes theNEQdistributions,
but that phonon emission events mediate efficient intervalley
electron-transfer between ΓK and ΓΣ excitons. Hence, the
excitonic occupation jointly thermalizes toward a ΓK⇌ΓΣ
steady state.
Discussion and outlook—We have shown that the time-,

energy-, and kk-momentum-resolved photoemission experi-
ment provides access not only to bright and dark excitons,
but, by analyzing the delay-dependent evolution of the
photoelectron kk-momentum width, also to the energy-
and Q-momentum-resolved NEQ exciton population
dynamics. Specifically, in BL 2H-MoS2, we have illustrated

(a) (b) (c) (d) (e)

(f) (g) (h)

FIG. 4. Fingerprints for NEQ and thermalized exciton populations. (a)–(c) Photoemission snapshots taken at the K valley at −20, 60,
and 540 fs, respectively. (d),(e) Difference map of the 60 and 540 fs measurement (d) and momentum-filtered energy-distribution curves
(e). (f),(g) Delay-dependent change of energy-integrated MDCs filtered at theK valley (f) and the Σ valley (g) (energy-integration range:
1.5 − 2.4 eV). The solid lines indicate the FWHM θK and θΣ as extracted by fitting the MDCs with Gaussian distributions (see End
Matter). (h) θK (black triangles) and θΣ (brown triangles) as a function of delay. The gray parabolas and dots illustrate the contribution of
Q ≈ 0 excitons during optical excitation (−100 fs < Δt < 0 fs, red delay regime), the formation of Q ≠ 0 excitonic occupations due to
exciton-phonon scattering (0 fs < Δt < 100 fs, blue), and the subsequent thermalization toward Q ≈ 0 (Δt > 100 fs, yellow). The solid
and dotted lines are fits to the data, as summarized in Table II in End Matter.
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that we can directly access the formation dynamics of a
NEQ exciton population of momentum-indirect ΓK and ΓΣ
excitons that subsequently thermalize to a ΓK⇌ΓΣ steady
state. More broadly, our Letter shows how momentum
microscopy gives experimental access to the Q-momen-
tum-resolved dynamics of excitons. Therewith, it will be
possible to study the impact of other Q-momentum-
conserving scattering mechanisms such as Auger recombi-
nation [27] and exchange scattering [16,33]. Moreover, we
emphasize that such direct access to NEQ exciton dynamics
is important for the study of emergent moiré-trapped exciton
states [9–11,32] and for access to even more complex
quasiparticles such as self-hybridized exciton polaritons
[63] or even exciton-polariton condensates [64].
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(London) 587, 214 (2020).

[13] C. Jin, E. Y. Ma, O. Karni, E. C. Regan, F. Wang, and T. F.
Heinz, Ultrafast dynamics in van der Waals heterostructures,
Nat. Nanotechnol. 13, 994 (2018).

[14] X.-X. Zhang, Y. You, S. Y. F. Zhao, and T. F. Heinz,
Experimental evidence for dark excitons in monolayer
WSe2, Phys. Rev. Lett. 115, 257403 (2015).

[15] A. Raja, M. Selig, G. Berghäuser, J. Yu, H. M. Hill, A. F.
Rigosi, L. E. Brus, A. Knorr, T. F. Heinz, E. Malic, and A.
Chernikov, Enhancement of exciton–phonon scattering
from monolayer to bilayer WS2, Nano Lett. 18, 6135
(2018).

[16] X. Jiang, Q. Zheng, Z. Lan, W. A. Saidi, X. Ren, and J.
Zhao, Real-time GW-BSE investigations on spin-valley
exciton dynamics in monolayer transition metal dichalco-
genide, Sci. Adv. 7, eabf3759 (2021).

[17] M. Selig, G. Berghäuser, M. Richter, R. Bratschitsch, A.
Knorr, and E. Malic, Dark and bright exciton formation,

PHYSICAL REVIEW LETTERS 136, 186903 (2026)

186903-6

https://doi.org/10.1002/adma.201903800
https://doi.org/10.1002/adma.201903800
https://doi.org/10.1038/s41699-018-0074-2
https://doi.org/10.1103/RevModPhys.90.021001
https://doi.org/10.1103/RevModPhys.90.021001
https://doi.org/10.1063/5.0107665
https://doi.org/10.1103/PhysRevB.99.125424
https://doi.org/10.1103/PhysRevB.99.125424
https://doi.org/10.1103/PhysRevB.95.115429
https://doi.org/10.1103/PhysRevB.95.115429
https://doi.org/10.1103/PhysRevLett.115.126802
https://doi.org/10.1103/PhysRevLett.115.126802
https://doi.org/10.1038/ncomms15251
https://doi.org/10.1038/s41586-019-0986-9
https://doi.org/10.1038/s41586-019-0975-z
https://doi.org/10.1038/s41586-019-0957-1
https://doi.org/10.1038/s41586-020-2868-6
https://doi.org/10.1038/s41586-020-2868-6
https://doi.org/10.1038/s41565-018-0298-5
https://doi.org/10.1103/PhysRevLett.115.257403
https://doi.org/10.1021/acs.nanolett.8b01793
https://doi.org/10.1021/acs.nanolett.8b01793
https://doi.org/10.1126/sciadv.abf3759


thermalization, and photoluminescence in monolayer tran-
sition metal dichalcogenides, 2D Mater. 5, 035017 (2018).

