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ABSTRACT:Electron transport across the transition-metal dichalcoge-
nide (TMD)/metal interface plays an important role in determining the
performance of TMD-based optoelectronic devices. However, the
robustness of this process against structural heterogeneities remains
unexplored, to the best of our knowledge. Here, we employ a
combination of time-resolved photoemission electron microscopy (TR-
PEEM) and atomic force microscopy to investigate the spatially resolved
hot-electron-transfer dynamics at the monolayer (1L) MoS2/Au inter-
face. A spatially heterogeneous distribution of 1L-MoS2/Au gap
distances, along with the sub-80 nm spatial- and sub-60 fs temporal
resolution of TR-PEEM, permits the simultaneous measurement of
electron-transfer rates across a range of 1L-MoS2/Au distances. These decay exponentially as a function of distance, with an
attenuation coe� cient� � 0.06± 0.01 ÅŠ1, comparable to molecular wires.Ab initiosimulations suggest that surface plasmon-
like states mediate hot-electron-transfer, hence accounting for its weak distance dependence. The weak distance dependence
of the interfacial hot-electron-transfer rate indicates that this process is insensitive to distance� uctuations at the TMD/metal
interface, thus motivating further exploration of optoelectronic devices based on hot carriers.
KEYWORDS:transition-metal dichalcogenides, TMD/metal interface, hot carriers, time-resolved photoemission electron microscopy,
ultrafast spectroscopy

T ransition-metal dichalcogenide monolayers (1L-
TMDs) have electronic and optoelectronic proper-
ties1Š4 of technological signi� cance, such as direct

band gaps,5,6 large exciton binding energies (0.24Š0.96
eV),7Š9 high carrier mobilities (� 101Š103 cm2·V·sŠ1),10Š12

superconductivity,13,14 large nonlinear optical susceptibilities
[ � (2) � 10Š12 m·VŠ1, � (3) � 10Š17Š10Š19 m2·VŠ2],15 and the
addressability of the energetically degenerate K or K� valleys by
valley-selective photoexcitation.16,17 As a result of these
properties, along with the ability to fabricate TMDs on
wafer-scale,3,18Š20 these have found applications in photo-
detectors,21Š23 photovoltaics,24 phototransistors,25,26 and light-
emitting diodes.27Š29

In TMD-based devices, the TMD layer contacts a metal
structure that is part of the electrical circuitry.30 Electron
transport at the TMD/metal interface therefore plays a crucial
role in determining the� nal performance.31 While much work
has been done to explore means of minimizing the contact
resistance at TMD/metal interfaces,32Š35 less known is how

interfacial structural heterogeneities in� uences electron trans-
port e� ciency. For example, in TMD-based thin-� lm
transistors, irregularities at the TMD/metal interface result in
a distribution of voltages across it, leading to contact
noise.36Š40

Studies of carrier dynamics provide insight into the
electronic transport properties of materials.41,42 While
phenomena such as electronŠelectron43 and electronŠphonon
scattering,43 bandgap renormalization,44 exciton formation,45

di� usion,46 and annihilation,47 and carrier recombination48 in
TMDs have been investigated by ultrafast spectroscopy,49 the
dynamics of electron transport across TMD/metal interfaces is
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still unexplored, to the best of our knowledge. Most time-
resolved studies of TMDs are based on spatially averaged
measurements, which do not address the e� ect on the carrier
dynamics of spatial heterogeneity induced by defects. Time-
resolved photoemission electron microscopy (TR-PEEM),
which combines temporal and spatial resolution, was extended
from studies of plasmon-polariton dynamics of metallic
nanostructures50 to visualize the spatially heterogeneous carrier
dynamics of semiconductors,51Š53 including TMDs.54 Its
spatial resolution, up to� 4 nm,55 makes it well-suited for
investigating spatially resolved electronic transport at the
TMD/metal interface.

