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Momentum-resolved observation of ultrafast interlayer charge transfer
between the topmost layers of MoS2
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We report on the direct observation of electron transfer between the surface and the second layer of the
prototypical transition-metal dichalcogenide 2H-MoS2. We are able to disentangle the excitation and the transfer
process in our measurement. Thereby, we determine both the momentum location and the duration of the electron
transfer between the first two layers. Our GW -based tight-binding calculations reveal that the band gap in the
surface layer is considerably larger than in deeper layers and that the coupling between surface and deeper
layers is strongly momentum-dependent throughout the Brillouin zone. At the conduction-band minimum �̄ we
find strong coupling, which explains the ultrafast interlayer charge transfer observed in our experiment at this
location.

DOI: 10.1103/PhysRevB.102.125417

I. INTRODUCTION

Heterostructures built from monolayer sheets of two-
dimensional materials exhibit a variety of physical phe-
nomena, such as unusual superconductivity [1], topological
ordered phases [2], or moire excitons [3,4]. Many possi-
ble applications based on optoelectronic devices have been
proposed, in particular for transition-metal dichalcogenide
semiconductors (TMDs) [5–7]. However, a microscopic un-
derstanding of the charge transfer between layers of these
materials has not yet been well developed, although it is of
crucial interest for the design of such devices [8].

In semiconducting TMDs, the interlayer charge transfer
after optical excitation is usually related to the formation of
an interlayer exciton, which can be observed by means of
optical experiments. The separation of electrons and holes
proceeds on an ultrafast timescale and leads to a broadening
of the resonance linewidth, quenching of photoluminescence,
or transient reflectivity changes, which are the most common
optical probes to study such ultrafast transfer. The transfer
times of electrons and holes determined in this way show
a wide spread, with reported values ranging from 40–50 fs
[9–11] up to 500 fs [12–14].

The nature of the interlayer charge transfer is still contro-
versial [8] for mainly two reasons. First, most of the observed
transfer times are found to be robust against momentum mis-
match of the heterostructure constituents [9,15]. Only recently
have significantly longer interlayer exciton formation times
been reported, which depend strongly on the stacking angle
[14]. Secondly, fast interlayer transfer times should be related
to strong interlayer coupling. However, the charge transfer
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in heterostructure samples presumably takes place at the K̄-
valleys of either material where the interlayer coupling is
weak. Therefore, some theoretical models suggest a coher-
ent nature of the transfer process [16] or the involvement of
momentum locations where the coupling between layers is
stronger, namely at the conduction-band minimum �̄ [17,18].
Other theoretical studies predict transfer processes mediated
by phonon excitation [19,20] or hot electrons [21].

In this work, we show that the electron transfer be-
tween the topmost layers of a 2H-MoS2-crystal, which means
in the case of ideal stacking (i.e., 180◦), is located at �̄

and proceeds on a timescale of less than 20 fs. We em-
ploy time- and angle-resolved two-photon photoemission
(2PPE) spectroscopy with a high-harmonic probe (HHG-
2PPE), which allows us to image the population dynamics
of initially unoccupied electronic states and the charge trans-
fer directly in momentum space [22–26]. The experimental
findings are complemented by theoretical calculations using
a tight-binding model combined with the GW method in the
LDA+GdW approximation [27,28].

II. EXPERIMENT

Figure 1 illustrates the design of the experiment together
with a scheme of the observed charge-transfer processes. We
have recently shown that the electronic excitation after photon
absorption above the first-layer band gap in bulk 2H-MoS2

resides at K̄ , as in the monolayer systems [24]. Our theoretical
calculations show that, at K̄ , the surface layer decouples from
the bulk. Further experimental evidence for the decoupling of
the surface layer from the bulk is provided by the observation
of valley selectivity in spin-resolved detection [23] or excita-
tion [25]. Strikingly, our results show that the surface layer has
its own band gap, which is significantly larger than in deeper
layers. This is illustrated in Fig. 1 by different colors of the
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FIG. 1. Scheme of the experiment. Electrons are excited by tun-
able visible pump pulses and probed by XUV photons. Emitted
electrons are detected in a hemispherical electron analyzer along
�̄-K̄ . Only electrons from the surface layer contribute to the 2PPE
signal. The layer-dependent size of the band gap, indicated by differ-
ent colors of the K valleys, allows us to excite the system within
different layers by tuning the pump-pulse photon energy, and to
study electron transfer between layers. (a) Excitation above or close
to the surface layer gap. Electrons within each layer are excited at
K̄ and transferred to �̄ within 5 fs. (b) Excitation between surface
and second layer gap. Only electrons in deeper layers are excited
at K̄ , and the transfer between layers at this momentum location is
suppressed due to the larger gap and weak coupling. After the fast
transfer to �̄ within deeper layers, electrons are transferred to the
surface layer due to the strong coupling at �̄.

