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Van der Waals heterostructures show many intriguing phenomena including ultrafast charge separation
following strong excitonic absorption in the visible spectral range. However, despite the enormous potential
for future applications in the field of optoelectronics, the underlying microscopic mechanism remains
controversial. Here we use time- and angle-resolved photoemission spectroscopy combined with micro-
scopic many-particle theory to reveal the relevant microscopic charge transfer channels in epitaxial
WS, /graphene heterostructures. We find that the timescale for efficient ultrafast charge separation in the
material is determined by direct tunneling at those points in the Brillouin zone where WS, and graphene
bands cross, while the lifetime of the charge separated transient state is set by defect-assisted tunneling
through localized sulphur vacancies. The subtle interplay of intrinsic and defect-related charge transfer
channels revealed in the present work can be exploited for the design of highly efficient light harvesting and

detecting devices.
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Stacking different two-dimensional materials in a lego-
like manner enables the formation of novel ultimately thin
heterostructures with tailored electronic properties exploit-
ing screening and proximity-induced effects [1-3]. These
van der Waals (vdW) heterostructures exhibit many in-
triguing phenomena including ultrafast charge separation
following optical excitation [4] and bear great promise for
future applications in the field of optoelectronics [5].
Among the huge variety of existing vdW heterostructures
those that combine monolayer graphene with a monolayer
of one of the semiconducting transition metal dichalcoge-
nides (TMDs) are of particular interest [6]. These hetero-
structures exhibit type I band alignment where both the
minimum of the conduction band (CBM) and the maximum
of the valence band (VBM) are located in the graphene
layer. Strong excitonic absorption in the TMD monolayer is
then followed by ultrafast charge transfer into the graphene
layer [7-13]. Previous studies on WS,/graphene hetero-
structures have shown that hole transfer is considerably
faster than electron transfer, resulting in a charge-separated
transient state [14,15]. Despite the enormous potential for
future applications in the field of optoelectronics and
optospintronics, the microscopic mechanism underlying
the ultrafast charge transfer processes in TMD/graphene
and similar heterostructures remains poorly understood.
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In this work we tackle this problem with a combination
of time- and angle-resolved photoemission spectroscopy
(tr-ARPES) [14] and microscopic many-particle theory
[16-18]. We resonantly excite the A exciton in epitaxial
WS, /graphene heterostructures [19,20] and find that both
electron and hole transfer become faster with increasing
pump fluence. We explain this with the help of a tunneling
model where hot carriers transfer from WS, to graphene at
those points in momentum space where the respective
bands cross. We also find that the lifetime of the charge
separated state increases with increasing fluence, indicating
the importance of S vacancies [21-23] that efficiently trap
photoexcited electrons in the WS, layer [15]. The micro-
scopic insights gained in the present study will guide the
design of future optoelectronic and optospintronic devices
where defects and band alignment will serve as important
control parameters.

WS, /graphene heterostructures were grown on H-termi-
nated SiC(0001) as described in Refs. [19,20,24,25]. 2 eV
pump and 26 eV probe pulses for the tr-ARPES experi-
ments were generated by frequency doubling the signal
output of an optical parametric amplifier and by high
harmonics generation in argon, respectively. The tunneling
matrix elements for electrons and holes were computed
using microscopic many-particle theory [16-18,26-30].
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FIG. 1. Tr-ARPES snapshots of WS, /graphene heterostructure
before and after optical excitation. (a) Photocurrent measured
along the I'K direction at negative pump-probe delay. Colored
dashed lines indicate the position of the line profiles used to
determine the transient band positions in Figs. 2(c) and 2(e). The
yellow box indicates the region where the Fermi-Dirac fits for
Fig. 4(b) were performed. (b) Pump-induced changes of the
photocurrent at the peak of the pump-probe signal. Red and blue
indicate gain and loss of photoelectrons, respectively, with
respect to the photocurrent measured at negative pump-probe
delay. Colored boxes indicate the areas of integration for the
pump-probe traces shown in Figs. 2(a) and 2(b). Thin dashed
lines represent the calculated band structures of graphene [32]
and WS, [33]. Rigid band shifts of —0.81 eV and —1.19 eV were
applied to WS, CB and VB, respectively. The graphene Dirac
cone was shifted by +0.3 eV to account for the observed hole
doping [25].

Further details about the various methods employed in the
present study are given in the Supplemental Material [31].

In Fig. 1 we show tr-ARPES snapshots measured along
the 'K direction of the hexagonal Brillouin zone close to
the graphene and WS, K points for different pump-probe
delays after photoexcitation at Ay, = 2 €V with a pump
fluence of 2.85 mJ/cm?. Within our experimental resolu-
tion (170 meV in this particular dataset) the unperturbed
band structure measured at negative pump-probe delay
[Fig. 1(a)] is well described by the sum of the calculated
band structures of the individual layers [32,33] (thin white
dashed lines) after applying rigid band shifts to account for
doping and to reproduce the experimentally observed WS,
band gap. At the peak of the pump-probe signal [Fig. 1(b)]
we observe a gain of photoelectrons at the bottom of the
WS, conduction band (CB), a strong gain-and-loss signal
for the WS, valence band (VB), and a strong gain-and-loss
signal for the graphene Dirac cone. We interpret these
features in terms of electron-hole pair generation followed
by ultrafast charge separation as discussed in detail
below [14].