Here, we employ TR-PEEM to investigate hot-electron
transfer at the 1L-MoS2/Au interface. Electrons injected into

the 1L-MoS2 conduction band undergo ultrafast transfer to the
Au substrate on a� 0.4 ps time scale. The lifetime map reveals
spatially heterogeneous hot-electron-transfer rates, which
correlate to the spatial distribution of 1L-MoS2/Au distances,
as revealed by atomic force microscopy (AFM). The
exponential distance dependence of the electron-transfer rate
is characterized by an attenuation coe� cient� � 0.06± 0.01
ÅŠ1, comparable to molecular wires.56 Ab initiosimulations
shed light on the origin of this small� value. The weak
distance dependence suggests that interfacial hot-electron
transfer is insensitive to distance� uctuations at TMD/metal
interfaces, hence providing impetus for the exploration of
optoelectronic devices that harness hot carriers.

Figure 1. Spectroscopy of 1L-MoS2 on Au. (a) Raman spectrum and� t to the sum of two Lorentzians. (b) PL spectra of 1L-MoS2/SiO2 and
1L-MoS2/Au collected under identical conditions.

Figure 2. TR-PEEM probing of ultrafast electron transfer at the 1L-MoS2/Au interface. (a) Optical image of 1L-MoS2/Au, showing the
outline of the region of interest. Broken regions allow access to the Au substrate (brighter areas). (b) 2.41 eV photoexcitation of 1L-MoS2/
Au followed by 3.61 eV probe ejects photoelectrons from 1L-MoS2, collected and imaged by PEEM as a function of pumpŠprobe time delay.
(c) Band alignment of 1L-MoS2/Au, indicating the process of injection of electrons from Au into the 1L-MoS2 conduction band, followed by
electron transfer from 1L-MoS2 to Au. TR-PEEM probes the population of conduction-band electrons in 1L-MoS2 as a function of pumpŠ
probe time delay, givingkET.
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RESULTS AND DISCUSSION

Figure 1a is a representative Raman spectrum of a 1L-MoS2
� ake used for our experiments. The positions of the two main
peaks are� 385.4 cmŠ1 for the in-planeE� mode, and� 404.9
cmŠ1 for the A1� out-of-plane mode.57,58 The di� erence
between these modes is� 19.4 cmŠ1, consistent with 1L-
MoS2.

57,58 Photoluminescence (PL) spectra of 1L-MoS2/Au
and 1L-MoS2/SiO2 under identical conditions are inFigure 1b.
The red curve is the PL spectrum of 1L-MoS2/SiO2. We assign
the high-energy emission (� 616 nm, � 2.01 eV) to the
recombination of B-excitons5 and the lower energy one (� 664
nm,� 1.87 eV) to A-excitons.5 The second-derivative spectrum
shows the existence of a feature, red-shifted� 42 meV from the
A-exciton transition (seeFigure S2of the Supporting
Information). This red-shift is consistent with the range of
binding energies for the AŠ trion;59 therefore, we assign it to
the AŠ trion PL. The blue curve is the 10×-magni� ed PL
spectrum of 1L-MoS2/Au, quenched by a factor� 19 ± 3
relative to the PL of 1L-MoS2/SiO2, possibly indicating
electron transfer from MoS2 to Au, suppressing radiative
recombination.60Š62 The PL yield and lifetime of TMDs can
also be in� uenced by the substrate in other ways, such as its
doping concentration,63Š66 interfacial electronŠphonon cou-
pling,67 dielectric tuning of excitonŠexciton annihila-
tion,65,68,69 and � eld enhancement by the dielectric environ-
ment.65 Plasmon-enhanced PL is not relevant in our work,
given that quenching of PL is instead observed. Strong
coupling between 1L-MoS2 and Au could potentially occur,
although its observation typically requires the embedding of
the TMD in a microcavity or in a plasmonic structure.70 Here,
1L-MoS2 is placed on an Au-coated substrate, making strong
lightŠmatter coupling unlikely. A hallmark of strong coupling
is the splitting of the exciton transition energy, observable in
both the dark-� eld scattering and PL spectra.71 Such a peak
splitting is not observed in the PL spectra ofFigure 1b, thus
further ruling out strong lightŠmatter coupling.