K-valleys. Therefore, we can excite electrons either within
the surface layer [Fig. 1(a)] or within lower-lying layers
[Fig. 1(b)] by tuning the photon energy of pump pulses above

or below the surface layer gap, respectively. Electrons are sub-
sequently photoemitted by an XUV probe pulse and detected
in a hemispherical electron analyzer along the �̄-K̄ direction.
With our technique, we selectively probe the surface layer,
since the escape depth of 20-eV photoelectrons detected here
is particular small (∼5 Å), a fact that has been exploited in
previous time-resolved and static photoemission experiments
from TMD samples before [23,25,26,29–31]. The sensitivity
to probe the population within only the surface layer together
with the selectivity of the pump pulse allows us to distinguish
between interlayer and intralayer charge transfer.

For a detailed description of our experimental setup, we
refer to [24,32]. The HHG source is operated at 100 kHz,
and we use the 15th harmonic of the fundamental 800-nm
laser pulses, resulting in a probe photon energy of 23.25 eV.
Tunable pump pulses with photon energies between 600 and
685 nm (1.81–2.07 eV) are generated in an optical parametric
amplifier. Pulse length is around 50 fs, and we apply pump
fluences of approximately 100 μJ/cm2 on the sample.

III. RESULTS AND DISCUSSION

A. Excitation dynamics

Figures 2(a) and 2(b) show the energy-momentum maps
for different time delays between pump and probe pulse
around temporal overlap for two excitation energies. In the
case of excitation above the surface layer gap (hν = 2.07 eV),
a 2PPE signal localized at K̄ appears at temporal overlap
and is visible over the complete observed time range. We
assign this long living signal to an occupation of the local
conduction-band minimum at K̄ . At a pump photon energy of
1.81 eV, we do not observe an occupation of the conduction
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FIG. 2. Dynamics and energetic positions of excited electrons in the surface layer. Energy-momentum maps of the initial stages of electron
excitation around K̄ for a pump photon energy (a) above the surface layer band gap and (b) below the surface layer gap for different pump-
probe delays �t . In the case of above surface layer band-gap excitation, an electron population localized at K̄ is clearly visible around
temporal overlap, which significantly decreases for larger delays but never vanishes in our observed time interval. In contrast, for pump photon
energies below the surface layer band gap, only a faint replica of the valence band is observed around temporal overlap, which we attribute to
nonresonant photoemission. (c),(d) Comparison of the 2PPE signal within the complete momentum range of the experiment for the temporal
overlap and for long delays. A population at both high symmetry points is clearly visible already around temporal overlap in the case of high
excitation energies (c), whereas only the conduction-band minimum at �̄ is populated for low excitation energies (d). Dashed lines indicate
the excitation threshold for the surface layer (valence-band maximum + pump photon energy).
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FIG. 3. (a) Energy-momentum map of the valence band and
populated conduction band. The unoccupied part is integrated over
delays �t > 150 fs, where we observe no significant change in the
population. (b) The energy distribution curve is a projection ±0.03 Å
around K̄ . From fits to the EDC we extract a surface layer band gap
at K̄ of 1.97 eV. (c) Band structure (around K̄) calculated for a slab
of 40-layer MoS2 using conventional TB and our TB-QP approach.
(d) Schematic energy level diagram of the calculated bands (TB-QP)
at K̄ . The surface layer is largely decoupled from the other layers
of the slab and has the largest band gap (2.39 eV). The band gaps
of the other layers, which are summarized as bulk, are smaller and
range from 2.30 to 2.19 eV. The extracted band gaps illustrate that
the surface layer is decoupled from lower-lying layers.

band at K̄ . In this case, the excitation is too far below the
resonance for the surface layer, and the only visible signal
at this momentum location stems from the nonresonant 2PPE
process, which is the simultaneous absorption of a pump and
probe photon. Its signature is a replica of the valence band
within a time window given by the cross-correlation of the
two laser pulses. It is faintly visible in the two images closest
to temporal overlap.