[18] P. Merkl, F. Mooshammer, P. Steinleitner, A. Girnghuber,
K. Q. Lin, P. Nagler, J. Holler, C. Schüller, J. M. Lupton, T.
Korn, S. Ovesen, S. Brem, E. Malic, and R. Huber, Ultrafast
transition between exciton phases in van der Waals hetero-
structures, Nat. Mater. 18, 691 (2019).
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Appendix A: Sample fabrication—The sample was
prepared by mechanically exfoliating a homobilayer of
2H-MoS2 from a bulk crystal onto a polydimethylsiloxane
substrate. The flake is placed on 36� 1-nm-thick
hexagonal boron nitride [hBN; see Fig. 5(b)] on a
niobium-doped strontiumtitanite substrate (Nb-STO, 0.1%
doping) via dry-transfer stamping [66]. The bilayer
nature of the sample is confirmed via optical contrast
(see Fig. 7). A real space image of the sample acquired
by photoemission electron microscopy is shown in
Fig. 5(a) with the position of the aperture used for the
ARPES measurements marked as a black dashed line.
To prepare the sample for experiments, it is annealed at
670 K for 3 h under ultrahigh vacuum conditions. High
sample quality is confirmed by the presence of clearly
visible bands in the ARPES measurements with minimal
background intensity.

Appendix B: Femtosecond momentum microscopy—A
detailed description of the ultrafast momentum
microscopy setup and its application to exfoliated van
der Waals materials is provided in Refs. [44] and
[31,34,35], respectively. In short, the multidimensional

photoemission data are acquired with a time-of-flight
momentum microscope (ToF-MM, Surface Concept
GmbH) [45], and the extreme-ultraviolet light pulses
(26.5 eV, 20 fs, p-polarized) are generated with a
tabletop high harmonic generation beam line driven by a
300 W fiber laser (AFS Jena) operating at 500 kHz
[44,67,68]. The pump light (1.9 eV, 40 fs, s-polarized,
3 μJ=cm−2 absorbed fluence, 9 × 1012 cm−2 exciton
density) is generated by an optical parametric amplifier
(Light Conversion).
In all experiments reported in the manuscript, we

measure energy- and in-plane momentum-resolved photo-
emission data cubes for selected pump-probe delays. The
cross-correlation of the pump and probe laser pulses is
quantified to 75� 5 fs by evaluating the delay dependence
of the laser-assisted photoelectric effect [68,69]. Before the
data analysis, as detailed in Refs. [31,34], we correct the
multidimensional data for space-charge and photovoltage
effects [70,71].

Appendix C: Estimation of exciton densities—To
determine the density of optically excited excitons in the
sample, the absorbed fluence has to be estimated. The

(a) (b)

FIG. 5. Real space photoemission microscopy and atomic force microscopy (AFM) image of the 2H-MoS2 homobilayer sample.
(a) Image of the 2H-MoS2 homobilayer flake using the photoemission electron microscopy mode of the momentum microscope. The
black dashed circle marks the aperture position used for spatially selective momentum microscopy measurements. The orange polygon
indicates the homobilayer 2H-MoS2 flake; the blue outline marks the hBN buffer layer. Dark regions stem from the Nb-STO substrate.
(b) AFM-image of the 2H-MoS2 flake taken after all momentum microscopy experiments have been performed (blue polygon, hBN;
orange polygon, 2H-MoS2). The red and teal lines mark the extracted height profiles shown in the inset. The thickness of the hBN is
determined to 36� 1 nm.
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spot size of the pump beam is determined in a real-
space-resolved photoemission electron microscopy image
to 215 × 110 μm2. With the work function of the sample
and the used photon energy (1.9 eV), photoemission
occurs in nonlinear order of three. Hence, the actual
pump spot is larger by a factor of

ffiffiffi
3

p
. With the

incident pump power of 25 mW, we calculate the
incident pump fluence 180 μJ=cm2 (500 kHz repetition
rate). Since the incident angle of the s-polarized pump
photons is 22°, following Fresnel equations, 26.3%
of the incident fluence is transmitted into the sample.
A single monolayer MoS2 absorbs 7.3% of the incident
light flux for 1.9 eV photon energy [72]. Assuming
that both layers absorb an equal amount of photons and
using the substrate-dependent correction factor from
Ref. [72] for the underlying hBN, the homobilayer
absorbs approximately 6% of the transmitted fluence.
This results in an exciton density of 9 × 1012 cm−2.