Photoexcitation of 1L-MoS2/Au (Figure 2a) at 2.41 eV
results in the injection of electrons into the conduction band of
1L-MoS2 (Figure 2b). These are subsequently ejected by a
3.61 eV UV probe pulse and refocused by a column of electron
optics onto a 2D array detector, giving rise to the PEEM signal
(Figure 2b). Based on the lateral momentum conservation
requirements in photoemission72 and the use of 3.61 eV probe
pulses, we infer that direct injection of electrons in the
conduction band of MoS2 does not yield electrons in the probe
window of the PEEM instrument (seeSupporting Information
for further details). On the other hand, photoexcitation of
electrons near the Au Fermi level,EF, creates hot electrons,73

which then undergo ultrafast injection into the high-energy
conduction-band states of 1L-MoS2, from which they can be
photoemitted in the instrument probe window (Figure 2c).

TR-PEEM images for various pumpŠprobe time delays are
shown inFigure 3a. The temporal evolution of the TR-PEEM
signal, spatially integrated over a 1L-MoS2 region of interest, is
reported inFigure 3b. The signal exhibits a prompt (� 50 fs,
setup limited) response at time-zero, coincident with the peak
of the signal from the Au substrate, followed by a delayed rise,
to give a secondary peak that eventually decays on a sub-ps
time scale. The signal prior to and at time-zero arises from the
3.61 eV pump and 2.41 eV probe in the pulse overlap region.54

At a negative time delay, photoexcitation by the 3.61 eV pulse
populates the 1L-MoS2 conduction band near the� point. The

2.41 eV pulse then probes the relaxation of these high-energy
electrons, hence giving rise to the dynamics observed at a
negative time delay. The subsequent rise to give a secondary
peak, delayed by� 0.12± 0.01 ps relative to time-zero, re� ects
the injection of hot electrons from Au into the region of the
1L-MoS2 conduction band in the probe window, consistent
with previously observed sub-200 fs hot-electron transfer from
Au nanoantennae to 1L-MoS2.

74 Intervalley scattering from the
K valley, following 2.41 eV photoexcitation of 1L-MoS2, is
ruled out as the origin of the rising signal because the lowest-
energy band in the probe window, centered at� , lies� 0.7 eV
above the conduction-band minimum at the K valley,7 thus
making such an energetically uphill intervalley scattering at
room temperature unlikely. The TR-PEEM signal subsequently
decays with� ET � 351 ± 6 fs as electrons leave the probe
window.� ET is independent of carrier density (seeSupporting

Figure 3. Time-resolved PEEM images as a function of time delay.
(a) PEEM images collected in the vicinity of the region of interest
shown inFigure 2a. Gaps in 1L-MoS2 expose the Au substrate,
giving rise to regions with a large number of counts. (b) Temporal
evolution of the TR-PEEM signal, spatially integrated over the
region of interest indicated inFigure 2a. The dashed line shows
the data and the solid line the� t.
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Information), ruling out carrier thermalization and carrier-LO-
phonon scattering as its origin. Indeed, carrier thermalization
speeds up with carrier density,41 whereas carrier-LO-phonon
scattering slows with carrier density, due to the hot-phonon
e� ect.41 Instead, based on the conduction-band minimum of
1L-MoS2 being 0.52 eV above the AuEF,

75 we conclude that
the sub-ps decay of the TR-PEEM signal arises from the back-
electron transfer from the conduction band of 1L-MoS2 to Au
(Figure 2c). This assignment is supported by the� 19-fold
reduction of the spectrally integrated PL of 1L-MoS2 on Au as
compared to SiO2 (Figure 1b). Ultrafast electron transfer from
the 1L-MoS2 conduction band to Au facilitates nonradiative
electronŠhole recombination through the Au states before
they enter the light cone, thus suppressing radiative
recombination within 1L-MoS2 and quenching its PL.60

Indeed, optical pumpŠprobe76 and angle-resolved photo-
emission75 showed electron transfer from MoS2 to Au on a
sub-ps time scale.