In Figs. 2(c) and 2(d) we compare energy-momentum maps
over a larger momentum range at two stages of their tem-
poral evolution to highlight the differences between the two
excitation schemes. These maps include both high symmetry
points, K̄ and �̄, around temporal overlap (left) and at long
delays (right). We subtracted a constant background, which
has been recorded at negative delays, where no pump pulse
is present, from these images. A thin solid line indicates
the position of the nonresonant contribution around temporal
overlap. The highest excitation energy, given by the energetic
position of the valence-band maximum at K̄ and the pump
photon energy, is indicated by the thick dashed line for the
respective case. For the low pump photon energy, the absence
of any population around K̄ is evident, despite the appearance
of a signal at �̄ at longer delays. In the case of the higher
pump photon energies, charge redistribution from K̄ to �̄ is
clearly visible when comparing the two different time steps.

For excitation with photon energies higher than 1.89 eV,
the population of a long living state in the conduction band
at K̄ is clearly visible [see Fig. 3(a)]. To determine the band
gap at K̄ , we evaluate the energetic position of the spin-split
valence band by fitting a superposition of two Gaussian line
profiles to the energy distribution curve [EDC, Fig. 3(b)].
In the unoccupied part of the spectrum, the shape of the

line profile is slightly asymmetric, indicating a nonequili-
brated electron distribution. We extract a band gap of 1.97 eV
from the upper valence band to the low-energy side of the
conduction-band energy curve. We obtain the same gap value
when we excite the system with pump photon energies up
to 2.07 eV, which indicates that we are observing the unper-
turbed energetic position of this intermediate state in the 2PPE
process. This is consistent with the fact that we are in the
weak excitation regime, and our spectra show no sign of band
renormalization as observed in other experiments at higher
excitation densities [29].

B. Band structure calculations

To understand the energy dependence of the population
dynamics presented in Fig. 2, we perform theoretical calcula-
tions on the electronic structure of bulklike MoS2. The surface
of the bulk crystal is taken into account by employing a slab
geometry of sufficient thickness. We use a tight-binding (TB)
model to reproduce the band structure obtained within density
functional theory (DFT), and we extend it to include polar-
ization effects by means of layer-resolved GW quasiparticle
corrections (TB-QP). Details on the model are provided in
the Supplemental Material [33]. Figure 3(c) shows the band
structure in the vicinity of the K̄-point calculated for a slab
of 40 layers MoS2 using conventional TB and our TB-QP
approach. As a result of the underlying GW calculation, our
TB-QP approach exhibits a larger gap than the DFT-based
conventional TB [34]. More importantly, some bands emerge
from the original branches as they shift more than others.
Analyzing the corresponding wave functions, these bands
stem predominantly (>85%) from the surface layer of the
slab. It is the difference in the dielectric environment that
shifts the bands of the surface layer such that interaction
and, hence, hybridization with bands of the other layers are
largely suppressed. As a result, the surface layer decouples
from the other layers and has its own band gap (2.39 eV) that
is significantly larger than in deeper layers [2.30–2.19 eV;
see Fig. 3(d)]. It should be noted that our TB-QP energies
are larger than our experimental data for several reasons. Our
experiments are performed at room temperature, thus showing
a gap closing of about 0.1 eV due to electron-phonon interac-
tions. Moreover, our LDA+GdW version of the GW method
tends to overestimate the band gap of MoS2. Note that neither
of these effects concerns the observed energetic decoupling
of the surface layer from the other layers. Our theoretical
results suggest that excitation at higher energy predominantly
populates the surface layer at K̄ , while lower excitation energy
populates deeper layers (but still at K̄) instead. Furthermore,
we conclude that electron transfer to the surface layer at K̄
is strongly suppressed due to weak coupling between surface
and deeper layers and the mismatch in gap size.

