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Integrating atomically thin transition metal dichalcogenides (TMDCs) with metallic surfaces is an effective
strategy to leverage their exceptional properties in advanced devices and catalysts, as it promotes efficient
charge carrier injection and extraction from TMDC monolayers. Light-matter interactions in TMDC monolayers
predominantly occur at the K point, making the charge carrier dynamics at this point essential for optimizing
charge transfer efficiency. However, direct probing of the dynamics at the K point of TMDCs interfaced with
metal substrates remains challenging. In this Letter, we employed pump-probe azimuth- and polarization-
dependent final-state sum frequency generation spectroscopy to investigate the ultrafast dynamics of charge
transfer at the K point of a MoS2 monolayer on an Au substrate. We observed ultrafast injection of photoexcited
hot electrons from Au into the monolayer MoS2 conduction band minimum, followed by a fast return (∼2
ps) and a trap-state-mediated slow return (∼60 ps) processes, driven by an internal electric field. The direct
optical observation of the full electron dynamics at the K point of MoS2 monolayer in ambient conditions
provides valuable insights into optimizing the transfer of charge carrier across the TMDC/metal interface through
optimized contacts, informing the design of advanced TMDC-based devices with enhanced charge transfer rates.

DOI: 10.1103/t3fz-gqf9

Introduction. Transition metal dichalcogenide (TMDC)
monolayer/metal heterojunctions are widely used to exploit
the distinctive electronic and optical properties of TMDCs
in optoelectronics and photocatalysis [1–4]. Metals in these
configurations conventionally act as integral components
within electrical circuits and/or function as electron collectors.
However, compared to conventional metal/semiconductor
junctions found in silicon-based electronics, employing a
metal/TMDC junction in a device confronts several unre-
solved challenges. Foremost among these challenges are high
contact resistance (around 1 k� µm (the convention for us-
ing this unit in two-dimensional systems is delineated in
Refs. [5,6]), which is more than ten times that of silicon-based
devices) [7–9] and an unknown charge transfer rate [10],
impeding the development of devices characterized by low
power consumption and superior performance.

The high electrical contact resistance arises predominantly
from the Schottky barrier, which results from the difference
between the work function of the metal and the electron
affinity of the semiconductor, as well as metal-induced gap
states [9,11]. Efforts to address this involve minimizing the
Schottky barrier width by doping [7,12] or suppressing gap
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states to attain an Ohmic contact [9]. The charge transfer rate
is pivotal in determining the maximum rate at which a device
can inject or extract charge carriers from TMDC monolayers
and thus holds particular significance in applications such as
field-effect transistors and photodetectors.

Studies on ultrafast charge carrier dynamics within TMDC
monolayers have primarily focused on exciton-related dy-
namics, encompassing processes such as the formation and
recombination of excitons [13–20] and trions [21]. How-
ever, efficient device operation depends on the dissociation
of excitons into free charge carriers and their subsequent
transfer across interfaces. Given the prevalence of the
metal/semiconductor junction in TMDC-based devices, un-
derstanding the dynamics of free charge carriers across this
interface is critical. Earlier investigations of hot-carrier dy-
namics at TMDC/metal interfaces often involve plasmonic
nanostructures [22–24], which may not fully capture real-
world device conditions with standard metal contacts.

Ultrahigh vacuum (UHV)-based time-resolved photoemis-
sion is a powerful tool to study hot-carrier dynamics at
well-ordered TMDC/metal interfaces, ideally single-crystal
monolayers on extended metal substrates [7,10,25,26]. For
example, time-resolved photoemission electron microscopy
(tr-PEEM) revealed ultrafast hot-electron transfer across a
metal-semiconductor interface [10], but its momentum win-
dow is restricted near the � point and cannot directly probe
dynamics at the K point. Time- and angle-resolved photoe-
mission spectroscopy (tr-ARPES) can access the K point and
resolve momentum-dependent relaxation [18,25], yet photoe-
mission generally requires UHV and exposed, unencapsulated
surfaces.
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Pump-probe optics is widely used to probe carrier and
exciton dynamics in TMDCs across diverse environments
[3,27–29]. Yet in TMDC/metal heterostructures, the metal
background can dominate and obscure the TMDC dynamics.
This limitation can be mitigated with second-order nonlinear
optics using azimuthal- and polarization-resolved detection.
In our previous work [30,31], the distinct structural symme-
tries of the TMDC and metal enable selective isolation of the
monolayer signal via appropriate polarization combinations.
Hong et al. recently conducted a study on the transfer of
hot charge carriers between bulk MoS2 and three distinct
Au surfaces [32]. The nature of bulk MoS2, in conjunction
with the over-band-gap pump excitation, poses a significant
challenge in tracking the dynamics at the K point. While
nonlinear probes are not intrinsically momentum resolved,
practical valley selectivity can be achieved by choosing probe
photon energies guided by the band structure: for monolayer
TMDCs, direct-gap light-matter interactions are concentrated
at the K point [3,27,28]. Thus, pump-probe second-order non-
linear optics provides an all-optical route to charge transfer
dynamics at the K point in TMDC/metal, including potentially
buried interfaces, under ambient conditions.