To further investigate the dynamics of electron transfer from
1L-MoS2 to Au, we extract the time traces for each individual
pixel of the TR-PEEM image and� t them after a 0.2 ps time
delay (after hot electron injection from Au to 1L-MoS2 is
completed) to a single exponential decay (Figure 4a). � ET from
each single-pixel time trace is used to construct a lifetime map
(Figure 4b). This is analogous to that obtained from
� uorescence lifetime imaging microscopy77 and reveals the
spatial distribution of� ET. Figure 4c shows the corresponding
� ET histogram. This has a mean of� 386 fs and a standard

deviation of� 54 fs. The mean is in good agreement with the
time constant obtained from� tting the spatially integrated
time trace. The slight deviation is due to the fact that the
lifetime obtained from the spatially integrated measurements
represents an amplitude-weighted average time constant,
instead of a simple average. The standard deviation, larger
than the typical� tting error (� 20 fs) for single-pixel time
traces, suggests that the observed� ET distribution primarily
originates from spatial heterogeneity.

In order to elucidate the origin of the spatially heteroge-
neous� ET, we use AFM to measure the heights of 1L-MoS2
and Au substrate (Figure 4d). The Au substrate has a nm-scale
roughness, which translates to roughness of the 1L-MoS2 atop,
hence a distribution of 1L-MoS2/Au gap distances� d (Figure
4e). The� d distribution is asymmetric due to the di� erent
widths and mean values of thehMoS2

and hAu height
distributions (seeFigure S6of the Supporting Information).
Ideally one would obtain a spatial map of� d by separately
measuring the heights of 1L-MoS2 and the underlying Au
substrate. In the absence of an experimental technique that can
realize such a measurement,we employ an alternative
procedure, assuming that an elevated 1L-MoS2 region sits
atop a higher part of the Au substrate, to extract the
distribution of � d (see the Supporting Informationfor
details). Brie� y, the heights of the 1L-MoS2 and Au regions
are separately sorted in ascending order. Taking the di� erence
between each pair of 1L-MoS2 and Au heights, and accounting
for the o� set introduced by the 1L-MoS2 van der Waals

Figure 4. Correlation of spatially heterogeneous interfacial� ET and 1L-MoS2/Au gap distribution. (a) Representative single-pixel time traces
for di� erent locations on the 1L-MoS2 � ake. The dashed lines are the data, and the solid lines are� ts to a single exponential decay, with� ET
and corresponding standard errors of the� ts given in the panel. (b)� ET map, showing the spatial distribution and the locations from which
the single-pixel traces inFigure 4a are extracted. (c)� ET histogram. (d) AFM image of the region of interest. (e)� d distribution. (f) FFT
power spectral densities (PSDs) of� ET map and AFM image, showing a similar dependence of FFT power on spatial frequency.

ACS Nano www.acsnano.org Article

https://dx.doi.org/10.1021/acsnano.0c07350
ACS Nano2021, 15, 819Š828

822

http://pubs.acs.org/doi/suppl/10.1021/acsnano.0c07350/suppl_file/nn0c07350_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsnano.0c07350/suppl_file/nn0c07350_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsnano.0c07350/suppl_file/nn0c07350_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsnano.0c07350/suppl_file/nn0c07350_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsnano.0c07350?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.0c07350?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.0c07350?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.0c07350?fig=fig4&ref=pdf
www.acsnano.org?ref=pdf
https://dx.doi.org/10.1021/acsnano.0c07350?ref=pdf


thickness of 0.676 nm, yields a distribution of� d. Note that
the region selected for our analysis is wrinkle-free, as shown in
the AFM image ofFigure 4d; the presence of wrinkles would
weaken the correlation between the height of 1L-MoS2 and the
underlying Au substrate. Spatial fast Fourier transform (FFT)
analysis reveals a similar dependence of the FFT power
spectrum on the spatial frequency for both AFM image and� ET
map (Figure 4f). This suggests that the spatially heterogeneous
� ET map originates from surface roughness.