C. Interlayer coupling and transfer dynamics

In Fig. 4 we show a quantitative analysis of the 2PPE inten-
sities together with the conduction-band coupling between the
surface layer and all other layers of the bulklike slab. The time
evolution of the electron intensities at K̄ is shown in Fig. 4(a).
We describe the time evolution of the electron intensities
for all pump photon energies with a dynamical simulation,
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FIG. 4. (a) Time evolution of the 2PPE signal at K̄ for excitation energies above (yellow) and below (red) the surface layer gap. Solid lines
are fits from a dynamical model of 2PPE intensities. (b) Time evolution of the 2PPE signal at �̄ for the same excitation energies as in (a). A rate
equation model (solid lines) resulting in an electron transfer time between layers of 17 fs gives remarkable agreement with the experimental
data points. (c) Conduction-band coupling between the surface layer and all other layers of bulklike MoS2 (slab of 40 layers). The coupling is
calculated within our TB-QP approach on a 24 × 24 × 1 k-space grid between all subbands of the two lowest conduction bands.

which has been described in detail before [35]. In short, we
are solving the optical Bloch equations for a three level-
system numerically. We take into account one well-defined
intermediate state and a free-electron final state. Detuning
of the pump pulse with respect to the intermediate state and
its temporal width is taken from the measurement. Only fit
parameters are the dephasing time of the intermediate state
and its finite lifetime. Our model is in very good agreement
with the measurement assuming a dephasing time of 200 fs
and a lifetime of around 1 ps for the conduction band at K̄ .
Within this model, the fast rise and decay of the time evolution
can be clearly assigned to the nonresonant contribution to the
electron signal, while the dynamics after 100 fs can be solely
assigned to a population of the intermediate state.

Figure 4(b) shows the population dynamics at the �̄-point
for both of the aforementioned excitation energies. Neither
curve resembles the fast dynamics of the temporal overlap
region at K̄ , indicating the absence of a direct excitation
at this high symmetry point. However, the conduction-band
minimum at �̄ is populated extremely fast after excitation.
Within our rate equation model (solid lines) we find good
agreement for transfer times from K̄ to �̄ well below 5 fs.
In the case of excitation with the large detuning, we observe
a significantly delayed occupation. This coincides with the
absence of a visible population at K̄ .

Consistent with this picture, we simulate in a few-layer rate
equation model the convergence of the population in the first
layers of a bulk. In this simulation, we assume an excitation
within each layer, depending on detuning relative to the gap
at K̄ . We further assume the same ultrafast intralayer K̄-�̄
transfer time for each layer, since we have observed this trans-
fer time to be largely independent for all small detunings. At
�̄, strong coupling between all layers, including the surface
layer, leads to a convergence of the populations among the
total system on an ultrafast timescale, followed by a diffusion
into the bulk on a much larger timescale. In the case of high
pump photon energies, the almost equal population of excited
electrons in each layer leads to almost no interlayer transfer.
The significant delay in the time evolution in the case of
low pump photon energy is in very good agreement with an
interlayer transfer time of 17 ± 5 fs.

This process is supported by the momentum-dependent
conduction-band coupling between the surface layer and all
other layers, as shown in Fig. 4(c). The coupling, evaluated
within our TB-QP approach, represents an effective coupling
matrix element between the surface and all other layers,
taking all subbands of the lowest two conduction bands
into account. Details on the calculation are given in the
Supplemental Material [33]. The coupling between surface
and bulk varies across the entire Brillouin zone. Most
importantly, the situation at �̄ differs significantly from that
at K̄ . While at K̄ the coupling is vanishingly small, in line
with the results above, the �̄-point is situated in a region of
strong coupling between surface and bulk.

IV. CONCLUSION

The electron transfer studied in this work is to our
knowledge the fastest interlayer charge transfer in TMDs
observed so far. In this context, transfer times reported here
have to be considered as a lower limit, given the momentum
match of layers in a single-crystal and the transfer being
located at a point of strong interlayer coupling. In addition,
our experimental technique allows us to separate the charge
transfer at �̄ from all other processes that contribute to
signals in all-optical methods. Hence, we obtain here the bare
interlayer transfer time.

Our findings are in very good agreement with theoretical
predictions [17,18], which describe charge transfer in TMD
heterostructures via �̄ instead of K̄-K̄ . While in our case
the electron transfer at K̄ is energetically unfavorable and
therefore cannot be excluded for other band alignments, we
were able to show a significant decoupling at this momen-
tum location driven by environmental screening. In contrast,
coupling between surface and deeper layers at �̄ is strong,
which explains the ultrafast charge transfer times observed in
experiment.
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