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A B S T R A C T

The quasiparticle spectra of atomically thin semiconducting transition metal dichalcogenides (TMDCs) and
their response to an ultrafast optical excitation critically depend on interactions with the underlying substrate.
Here, we present a comparative time- and angle-resolved photoemission spectroscopy (TR-ARPES) study of the
transient electronic structure and ultrafast carrier dynamics in the single- and bilayer TMDCs MoS2 and WS2
on three different substrates: Au(111), Ag(111) and graphene/SiC. The photoexcited quasiparticle bandgaps
are observed to vary over the range of 1.9–2.5 eV between our systems. The transient conduction band signals
decay on a sub-50 fs timescale on the metals, signifying an efficient removal of photoinduced carriers into the
bulk metallic states. On graphene, we instead observe a fast timescale on the order of 170 fs, followed by a
slow dynamics for the conduction band decay in MoS2. These timescales are explained by Auger recombination
involving MoS2 and in-gap defect states. In bilayer TMDCs on metals we observe a complex redistribution of
excited holes along the valence band that is substantially affected by interactions with the continuum of bulk
metallic states.
1. Introduction

Semiconducting transition metal dichalcogenides (TMDCs) in the
2𝐻 structural modification with the formula unit MX2 (M = {Mo, W};
X = {S, Se}) have attracted sustained attention due to their indirect-
to-direct bandgap crossover upon thinning to the single layer (SL)
limit [1–3]. The bandstructure in this class of materials can addi-
tionally be externally tuned via strain [4,5], as well as doping via
alkali adsorption [6–9], electrostatic gating [10–13] and substrate in-
teractions [14–18]. Compared to conventional bulk semiconductors,

∗ Corresponding author.
E-mail address: ulstrup@phys.au.dk (S. Ulstrup).

SL TMDCs exhibit exceptionally large exciton and trion binding ener-
gies due to reduced dielectric screening of Coulomb interactions in the
2D material [1,14,16,19–21]. Moreover, broken inversion symmetry in
the trigonal prismatic unit cell of a SL provides a possibility for spin-
selective excitation of carriers around the direct bandgap at the K̄ and
K̄′ valleys of the materials using circularly polarized light [22–24].
The high degree of control over the electronic properties and strong
light-matter interactions elevate semiconducting TMDCs to promising
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candidates for realizing novel applications in photonics, optoelectronics
and spintronics [25–28].

Successfully integrating TMDCs with such applications requires a
complete understanding of interactions with the underlying substrate
and precise control of the quasiparticle and free carrier dynamics
induced by an optical excitation. It has been shown that metallic
substrates strongly influence the bandstructure of the TMDCs. For
example, an insulator-to-metal phase transition of SL WS2 and MoS2
as been observed on Ag(111) due to hybridization of TMDC bands
ith the underlying metallic states [29–31]. A significant substrate-

nduced bandgap renormalization has been observed in the TMDCs due
o dielectric screening [14–16]. The optical pulse itself can also lead
o bandgap renormalization by creating a large population of strongly
creening free carriers [32–34]. Furthermore, the optoelectronic prop-
rties of TMDCs are sensitive to defects, which may be intentionally or
nadvertently introduced during or post synthesis [35], and which play
role in the ultrafast dynamics [36–39].

Time- and angle-resolved photoemission spectroscopy (TR-ARPES)
as provided important insights to the energy- and momentum-
ependent ultrafast carrier dynamics of TMDCs, directly revealing
enormalization of the quasiparticle bandgap and the associated free
arrier dynamics in SL MoS2 [34,40], as well as interlayer carrier
njection in a heterostructure composed of SL WS2 and graphene [41].

Control of spin- and valley-dynamics has been demonstrated via circu-
lar dichroism in polarization dependent TR-ARPES on SL WS2 [24,42].
In contrast, interlayer interactions in bilayer (BL) MoS2 have led to the
isualization of a momentum-dependent linear dichroism effect [43].
urthermore, layer- and valley-selective optical excitations and inter-
alley scattering processes have been studied by TR-ARPES on bulk
MDCs [44–47].