To gain further insight into the distance dependence ofkET
= 1/� ET, we assume, based on the exponential decrease of
through-space electronic coupling with distance,78 that � ET is
inversely correlated with� d. We thus plot lnkET as a function
of � d in Figure 5; note that bothkET and � d values are

extracted from their respective histograms. This has� 20k data
points and suggests a linear relation between lnkET and� d, i.e.,
an exponential distance dependence ofkET:

�= Š �k k dexp( )ET 0 (1)

with pre-exponential factork0 � 5.79 ± 0.53 psŠ1 and
attenuation factor� � 0.06± 0.01 ÅŠ1s. We note that typical�
for saturated hydrocarbon bridges79 is � 0.8Š1 ÅŠ1, whereas
conjugated molecules, such as polyenes,80 polyynes,81 and
phenylene82 linkers, span� 0.1Š0.6 ÅŠ1. Conjugated molecular
wires with small band gaps <1 eV can have� < 0.1 ÅŠ1.55 Our
small� , comparable to those observed for molecular wires,56 is
unexpected when one considers the weak electronic coupling
that exists at a van der Waals interface.83,84 Electron transport
within 1L-MoS2, such that interfacial electron transfer
selectively occurs at a smaller range of� d, could potentially
account for the unusually small� . However, this is not a
contributing factor for two reasons. First, based on the hot-
electron di� usion coe� cient of 1L-MoS2 (� 18 cm2·sŠ1),85 we
estimate that it would take a hot electron� 1.4 ps to travel� 50
nm, i.e., the distance between adjacent pixels in the PEEM
lifetime image. This time scale is substantially longer than, and
therefore not competitive with, the observed� 0.35 ps time
constant for electron transfer at the 1L-MoS2/Au interface.
Second, the intralayer transport of electrons within 1L-MoS2,
from a region of larger� d to one with smaller� d, would give
rise to an additional growth component at early (<1 ps) time
delays for time traces collected in regions of smaller� d. Such a
growth component is not observed inFigure 4a, thus further
ruling out intralayer electron transport.

To shed light on the origin of the small� , we employab
initioelectronic structure calculations (seeMethodsfor details)
to investigate the nature of the 1L-MoS2/Au interaction. We
consider high-energy conduction-band states of 1L-MoS2,
accessed by photoexcitation and located in the probe window
at the� point,� 1.6 eV aboveEF. Analysis of the partial density
of states shows that such states split into two when the Au
substrate is brought into the vicinity of 1L-MoS2. The energy
splitting re� ects the 1L-MoS2/Au coupling strength, hencekET.
Increasing the distance between MoS2 and Au results in an
exponential decrease ofV, with an attenuation factor� 0.21
ÅŠ1 (Figure 6a).

Plots of the electron density for such a high-energy
conduction-band state reveal a signi� cant delocalization from
both 1L-MoS2 and Au into the gap (Figure 6b). The most
signi� cant density peaks arising from Au are localized on the
Au surface, outside the region occupied by the atoms. This
contrasts the electron density plot for a lower-lying

Figure 5. Distance dependence of the hot-electron-transfer rate.
Dependence ofkET on � d, from a combination of� ET and AFM
maps. The dots are the data points, and the solid line is the� t to
eq 1. The density of the data points re� ects the density of� d from
AFM.