In this Letter, we employ pump-probe final-state sum
frequency generation (FS-SFG) spectroscopy (based on
second-order nonlinear optical process) with azimuthal-
and polarization-dependent detection to selectively probe
femtosecond-resolved charge transfer dynamics at the K point
in the MoS2/Au heterostructure under ambient conditions.
We have previously demonstrated that the A and B excitons
of MoS2 monolayers are quenched when it is in contact with
the Au substrate. This suggests that the response is dominated
by free charge carriers due to pronounced dielectric screening
and substrate-induced doping effects [31]. Building on this,
we resolve free-carrier dynamics without significant excitonic
contributions. Using a pump photon energy below the MoS2

band gap, we reveal the ultrafast transfer of hot electrons
from the Au substrate across the heterojunction and their
subsequent relaxation toward the conduction band minimum
(CBM) at the K point in the MoS2 monolayer.

Results and discussion. The charge carrier dynamics of
MoS2/Au were explored by pump-probe SFG spectroscopy
using the setup illustrated in Fig. 1(a). The sum of the photon
energies of the narrowband visible beam (1.56 eV) and the
photon energy of the broadband IR beam, which was tuned
from 0.28 to 0.41 eV, covered an energy window around
the band gap at the K point. When this sum is resonant
with an allowed transition, the SFG signal is enlarged.
The central photon energy of the ultrashort pump beam
(45 fs) was 1.56 eV, which is lower than the band gap of
monolayer MoS2 on Au (1.65 eV) [31]. The polarization
of each probing beam can be set to either p (parallel) or
s (perpendicular) relative to the plane of incidence. For
example, consider the spp polarization combination, which
indicates an s-polarized SFG, a p-polarized visible beam, and
a p-polarized infrared beam. All experiments were conducted
under ambient conditions at ∼21.5 ◦C. Further details about
sample preparation and characterization (including optical
microscopy and atomic force microscopy images), laser
setup, characterization of the ultrashort laser pulses, and data
analysis can be found in the Supplemental Material [33]. The

FIG. 1. Azimuth-dependent SFG intensity (i.e., intensity is a
function of azimuthal angle) and dynamics for MoS2 monolayer on
Au. (a) Schematic representations of an exfoliated MoS2 monolayer
on Au substrate investigated by the time- and polarization-resolved
FS-SFG. (b) The FS-SFG raw spectra collected before and after
the arrival of the pump under spp polarization combination. The
gray curve represents the spectral profile of IR collected on the Au
substrate, which is plotted against the SFG photon energy.

Raman and photoluminescence spectra of the same sample
have been published in our previous work [31].

Figure 1(b) shows FS-SFG spectra of MoS2/Au recorded
in spp before and after pump arrival; sub-band-gap pumping
produces a pronounced bleaching near time zero. To interpret
this response, we analyze both its azimuthal and temporal de-
pendences. Figures 2(a) and 2(b) show the azimuth-dependent
SFG intensity of bare (polycrystalline) Au and MoS2/Au,
respectively, serving as a guide for spectral acquisition un-
der different polarization combinations. Unlike the isotropic
response of the Au substrate, the FS-SFG intensity of MoS2