Here, we present a comparative TR-ARPES study of single- and
ilayers of MoS2 and WS2 on Au(111), Ag(111) and graphene/SiC
ubstrates. We combine a new analysis of our previous TR-ARPES
easurements of SL MoS2/Au(111) [40], SL MoS2/graphene [34],

L WS2/Ag(111) [24] and BL MoS2/Ag(111) [43] with new TR-ARPES
esults on BL WS2/Au(111). We contrast the ultrafast dynamics in
L MoS2 on the graphene substrate with samples supported on the
etallic substrates. The photoexcited quasiparticle bandgaps are com-
ared across these systems, demonstrating an overall variation in gap
ize of 0.6 eV. The impact on the carrier dynamics of shifting the
alence band maximum (VBM) from K̄ in a SL to Γ̄ in a BL and
he associated interplay with bulk metallic states are determined, re-
ulting in a complex picture of excited hole scattering in BL TMDCs
upported on metals. Our work emphasizes the strong substrate depen-
ence of carrier dynamics in SL and BL TMDCs from the perspective
f TR-ARPES, providing an outset for expanding this methodology to
dvanced heterostructures and devices based on the TMDCs.

. Experimental

The synthesis of our TMDC SL and BL samples generally follows the
rocedure of evaporating Mo or W onto a given substrate in ultra-high
acuum, followed by annealing in a low background pressure of H2S.
or details we refer to Ref. [48] (MoS2/graphene), Refs. [43,49,50]
MoS2 on Au(111) and Ag(111)) and Refs. [29,51] (WS2 on Au(111)
nd Ag(111)).

The TR-ARPES measurements were performed at Artemis at the
entral Laser Facility, Rutherford Appleton Laboratory. The experimen-
al setup is presented schematically in Fig. 1(a). All the samples were
ptically excited with a 2 eV pump pulse, which is near-resonant with
he quasiparticle bandgaps of our systems. The fluence of the pump
eam was kept at approximately 3.0 mJ/cm2 in order to maximize the
ump–probe signal while avoiding space–charge effects [52]. This is
he laser fluence impinging on the sample, which is not corrected for
he absorption of the different systems. All SL samples were probed
ith 25-eV extreme ultraviolet (XUV) pulses, while the BL samples
2

ere probed with 32.5-eV pulses. The probe pulses in all cases were
roduced via high harmonic generation in an argon gas jet. Both
ump and probe beams were kept linearly polarized in these measure-
ents. The time, energy and angular resolution were approximately
0 fs, 400 meV and 0.2◦, respectively. The photoemission intensity
as collected along the Γ̄-K̄ high-symmetry direction of the hexagonal
rillouin zone (BZ), providing access to the dispersion around the direct
andgap at K̄ of MoS2 and WS2, as sketched in Fig. 1(b).

3. Results and discussion

3.1. Snapshots of excited free carriers

We first survey the energy- and momentum-dependent changes to
the photoemission intensity around K̄ following optical excitation, com-
paring the systems sketched in Fig. 1(c). TR-ARPES spectra measured
in equilibrium conditions before optical excitation (𝛥𝑡 < 0) are shown
in Fig. 1(d). The changes following optical excitation are presented
in Fig. 1(e) via the difference in photoemission intensity between
the equilibrium spectra in Fig. 1(d) and the corresponding spectra
taken shortly after the arrival of the pump pulse (𝛥𝑡 = 40 fs). The
red/blue contrast corresponds to gain/loss signal, which stems from
three primary effects: (i) Filling/depletion of excited electrons/holes in
the associated states, (ii) rigid band shifts caused by renormalization of
the bandgap, and (iii) linewidth broadening of the bands that reflects
the optically induced change of intrinsic quasiparticle lifetime [53–55].

The intensity difference for SL MoS2/graphene is dominated by
the loss signal (blue) in the valence band (VB) accompanied by a
stark gain signal (red) directly above it, indicating a rigid shift of the
band position in addition to the expected depletion. A flat region of
intensity depletion and gain appears pinned to 𝐸𝐹 . This suggests that
the excitation leads to a significant population of in-gap states (IGS)
that arise from defects in the sample. The intensity difference in the IGS
above 𝐸𝐹 is mixed with that of the finite population of free carriers in
the conduction band minimum (CBM) [34].

For SL MoS2/Au(111), BL MoS2/Ag(111) and SL WS2/Ag(111), the
difference spectra primarily display a localized gain of intensity in
the conduction band (CB) and a corresponding loss in the VB around
K̄, consistent with the presence of excited free electrons and holes in
these states. A faint gain signal immediately adjacent to the central loss
region in the VB could emerge from either a minute rigid shift of the
bands or a slight broadening effect caused by the optical excitation.