Figure 6.Ab initio simulation of the 1L-MoS2/Au interaction. (a)
Calculated 1L-MoS2/Au interaction strength as a function of� d
(symbol) and � t to an exponential distance dependence. (b)
Plasmon-like state and (c) nonplasmon-like state exhibit di� erent
delocalization of electrons into the 1L-MoS2/Au gap, as seen from
the calculated electron densities (top panel) and their projections
(bottom panel).� d is 0.74 Å.
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conduction-band state, which shows electrons bound tightly to
the individual 1L-MoS2 and Au layers (Figure 6c). The
electron delocalization is reminiscent of the surface plasmon-
like states, suggested in ref86 to play a role in the electron-
transfer dynamics of Au nanostructures interfaced to 1L-MoS2.
The spatial delocalization of the Au electron density into the
1L-MoS2/Au gap supports the weak distance-dependentkET
we observe. The calculated� � 0.21 ÅŠ1 is larger than the
experimental value because the 8-atom-thick Au slab in the
simulations may not fully reproduce the spatial extent of the
plasmon-like state in the experiment. We con� rm this by
repeating the simulations with a 10-atom-Au slab (seeFigure
S8of the Supporting Information). These give� � 0.17 ÅŠ1,
closer to the experimental value of� � 0.06 ÅŠ1. High-energy
plasmon-like states (E Š EF > 1.6 eV) that may be accessed
experimentally extend more into the 1L-MoS2/Au gap,
especially for rough surfaces,87 leading to an experimental�
smaller than the computed one.

CONCLUSIONS

We harnessed the spatial and temporal resolution of TR-
PEEM, its large� eld-of-view, and the spatially heterogeneous
distribution of 1L-MoS2/Au gap distances to determine the
distance-dependent hot-electron-transfer dynamics across the
1L-MoS2/Au interface. Our approach seamlessly combines
elements of electronic transport measurements performed at
single-molecule junctions88,89 with ultrafast spectroscopic
probing of electron transfer in structurally well-de� ned
donor-bridge-acceptor motifs,90 both of which have elucidated
distance- and molecular conformation-dependent electron-
transfer rates. With improved temporal resolution, it may be
possible to resolve the distance-dependent sub-100 fs electron
injection rates at the 1L-MoS2/Au interface. In the present
work, electron transfer likely occursvia incoherent hopping,
considering that the probe window lies above the theoretically
predicted tunneling barrier height91 for the 1L-MoS2/Au
interface and that� ET exceeds the� 10 fs time scale for carrier
dephasing43 in 5L-MoS2. The small attenuation factor suggests
that the transport of hot electrons across a 1L-MoS2/Au
interface is robust against surface corrugations and defects.
This � nding, which contrasts with the interface sensitivity of
transport of low-energy charge carriers in TMD-based
electronic devices,36,37 provides further impetus for realizing
optoelectronic devices that harness hot carriers.92,93

METHODS
Sample Preparation.The 1L-MoS2/Au interface is prepared as

follows: 2H-MoS2 � akes grown by chemical vapor transport94 are
exfoliated by micromechanical cleavage on Nitto Denko tape,95 then
exfoliated again on a polydimethylsiloxane (PDMS) stamp placed on
a glass slide for inspection under an optical microscope.96 Optical
contrast, photoluminescence (PL) and Raman spectroscopies are
used to identify 1L-MoS2 prior to transfer. Raman and PL
measurements58,97 are performed at room temperature using a
Horiba LabRam HR Evolution at 514 nm. PL measurements are
performed with an incident power� 0.1 mW and a focal spot size of
� 1 � m. 2× 2 mm2 prepatterned Au/Cr (50/2 nm) pads are de� ned
by shadow mask, using Kapton tape on 90 nm SiO2/Si, followed by
thermal evaporation at� 5 × 10Š7 Torr at 0.5 Å/s. Before transfer, the
Au surface is cleaned in acetone and isopropanol for 30 s each,
followed by 60 s of plasma treatment at 10 W. 1L-MoS2 � akes are
then aligned on the Au pads and stamped usingxyz micro-
manipulators.14,98