monolayer on Au exhibits a sixfold symmetry, which is con-
sistent with literature reports [34–37] and our previous studies
[30,31]. These distinct patterns reflect the different symme-
tries: 2H-MoS2 belongs to the D3h point group [34–36],
whereas the (polycrystalline) metal substrate is effectively
C∞v with respect to the surface normal. This symmetry con-
trast enables selective probing of the monolayer or substrate
χ (2) response by choosing appropriate polarization combi-
nations. A full derivation based on group theory and the
complete experimental data set have been reported in our
previous study [30]. One key conclusion of those works is
that a sixfold azimuthal intensity pattern indicates a signal
originating exclusively from the MoS2 monolayer; otherwise,
the pattern becomes threefold (Fig. S4(a) in the Supplemen-
tal Material [33]). In the latter case, the dynamics is much
more complicated (Figs. S4(b) and S5 in the Supplemental
Material [33]). Here, we focus on charge transfer into and
out of the TMDC and therefore analyze the spp data in de-
tail. For the following experiment, data on the dynamics of
MoS2/Au were collected at one of the six azimuthal angles
where the FS-SFG intensity reaches a maximum. In contrast,
the dynamics of bare Au was studied at one of arbitrarily
chosen azimuthal angles under ppp polarization combination
[Fig. 2(a)]. The transient FS-SFG signal of bare Au and
MoS2/Au are shown in Fig. 2(c). All signals have been nor-
malized to those at the negative delay. The y axis represents
the square root of the normalized SFG intensities.

The dynamics of MoS2 monolayer on Au shows a dra-
matic difference compared to that observed for bare Au at
the same pump fluence, as illustrated in Fig. 2(c). The extent
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FIG. 2. Azimuth-dependent FS-SFG intensity and ultrafast dynamics of the bare Au substrate and the MoS2 monolayer on Au. (a) Azimuth-
dependent FS-SFG intensity of bare Au under ppp polarization combination. (b) Azimuth-dependent FS-SFG intensity of MoS2/Au under spp
polarization. (c) Transient signal changes were observed for bare Au and MoS2/Au with pumping. The gray circle (black solid line) and red
square (red solid line) represent the raw data (fitted curve) of bare Au and MoS2/Au under ppp and spp polarization combinations, respectively.
The inset shows the short-term behavior of both samples around SFG signal bleaching maximum with different y-axis scales. The black dashed
line in the inset depicts the simulated instrument response.

of maximum bleaching differs significantly: Bare Au exhibits
a bleaching of around 7%, while the FS-SFG signal for
MoS2/Au shows a much larger bleaching of approximately
30%. Following the maximum bleaching, the signal from bare
Au undergoes an ultrafast recovery process within 100 fs,
which is absent in the case of MoS2/Au. After 3 ps, the SFG
signal from bare Au recovered to 99% of its initial value,
whereas the recovery for MoS2/Au remains at about 92%.
Even at a delay of 100 ps, the SFG signal of MoS2/Au has
not fully recovered to its initial state (see Fig. S6 for longer
dynamics in the Supplemental Material [33]).

To model the observed dynamics, a biexponential func-
tion convoluted with a Gaussian function was applied to fit
the data for both bare Au and MoS2/Au. The width of the
Gaussian function (σ ) was determined to be 54 fs, based
on the pump-IR cross-correlation trace on Au. A detailed
explanation of the procedure can be found in the Supplemental
Material [33]. For Au, two time constants were extracted with
values of τ1 = 10 ± 0.1 fs and τ2 = 2.31 ± 0.20 ps. These
values correspond to the well-understood two relaxation pro-
cesses of hot electrons in metals: electron-electron scattering
and electron-phonon scattering [38–40]. For the MoS2/Au
system, two time constants were extracted: τ1 = 2.19 ± 0.17
ps, and τ2 = 59 ± 25 ps. These time constants describe the
recovery process following maximum bleaching.

Since the pump photon energy is smaller than the band
gap of MoS2 monolayer on Au, direct excitation of MoS2 is
impossible. However, hot electrons can be excited in the Au
film of the heterostructure. The probe (SFG) photon energy
matches the band gap of the MoS2 monolayer at the K point
in momentum space. Therefore, the observed bleaching and
recovery of the FS-SFG signal from MoS2 after pumping must
be attributed to the dynamics at the K point. This bleaching in
MoS2 can be attributed exclusively to the occupation of CBM

states by these transferred hot electrons, which leads to a band
filling or Pauli blocking effect [41–43].