For further analysis we present momentum-resolved
population dynamics [Figs. 2(a) and 2(b)] as well as
transient peak positions of the individual electronic bands
[Figs. 2(c) and 2(d)] that serve as smoking gun evidence for
ultrafast charge separation in the system. The data points in
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FIG. 2. Evidence for ultrafast charge separation: (a) Gain in the
WS, CB (orange) and loss in the WS, VB (green). (b) Gain above
the Fermi level (red) and loss below the Fermi level (blue) inside
the graphene Dirac cone. (c) Position of the WS, CB (orange)
and the upper WS, VB (green) and transient band gap of WS,
(turquois). (d) Charging-induced shift of WS, valence and
conduction band. (e) Transient shift of the graphene Dirac cone.
All quantities are plotted as a function of pump-probe delay.
Black lines are single exponential fits to the data. Gray lines in
panel (c) were calculated from the exponential fit for £,,, in panel
(c) and the exponential fit in panel (d).

Figs. 2(a) and 2(b) were obtained by integrating the
photocurrent over the areas indicated by the colored boxes
in Fig. 1(b). They show the population dynamics of the
WS, valence and conduction band [Fig. 2(a)] and the
graphene Dirac cone [Fig. 2(b)] as a function of pump-
probe delay. Thin black lines are single exponential fits to
the data [31]. We find that gain and loss traces for both WS,
and graphene are asymmetric. The WS, valence and con-
duction band shows a short-lived loss (z = 100 £ 40 fs)
and long-lived gain (z = 1.3 £ 0.1 ps), respectively. The
situation is reversed in the graphene layer where the gain
above the Fermi level is found to be short-lived
(tr =210 £ 20 fs) and the loss below the Fermi level is
found to be long-lived (z = 1.50 = 0.06 ps). This behavior
is not observed in individual graphene and WS, layers and
indicates ultrafast charge separation [14]. In detail, the short
lifetime of the loss in the WS, VB and the gain above the
Fermi level in the graphene Dirac cone indicate that the
photoexcited holes in the WS, layer are rapidly (on a
timescale comparable to the temporal resolution of 200 fs)
refilled by electrons from graphene. The photoexcited
electrons, on the other hand, are found to remain in the
WS, CB for z = 1.3 0.1 ps.

The resulting charge separated transient state leaves the
WS, layer negatively charged and the graphene layer
positively charged. This is expected to decrease the binding
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energy of the WS, states and increase the binding energy of
the graphene states [14]. In Fig. 2(c) we plot the transient
peak positions of the upper WS, VB and the WS, CB that
were obtained by fitting energy distribution curves (EDCs)
through the K point of WS, [dashed green line in Fig. 1(a)]
with a Gaussian [31]. The energy difference between the
WS, CB and VB directly yields the transient band gap E,,
shown in the lower part of Fig. 2(c). From an exponential fit
to the data [31] we deduce an equilibrium gap size of
2.08 eV and a lifetime of 7 = 0.8 4= 0.4 ps for the transient
band gap renormalization AEg,,. The renormalization is a
consequence of increased screening in the presence of
photoexcited carriers and is commonly observed in photo-
doped TMD monolayers [34-37]. Assuming that band gap
renormalization shifts the WS, VB up and the WS, CB
down by the same amount |AE,,,|/2 we can subtract its
contribution from the transient peak positions in Fig. 2(c)
yielding the data in Fig. 2(d) where both the WS, valence
and conduction band are found to shift up by ~100 meV
with a lifetime of 7 = 1.03 £ 0.07 ps. This shift is attrib-
uted to the transient negative charging of the WS, layer.
The transient position of graphene’s Dirac cone in Fig. 2(e)
was extracted from Lorentzian fits of momentum distribu-
tion curves (MDCs) [31] at E = —0.5 eV extracted along
the dashed red line in Fig. 1(a). The resulting momentum
shift was converted into an energy shift by multiplying with
the slope of the band vy =7 eVA [38]. The observed
increase in binding energy with an exponential lifetime of
1.08 + 0.06 ps is a direct consequence of the additional
positive charge on the graphene layer due to ultrafast hole
transfer.