Atomic Force Microscopy. To characterize the separation
distance between 1L-MoS2 and Au after 1L-MoS2 transfer, AFM is
performed with a Bruker Dimension Icon system in peak-force
tapping mode, with a topography resolution of� 50 pm. From our
AFM measurements, the Si/SiO2 substrate roughness is� 0.2Š0.3
nm, while that of Au is� 1.6 nm. The resolution of the AFM is
therefore su� cient to detect the roughness of the 1L-MoS2 and the
underlying Au substrate. It is well-known that the AFM height of 1L-
layered materials (1L-LMs) on a substrate does usually reproduce the
theoretical thickness.99 This is related to di� erent parameters: the
roughness of the substrate, the force of interaction between 1L-LM
and substrate, and the presence of trapped contaminants. For
example, even for a single layer of graphene, measured AFM
thicknesses of� 1.8 nm are common, depending on peak force and
substrate.100Therefore, the height of 1L-MoS2 on Au is also a� ected.
The height of 1L-MoS2 is predicted to be� 0.7 nm,101 while the
experimental thickness by AFM is expected to be higher, due to the
factors discussed above. For example, ref102 reported 1L-WSe2 on
Au with a thickness� 2.4 nm, attributed to water molecules trapped
between 1L-WSe2 and Au, while ref101 reported� 1.6 nm for 1L-
MoS2 on hBN, assigned to PDMS residues trapped between both
materials. Our AFM data indicate a 1L-MoS2 height� 1.3 nm, lower
than expected for PDMS contaminants.101 We also remove
contaminants from the interface by performing transfer according to
ref 103. As such, we believe that the 1L-MoS2 height of� 1.3 nm is
related to the Au� lm roughness and the di� erence in the AFM tip
interaction with 1L-MoS2 and Au.

Ultrafast Photoemission Electron Microscopy.We use a high-
repetition-rate, high-power Yb� ber laser (Tangerine 30, Amplitude
Systemes), which delivers� 40 � J, 320 fs pulses at 0.6 MHz and
center wavelength (photon energy) of� 1.03 � m (1.20 eV). After
spectral broadening in a Xe-� lled hollow-core� ber,104 a combination
of highly dispersive chirped mirrors and a pair of wedges are
employed to compress the laser pulses to 50 fs full-width-at-half-
maximum (FWHM) duration. The second and third harmonics, with
photon energies� 2.41 and 3.61 eV, respectively, are generated
through a series of nonlinear frequency conversion steps in� -barium
borate crystals, followed by temporal compression using a prism pair.
The FWHM of the second harmonic, which acts as a pump beam, is
� 46 fs, whereas the pulse duration of the third harmonic, acting as a
probe, is� 40 fs. The pump beam is sent into a computer-controlled
optical delay line to vary the time delay between pump and probe
pulses. The overall time resolution, as determined by pumpŠprobe
cross-correlation at the sample position, is� 55 fs FWHM. The PEEM
microscope (Focus GmbH, PEEM-IS) has a spatial resolution of� 77
nm according to the 16Š84% criterion, de� ned as the distance over
which the image intensity decreases from 84% to 16% of its maximum
value.53,105 At each time delay, the image acquisition time is 19s. We
use an average of three independent data sets.

Ab Initio Electronic Structure Calculations. We use a
periodically repeated slab with two materials: a 16-atom Au (001)
surface and 6-atom 1L-MoS2. The supercell parameters are 5.46 and
3.15 Å in thea andb directions, respectively, with a 20 Å vacuum
depth along the surface normal. To determine the distance-dependent
electron-transfer rate, various AuŠS separation distances of� 0.74,
2.74, 4.74, 6.74, and 8.74 Å between the two slabs are used. The
electronic structure calculation is performed with the Viennaab initio
simulation package (VASP).106 The exchange and correlation e� ects
are described by the PerdewŠBurkeŠErnzerhof functional.107 The
interaction between ionic cores and valence electrons is treated by the
projector-augmented wave (PAW) method.108 The van der Waals
interactions are described by the Grimme DFT-D3 approach.109 An
energy cuto� � 400 eV is used for the electronic structure calculations.
A dense MonkhorstŠPackk-point mesh of 97× 97 × 1 is used to
obtain an accurate density of states.110
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