Turning our attention to the recovery of the FS-SFG signal,
the bleaching arises from band filling or Pauli blocking, while
its recovery indicates the release of transiently occupied CBM
states as the hot electrons leave. This raises an important ques-
tion: Where do these hot electrons go? Given that no holes
are generated in MoS2 during the sub-band-gap pumping,
recombination with holes in MoS2 can be ruled out. Instead,
the hot electrons transferred from Au to MoS2 create a charge
imbalance at the interface, generating an interfacial electric
field. This field drives the transfer of electrons back to Au,
restoring charge neutrality [24].

It is worth noting that there can be a difference in charge
transfer rates between the forward (from Au to MoS2) and
backward transfer. The forward transfer, mostly driven by hot
electrons in Au, is relatively fast because these hot electrons
possess sufficient energy to overcome the Schottky barrier at
the interface. Studies estimate this barrier for MoS2 mono-
layer on Au to be approximately 0.5–1.0 eV [44–46]. With a
pump photon energy of 1.56 eV, the photoexcited hot elec-
trons in Au easily overcome this barrier. In contrast, the
backward transfer occurs through transfer of electrons close
to the Fermi level, leading to a somewhat slower transfer rate.
Interestingly, the first time constant of 2.19 ps observed for
MoS2/Au aligns closely with the 2.31 ps required for hot
electrons in Au to reach equilibrium with the phonons. This
correlation suggests that the 2.19 ps reflects the equilibration
of CBM occupation in MoS2 with the overall Fermi level of
the MoS2/Au system and the process by which hot electrons
in MoS2 are returned to Au. A prior tr-PEEM study reported a
shorter ∼400 fs time constant for hot-electron transfer back to
Au [10]. However, their probe window was constrained to the
vicinity of the � point of MoS2, making their measurement
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specific to electron dynamics near that region of momentum
space. In contrast, our experiment directly captures ultrafast
hot-electron dynamics at the CBM at the K point. Notably, the
dynamics at K point can differ significantly if the MoS2 mono-
layer is placed on a dielectric substrate, such as SiO2, as illus-
trated in Fig. S8 in the Supplemental Material [33]. The pres-
ence of excitons in such cases complicates the dynamics com-
pared to the free charge carrier dynamics focused in this study.

To corroborate the aforementioned interpretation of the
2.19 ps observed for MoS2/Au, the charge transfer between
Au and MoS2 was analyzed using a simple kinetic model. In
brief, the proposed kinetic model posits that the transient SFG
response in bare Au is proportional to the electron temperature
following pump excitation, with the maximum temperature
of the electrons calculated via the two-temperature model
[39,47]. For the MoS2/Au system, the transient FS-SFG re-
sponse is determined by the CBM occupation in MoS2. To
describe the occupation of the CBM in MoS2[n(t )], it is nec-
essary to consider the transfer of electrons from Au to MoS2
and the back-transfer process. The nonequilibrium population
of the MoS2 orbitals near the CBM follows a first-order dif-
ferential equation, which is solved to give the occupation of
the CBM of the MoS2 monolayer. The unoccupied population
[1 − n(t )] at the CBM of MoS2 is illustrated in Fig. S9 in
the Supplemental Material [33]. A fit to the trace suggests
a decay time constant of 2.31 ps, matching the τ2 = 2.31 ps
observed for the bare Au. Further details can be found in the
Supplemental Material’s kinetic model section [33].