The intensity difference of BL WS2/Au(111) appears more complex
than for the other systems. In particular, the system displays a flat
gain signal directly above 𝐸𝐹 , indicating a prominent filling of IGS.
Further above 𝐸𝐹 , a localized gain signal is indicative of the local CBM
of BL WS2 at K̄. The substantial gain/loss signal surrounding the VB
indicates a more pronounced linewidth broadening in this system.

3.2. Extraction of photoexcited quasiparticle bandgaps

We obtain a quantitative estimate of the photoexcited direct
bandgap, 𝐸𝑔 , at K̄ by analyzing energy distribution curves (EDCs) of the
intensity difference, binned ±0.1 Å−1 around K̄. The EDCs are presented
via green curves in Fig. 2(a). A multi-peak fit to Voigt functions on a
polynomial background (smooth curves) permit a decomposition of the
EDCs into single component peaks, as shown via filled red (blue) areas
that signify gain (loss) in the photoemission signal. These are referred to
as gain and loss peaks in the following discussion. We choose to analyze
EDCs of the intensity difference instead of EDCs obtained from the raw
spectra, as the complex background signal, that strongly varies between
the systems (see Fig. 1(d)), is removed in the difference spectra. This
introduces a small error of maximum 40 meV when comparing the
extracted band position of the difference and raw EDCs.

In the VB region, the EDC for SL MoS2/graphene displays negative
and positive peaks adjacent to each other. This is caused by a rigid
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Fig. 1. (a) Sketch of TR-ARPES setup. (b) Brillouin zone (BZ) with TR-ARPES 𝑘-space cut indicated by blue and green lines for MoS2 and WS2, respectively. The cut provides
access to the VB and CB dispersion around the direct gap of MoS2 and WS2, sketched within the dashed boxes. (c) Side-view diagrams of the systems studied in this work. (d)
Photoemission intensity obtained for each system in equilibrium conditions before arrival of the pump pulse (𝛥𝑡 < 0). (e) Photoemission intensity difference at the peak of optical
excitation (𝛥𝑡 = 40 fs). Each spectrum in (d)–(e) was obtained around K̄ and corresponds to the system sketched in the same column in (c). The position of 𝐸𝐹 is indicated by a
horizontal dashed line.
Fig. 2. (a) EDCs of the intensity difference (green curves) extracted by integrating the
photoemission intensity difference over a region of ±0.1 Å−1 around K̄. The smooth
curves represent fits to a multi-peak Voigt function on a polynomial background. Fitted
peak components are shown via filled red (intensity gain) and blue (depletion) areas.
(b)–(c) Positions of (b) CBM and (c) VBM extracted from the EDC analysis in (a). (d)
Resulting direct bandgap at K̄. The numbering of systems on the horizontal axis of
(b)–(d) is referenced to the five systems in (a).

energy shift due to a bandgap renormalization induced by the photoin-
duced free carriers [34,56]. The VBM extracted from the equilibrium
spectra coincides with the loss peak minimum. Around 𝐸𝐹 , the larger
amplitude of the gain peak compared to the loss peak is interpreted as
a sign of the IGS superimposed on the excited CBM signal. We assume
that the CBM coincides with the position of the gain peak maximum
3

above 𝐸𝐹 . For the SL TMDCs and BL MoS2 on metallic substrates, the
isolated gain peaks above 𝐸𝐹 clearly indicate the CBM energies. The
VBM energies are obtained from the corresponding loss peaks below
𝐸𝐹 . The slight broadening that is observed around the VB for these
systems in Fig. 1(e) is accounted for in the fit via the polynomial
background. In BL WS2/Au(111), the two gain peaks above 𝐸𝐹 permit
us to separate the IGS and CBM by their positions in energy, IGS being
the closest to 𝐸𝐹 , for the further analysis. The two adjacent VB loss
peaks observed for SL and BL WS2 reflect the spin-split VB states that
are separated by 420 meV [51].

The fitted peak positions corresponding to the CBM and VBM are
presented in Figs. 2(b)–(c). For all the investigated samples, 𝐸𝐹 is
situated closer to the CBM than the VBM, indicating 𝑛-type doping.
This is consistent with theoretical work, where the doping is attributed
to the metal work function modification upon charge redistribution at
the interface as well as the appearance of gap states of predominantly
metallic 𝑑-orbital character [57,58]. We note that hybridization with
substrate states can also shift and distort bands [15,59]. The VB at
K̄ is situated at a higher binding energy for MoS2 and WS2 samples
supported on Ag(111) compared to their counterparts supported on
Au(111), which is a result of Fermi level pinning due to different sub-
strate work functions [29]. In SL MoS2/graphene and BL WS2/Au(111)
the Fermi level is pinned by the IGS.