Appendix D: Quantification of exciton energies Ei
exc

with momentum microscopy—Considering the
conservation of energy and momentum during the
breakup of excitons, momentum microscopy can facilitate
the experimental characterization of the energy landscape
of bright and dark excitons [28]. The energy Eelec of the
measured single-particle photoelectron resulting from the
breakup of excitons is given by Eelec ¼ Ehole þ Ei

exc þ ℏω
(ℏω: probe photon energy) [73]. Here, Eelec is referenced
to the energy of the hole, Ehole, and, therefore, to the
corresponding VBM in the specific valley, where the
former exciton’s hole component resides after the breakup
of the exciton by the photoemission process (ℏω: probe
photon energy). For example, for ΓK excitons, this
implies that EΓK

exc can be extracted by calculating the
energy difference between the Γ-valley VBM and the K-
valley exciton photoemission signal [Fig. 2(c)]. The
experimentally quantified energy landscape of all
contributing excitons is summarized in Table I and,
importantly, shows an excellent agreement with the
ab initio calculated exciton energies and earlier
photoluminescence experiments [42,43].

Appendix E: Quantification of the momentum width θi
of the excitonic photoemission signal—The energy- and
center-of-mass momentum-resolved excitonic occupation
is encoded in the in-plane momentum-resolved width of
the photoemission intensity [39]. We quantify this in-
plane momentum width θi for the K- and Σ-valley
excitonic photoemission spectral weight as follows: First,

TABLE I. Low-energy landscape of excitons as extracted with
trARPES, theory, and photoluminescence (PL) [42,43].

Exciton trARPES: Ei
exc (eV)

Theory:
Ei
exc (eV)

PL (eV)
[42,43]

KK 1.90� 0.05 1.89 1.88
KΣ � � � 1.98 � � �
ΓK 1.52� 0.05 1.50 1.5
ΓΣ 1.54� 0.05 1.55 � � �

FIG. 6. Fit of rise and decay of excited state signal. (a) Rise of the excited state signal captured at the K valleys. (b) Single-exponential
fit of the decay of the K-valley signal. (c) The same as (a) for the signal at the Σ valley. (d) Double-exponential fit of the decay of the
Σ-valley signal. The fit results are summarized in Table II.
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the (kx; ky)-momentum-resolved spectral weight is
integrated in energy in a range from 1.5 to 2.4 eV for
all six K or Σ valleys. Second, the momentum maps are
fitted with a 2D-Gaussian distribution with constant
background.

Appendix F: Quantification of the timescales for
exciton formation, thermalization, and decay—Table 2
summarizes the timescales for exciton formation,
thermalization, and decay, as directly quantified from
experiment. Thereby, we evaluate not only the
photoemission spectral weight at the K and the Σ valley,
but also the momentum width θi (i ¼ K;Σ) of the
excitonic photoemission signatures. The respective fits
are shown in Figs. 4(h) and 6.
The rise time of the K- and Σ-valley spectral weight and

also the rise time of the momentum width θK is fit with the
error function

f ¼ A
2

�
1þ erf

�
x − χffiffiffi
2

p
σ

��
: ðF1Þ

Here, the fit parameters are the amplitude A, the position
offset χ, and the delay width σ. Note that the quantity
referred to in the main text as rise time is the full width at

half maximum of the error functions (i.e., 2.355σ). The
lifetime of the K- and Σ-valley spectral weight and also the
decreasing momentum width θK and θΣ are fitted with
single- or double-exponential functions of the form

fðxÞ ¼ A exp

�
−
x − χ

τ

�
ðF2Þ

or

fðxÞ ¼ A1 exp

�
−
x − χ

τ1

�
þ A2 exp

�
−
x − χ

τ2

�
: ðF3Þ

Here, the fit parameters are of two different amplitudes A1

and A2, timescales τ1 and τ2, and the delay offset χ. The
quantity referred to as thermalization timescale is the
weighted mean of τdecay;θ for the K- and Σ-valley momen-
tum widths.

(arb. units)
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FIG. 7. Luminance map of the exfoliated MoS2 flake. Lumi-
nance of an optical microscope image of the exfoliated MoS2
bilayer. The optical density of MoS2 varies with its layer
thickness and, thus, allows for the determination of the number
of layers. The main region of the flake outline by the orange line
is a large bilayer region that was subsequently stamped on the
hBN flake (see Fig. 5).

TABLE II. Overview of the fit results for the rise and decay of
K- and Σ-valley excited state spectral weight, as well as the rise
and decay of the momentum width θK and θΣ. The fits are shown
in Figs. 4(h) and 6.

K-valley intensity Σ-valley intensity

σrise (fs) 46� 3 57� 2
χrise (fs) −36� 2 5� 2

τdecay (fs) 3200� 200 � � �
τfast (fs) � � � 290� 50
τslow (fs) � � � 3700� 200

K-valley FWHM Σ-valley FWHM
σrise;θ (fs) 36� 7 � � �
χrise;θ (fs) 25� 5 � � �
τdecay;θ (fs) 170� 13 120� 30
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