Regarding the slowest recovery process (59 ps) observed
for MoS2 on Au, further evidence from the time-dependent
changes in the spectral centroid will facilitate a deeper un-
derstanding. The spectral centroid, defined as the center of
mass of a spectrum, was analyzed as a function of pump-probe
delay as it is expected to reflect the real-time occupation dy-
namics of CBM states in the MoS2 monolayer. Occupation of
CBM states reduces the strength of low-energy transitions in
comparison to high-energy transitions, leading to a blueshift
in the spectral centroid. As shown in Fig. S10 of the Sup-
plemental Material [33], MoS2/Au exhibits a pump-induced
blueshift that disappears over time. This blueshift results from
the gradual occupation of CBM states by hot electrons in-
jected from the Au substrate. The subsequent transfer of hot
electrons facilitates low-energy photoexcitation, observed as
a decay of the blueshift. A single exponential fit gives a decay
time constant of 2.37 ± 0.76 ps, matching the time for hot
electrons to leave the CBM. While this suggests the complete
release of the CBM states and full recovery of the FS-SFG
signal within ∼2 ps, only partial recovery is observed, indicat-
ing persistent screening effects even after electron extraction
from the CBM of MoS2. The additional long-lived screening
effect may arise from a defect-mediated trap state situated
close to the CBM [29,48–51]. These defects, such as S va-
cancies observed before via scanning tunneling spectroscopy
[50] and tr-APRES [51], can trap a portion of the hot electrons
transferred from Au. This trapping results in prolonged weak
bleaching of the FS-SFG signal due to Coulomb repulsion
between trapped and excited electrons during probing. Ulti-
mately, the trapped hot electrons return to the Au substrate,
resulting in full recovery of the FS-SFG signal.

Based on the above analysis, we summarize the observed
dynamics in Fig. 3. At negative delay, the FS-SFG signal orig-

FIG. 3. Charge transfer process within the MoS2/Au het-
erostructure, illustrated in a simplified partial band-structure picture
of Au and MoS2 monolayer around the K point in momentum space.
The detailed band structure for both Au and MoS2 monolayer around
the K point can be found in Fig. S11 in the Supplemental Material
and in Refs. [24,52]. The slanted orange line in the figure stands for
the edge of the continuum of metal bulk states near K point. The blue
parabolas represent the CBM and VBM of the MoS2 monolayer. The
short black line situated below the CBM denotes the trap (defect)
state. The blurred curves show that states below the Fermi level are
occupied. The red arrows symbolize the photoexcitation process on
Au by the pump pulse. The numbered black arrows, labeled 0, 1, and
2, respectively, represent the following processes: the transfer of hot
electrons from the Au to the CBM and trap state of MoS2, the return
of equilibrated electrons to Au from the CBM, and the relaxation of
trapped electrons back to Au.

inates primarily from the MoS2 monolayer ensured by choos-
ing an appropriate polarization combination. Upon the arrival
of the pump pulse, hot electrons are excited instantaneously
in the Au substrate, while the MoS2 remains unaffected due to
the sub-band-gap photon energy. On an ultrashort timescale, a
significant number of hot electrons transfer from Au to the
CBM of MoS2, also populating trap states at the K point
(process 0 in Fig. 3). Subsequently, a charge redistribution-
induced internal electric field drives the return of equilibrated
electrons from the CBM of MoS2 to Au (process 1 in Fig. 3).
Thereafter, the small amount of hot electrons trapped in the
defect state gradually return to Au at a much slower rate,
contributing to the second recovery process (process 2 in
Fig. 3). The present study provides direct observation of the
injection and extraction of hot electrons at the CBM located at
the K point of the MoS2. The extracted time constants provide
compelling evidence of the underlying mechanisms governing
the charge transfer and relaxation processes.

Conclusion. In summary, we have employed polarization-
and azimuth-dependent FS-SFG to optically investigate hot
electrons across the MoS2/Au interface and their relaxation
within the vicinity of the K point of the MoS2 monolayer un-
der ambient conditions, free from the interference by excitons.
Compared to bare Au, significant differences were observed
in the dynamics for the MoS2 monolayer on Au, including
much larger bleaching as well as distinct relaxation processes.
As observed in both the bare Au and the MoS2/Au system,
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the relaxation process occurs on nearly identical timescales
(∼2 ps), indicating that the equilibrium was established in
the combined electronic system, as successfully elucidated
by the simple kinetic model. Additionally, a defect-mediated
process was proposed to account for the slower dynamics of
hot-electron relaxation extending to around 60 ps. The current
study establishes a robust, all-optical methodology to quan-
tify ultrafast charge transfer across heterointerfaces. Beyond
TMDC/metal systems, it is readily extendable to molecules
adsorbed on TMDCs and to TMDC heterostructures under
ambient conditions, and it can guide the design of TMDC-
based devices with faster charge transfer through optimized
contacts. In addition, using circularly polarized pump and
probe pulses can provide access to valley-specific dynamics.
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