In Fig. 2(d), we show the size of the quasiparticle bandgaps deter-
mined from the VBM and CBM energies. For the MoS2 samples, the
value of the bandgap is slightly overestimated since we are unable
to resolve the spin-splitting of 145 meV [6], moving the negative
intensity difference peak to the middle of the split bands. The quasi-
particle bandgap of ≈2.5 eV for the quasi-freestanding SL MoS2 on
graphene is significantly larger than that for samples on metallic sup-
ports due to weaker dielectric screening and absence of hybridization
between TMDC and substrate electronic bands. In optically excited SL
MoS2/graphene, the bandgap is reduced by the free carrier density,
which shifts the CB and VB towards each other [34]. For TMDCs on
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Fig. 3. (a) Intensity difference at the peak of excitation for (left) SL MoS2/graphene and (right) underlying graphene around the Dirac point K̄𝐺 . (b) Integrated photoemission
intensity difference (markers) as a function of time within the corresponding boxed regions shown in (a). Smooth curves represent fits to exponential functions convoluted with
a Gaussian function that accounts for the temporal resolution. The dynamics in the CB and IGS of SL MoS2/graphene are described by biexponential functions, while the other
regions are described by single exponentials. (c)–(f) Similar analysis as in (a)–(b) presented for (c)–(d) SL MoS2/Au(111) and BL MoS2/Ag(111) and (e)–(f) SL WS2/Ag(111) and
BL WS2/Au(111). In (f), the dynamics in the VB and IGS of BL WS2/Au(111) are described by biexponential functions while the remaining dynamics are described by single
exponentials.
metal supports, the bandgaps are substantially renormalized by the
strong dielectric screening from the substrate, reaching a minimum of
≈1.9 eV. Interestingly, we observe a somewhat larger direct bandgap
of ≈2.2 eV in BL WS2/Au(111). This may be explained by the global
minimum of the CB shifting away from K̄ to the Σ̄ valley between Γ̄
and K̄ in BL WS2 [60], pushing the energy of the CB states at K̄ further
from the VB.

3.3. Analysis of carrier relaxation timescales

The time-dependent evolution of the excitation and ensuing recom-
bination processes in our systems is investigated by integrating the
4

normalized intensity difference within boxes around the (𝐸, 𝑘)-regions
containing the CBM and VBM at K̄, as well as an IGS region away from
K̄, as shown for each system in Figs. 3(a), 3(c) and 3(e). The resulting
time-dependence of integrated intensity difference, denoted by 𝛥𝐼𝑁 , is
shown for each system in Figs. 3(b), 3(d) and 3(f). The characteristic
decay time constants of the signals for each system are extracted by
fitting with exponential functions convoluted with a Gaussian temporal
resolution function. The resulting decay constants for the CBM, VBM
and IGS regions are summarized in Table 1 and discussed further below.

In SL MoS2/graphene the VB signal is described by a single expo-
nential function with time constant (355 ± 37) fs, while the CB signal is
described by a fast decay of (171 ± 28) fs followed by a slow dynamics
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Table 1
Relaxation timescales resulting from the fits in Figs. 3(b), 3(d) and 3(f). The quasiparticle bandgaps resulting
from the analysis in Fig. 2(d) have been added for completeness.
System 𝐸𝑔 (eV) 𝜏CB (fs) 𝜏VB (fs) 𝜏IGS (fs)

SL MoS2/graphene 2.33 ± 0.10 171 ± 28 355 ± 37 157 ± 23
SL MoS2/Au(111) 2.00 ± 0.04 33 ± 20 30 ± 20 –
BL MoS2/Ag(111) 1.89 ± 0.01 34 ± 20 30 ± 20 –
SL WS2/Ag(111) 1.92 ± 0.05 49 ± 20 72 ± 34 –
BL WS2/Au(111) 2.19 ± 0.18 30 ± 20 43 ± 20 84 ± 27
Fig. 4. (a)–(b) ARPES intensity of (a) BL MoS2/Ag(111) and (b) BL WS2/Au(111) along Γ̄-K̄ before optical excitation. (c)–(d) Corresponding intensity difference between spectra
acquired at the peak of excitation (𝛥𝑡 ≈ 40 fs) and the equilibrium spectra in (a)–(b). (e) EDCs (green curves) of the intensity difference obtained at Γ̄ in (c)–(d). Smooth curves
represent multi-peak Voigt function fits with fitted peak components shown via filled red (intensity gain) and blue (depletion) areas. (f) Change of spectral weight along the VB
between equilibrium and peak excitation. (g)–(h) Schematic representation of possible electron (filled red circles) and hole (empty blue circles) recombination processes. In (g)
the BL MoS2 bandstructure is sketched and color-coded according to the orbital character of the bands, based on calculations from Refs. [61–63]. In (h), the similar sketch of the
BL WS2 bandstructure is based on the calculations in Refs. [60,62]. The dashed horizontal line indicates the IGS. Gray and yellow shading in (g)–(h) represent the projected bulk
bandstructure of Ag(111) and Au(111), respectively, adapted from Refs. [29,64].
that extends outside our detection window. The different timescales are
caused by slow- and fast-acting recombination mechanisms between the
CB, VB and IGS states [36]. The time-dependence of the corresponding
excitation and relaxation processes in the underlying graphene in the
boxes around the Dirac cone at K̄𝐺, shown in Fig. 3(a), is inspected in
order to determine whether there is any charge transfer between MoS2
and graphene. We observe that the electron and hole signals are highly
symmetric in graphene, the rise-time of the signals is identical with
what we see in MoS2, and the subsequent relaxation is much faster
in graphene. These observations do not clearly indicate charge trans-
fer processes, however, we cannot rule out that such charge transfer
dynamics is faster than we can resolve or that the associated signals
would evade observation with our signal-to-noise ratio. We also note
that the graphene and MoS2 lattices are predominantly rotated by 30◦

with respect to each other as the result of our growth method [48],
preventing hybridization between the Dirac cone and the MoS2 VBM
and CBM states and thereby removing any efficient charge transfer
channels.

In MoS2 on metallic substrates and SL WS2 on Ag(111), the recombi-
nation dynamics is significantly faster. For SL and BL MoS2, the signal is
symmetric between VB and CB. It can be described with a single decay
constant around 30 fs, which is comparable to our time-resolution. In
SL WS2, the extracted decay time is slightly higher, ≈50 fs for the CB
and ≈70 fs for the VB. These ultrafast relaxation processes proceed
via electron–hole pair recombination involving the bulk continuum of
states in the metal substrates [40]. For BL WS2/Au(111) the excited
CB signal displays a similar ultrafast decay. However, the VB and IGS
5

signals are described by a fast component that is ≈40 fs for the VB
and ≈80 fs for the IGS, followed by a slow decay that is outside our
detection window.

In all the systems considered here, the decay of photoexcited carri-
ers proceeds several orders of magnitude faster than in large bandgap
bulk semiconductors, where the direct band-to-band recombination of
the photoexcited carriers occurs on timescales varying from hundreds
of picoseconds in GaAs [65], to tens of nanoseconds in rutile TiO2 [66].

3.4. Dynamics along Γ̄-K̄ in bilayers

In bilayer TMDCs, the interaction of the out-of-plane orbitals be-
tween the two layers causes a bonding–antibonding splitting of the VB
states at Γ̄, which ultimately shifts the VBM to Γ̄ [49,60,61,63]. By
analyzing TR-ARPES spectra obtained along the full Γ̄-K̄ line we are
able to evaluate how the shift of the VBM away from K̄ influences
carrier dynamics in the BL systems.

In Figs. 4(a)–(b), we present ARPES spectra along Γ̄-K̄ of
BL MoS2/Ag(111) and BL WS2/Au(111) taken before the arrival of
the pump pulse. The primary distinction between the two systems is
that the VBM at Γ̄ is clearly visible in WS2, but faded in MoS2 as
a consequence of photoemission matrix element effects. The corre-
sponding difference spectra between equilibrium and peak excitation
spectra are shown in Figs. 4(c)–(d). EDCs of the intensity difference
at Γ̄ are presented in Fig. 4(e), following a similar analysis as for the
corresponding EDCs at K̄ in Fig. 2(a). The VB splitting is evident in BL
MoS in the intensity difference, leading to a value of (690±30) meV via
2
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our fits of the EDCs. For BL WS2 we determine a value for the splitting
of (680 ± 20) meV from the raw spectrum in Fig. 4(b).

We determine the change of spectral weight, 𝛥𝐴, along the VB
y extracting EDCs of the raw TR-ARPES spectra and calculate the
hange of the area under the VB peak between equilibrium and ex-
ited state EDCs. We perform this EDC analysis at each 𝑘 between
̄ and K̄ in bins of ±0.1 Å−1. The value 𝛥𝐴 is proportional to the
number of excited holes in a given part of the band [34], neglecting
any optically induced changes to the photoemission matrix element
effects [43,67,68]. The extracted dependence of 𝛥𝐴 on 𝑘 is presented
n Fig. 4(f). In BL MoS2/Ag(111), the signal from excited holes peaks
round K̄, and is significantly reduced, but not removed, along the
and towards Γ̄. This appears rather surprising as one would anticipate
he holes to accumulate around the minimum energy state at the VBM
t Γ̄. A possible explanation involves the change of orbital character

of the bands from K̄ to Γ̄ and the location of bulk states of the
g(111) substrate, which are summarized in Fig. 4(g). At K̄ the in-
lane 𝑑𝑥𝑦∕𝑑𝑥2−𝑦2 orbital character of the VB results in weaker coupling
o the substrate compared to the out-of-plane 𝑑𝑧2 orbital character
round Γ̄ [62,63,69]. Moreover, the latter states are fully overlapped
n energy and momentum with metallic bulk states, facilitating effi-
ient hybridization between these BL MoS2 states and the substrate.
lectron–hole recombination processes involving these states therefore
roceed efficiently via Auger processes, as sketched in Fig. 4(g).

In BL WS2/Au(111), the photoexcited holes in the VB have com-
eting scattering channels available: They can either decay into the
etallic states, or they can recombine with the IGS, as seen via the

ime dependent dynamics in Fig. 3(f). Furthermore, the energy- and
omentum-dependence of the bulk continuum of metallic states in
u(111) leads to a peculiar situation where the states at the VBM of BL
S2 are located in the projected bulk gap of the Au(111) at Γ̄, as shown

n Fig. 4(h). This leads to a less efficient coupling with the substrate and
peaked concentration of holes at the top of the VB, which is seen via

he loss signals around −1 eV in Figs. 4(d)–(e) and the spikes in the
reen curve at Γ̄ in Fig. 4(f). The remaining gain signals likely result
rom the additional IGS scattering channels.

Our analysis thus reveals a complex dependence of carrier dynamics
n BL TMDCs on the interaction with underlying substrate states and
he orbital characters of the TMDC VB states. When considering the
onsequences of this dynamics for the use of the SL semiconductors
n devices, the efficient removal of carriers demonstrated on the metal
ubstrates would be advantageous around electrodes in a device based
n TDMCs. On the other hand, clean access to the ultrafast dynamics of
MDCs along the entire top-most VB requires substrates without elec-
ronic states in this region, such as oxide insulators [70] or hexagonal
oron nitride [9].

. Conclusion and outlook

In summary, we have determined the influence of graphene, Au(111)
nd Ag(111) substrates and the presence of IGS on the ultrafast dy-
amics of SL and BL MoS2 and WS2. On Au(111) and Ag(111), the
uasiparticle bandgap is significantly reduced, reaching ≈1.9 eV, com-
ared to the value of ≈2.5 eV determined on the graphene substrate. In
he TMDCs supported on metals we found an ultrafast relaxation of the
ignal on the order of our 40 fs time-resolution. This behavior reflects
he efficient electron–hole pair recombination channels provided by the
ubstrates. On the weakly-interacting graphene the dynamics in the
djacent SL MoS2 was more strongly dominated by interactions with
GS that led to a fast timescale on the order of 170 fs followed by a
low decay in the CB states.

In the future, we hope to extend this work to TMDC samples on in-
ulating substrates such as metal oxides [70,71], as well as TMDC-based
eterostructures [58,72]. Indeed, TR-ARPES studies on SL semicon-
ucting TMDCs have until recently been limited by flake sizes that
re small (on the order of 10 μm) compared to the typical XUV beam
6

ize. As the TMDC growth technology is maturing, synthesis of large,
ingle-orientation MoS2 and WS2 flakes has become possible on a
ange of substrates [50,71,73], and a variety of sample infrastructures
an be engineered by van der Waals pick-up transfer methods [74].
urthermore, the application of photoemission electron microscopes to
ump–probe experiments [75,76] allows for the combination of time-
nd momentum-resolved spectra with imagining at the microscale.

full understanding of the nuanced interfacial interactions on the
lectronic structure of the TMDCs and their heterostructures will have
n invaluable impact for tailoring optoelectronic devices.

The research data supporting this publication can be accessed at
ttps://doi.org/10.17630/fcadc584-fdd7-4b8b-ae68-371135564c0c
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