In order to gain access to the microscopic mechanism
underlying the observed ultrafast charge transfer phenom-
ena we now investigate the pump fluence dependence of the
electron and hole transfer rates as well as the lifetime of the
charge separated state. As discussed above, the short-lived
loss in the WS, VB [Fig. 2(a)] is directly linked to the
short-lived gain above the Fermi level in the Dirac cone of
graphene [Fig. 2(b)]. The signal-to-noise ratio, however, is
much better in the latter case, which is why we focus on the
graphene gain rather than the WS, VB loss to analyze
the pump fluence dependence of the ultrafast hole transfer.
The result is shown in Fig. 3(a). We find that the hole
transfer time of ~1 ps observed at the lowest pump fluence
rapidly drops to a value short compared to our temporal
resolution of 200 fs with increasing fluence. Figure 3(b)
shows the pump fluence dependence of the lifetime of the
photoexcited electrons in the conduction band of WS, from
Fig. 2(a). This value is found to decrease from ~2 ps at
the lowest fluence to below 1 ps at the highest fluence. In
Fig. 3(c) we plot the pump fluence dependence of the gain
above the equilibrium position of the upper WS, VB
obtained by integrating the photocurrent over the area
indicated by the pink box in Fig. 1(b). We confirmed that
this quantity shows the same fluence dependence as the
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FIG. 3. Fluence dependence of ultrafast charge separation and
recombination: (a) Lifetime of graphene gain from Fig. 2(b). The
black dashed line represents our temporal resolution of 200 fs.
(b) Lifetime of photoexcited electrons in the WS, CB from
Fig. 2(a). (c) Lifetime of gain above the equilibrium position of
the upper WS, VB. Thick lines in (a) and (b) were obtained by
inverting and rescaling the guides to the eye from Fig. 4(d) to
match the data points. The thick line in (c) is a guide to the eye.

charging-induced band shifts in Figs. 2(d) and 2(e) [31]
albeit with an improved signal-to-noise ratio. From
Fig. 3(c) we find that the lifetime of the charge separated
state linearly increases with increasing fluence from
~0.8 ps at the lowest fluence to ~1.4 ps at the highest
fluence. In summary, Fig. 3 shows that the transfer rate of
the holes increases with increasing fluence, the lifetime of
the photoexcited electrons in the CB of WS, decreases with
increasing fluence, and the lifetime of the charge separated
state increases with increasing fluence.

A detailed comparison with related experimental and
theoretical work [13,36,39—41] is given in [31]. In a
nutshell, Refs. [13,36] investigated similar type I hetero-
structures made of either MoS, or WS, and graphene. In
contrast to the present study, Ref. [36] found no indication
for charge separation which is likely due to the twist angle
of 30° between MoS, and graphene that changes the
location of the crossing points of the bands in the
Brillouin zone. Reference [13] observed no systematic
pump fluence dependence of the relaxation times in
WS, /graphene heterostructures with unknown twist angle.
Their model, where the electric field across the interface
that builds up due to charge separation increases the
transfer rate for the electrons, can be reconciled with our
observation in Fig. 3(b). However, this model cannot
explain our observation that the hole transfer rate also
increases with increasing fluence [see Fig. 3(a)]. Finally,
Refs. [39-41] proposed a coherent phonon-driven charge
transfer mechanism for ultrafast charge separation in type II
heterostructures that cannot be directly applied to our
WS, /graphene heterostructure with type I band alignment.
Therefore, we evoke a new scenario where carriers can
tunnel from one layer to the other at the points in
momentum space where the bands of the individual layers
cross and where charge transfer can occur without energy
or momentum transfer. In this scenario the transfer rate is
proportional to e~2F/%7 where the energy barrier AE is
given by the distance between the WS, VBM or CBM and
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FIG. 4. Direct tunneling model. (a) Temporal evolution of the
two barrier heights deduced from Fig. 2 together with single-
exponential fit. (b) Temporal evolution of the electronic temper-
ature inside the Dirac cone together with double-exponential fit.
(c) Temporal evolution of the electron and hole transfer rates
deduced from panels (b) and (c) together with double-exponential
fit. (d) Pump fluence dependence of the peak transfer rates for
electrons and holes determined from exponential fits to the data in
Fig. 4(c) [31]. Thick gray lines are guides to the eye. (e) Sketch of
the band structure with tunneling barrier for holes (AE),, red) and
electrons (AE,, orange). Our final microscopic model includes
direct (orange and red arrows) as well as defect-assisted tunneling
(green arrows).

the closest crossing point [Fig. 4(e)] and where k3T is the
thermal energy of the carriers. The temporal evolution of
the energy barriers for electron and hole transfer [Fig. 4(a)]
was deduced from the transient band shifts in Fig. 2. The
temperature of the electron-hole pairs in WS, is difficult to
determine experimentally due to the short lifetime of the
holes and the limited signal-to-noise ratio. The electronic
temperature of the Dirac carriers inside the graphene layer
[Fig. 4(b)] on the other hand can be easily extracted from
Fermi-Dirac fits of the transient carrier distribution inside
the Dirac cone as described in [31]. Assuming that the
electronic temperature for the carriers inside the Dirac cone
is similar to the one of the carriers in the WS, layer [31], we
can determine the temporal evolution of the transfer rates
shown in Fig. 4(c). The peak rate is found to be faster for
holes than for electrons and to increase with increasing
fluence for both electrons and holes [Fig. 4(d)] in good
qualitative agreement with the data in Fig. 3.

To confirm the above interpretation, we calculated the
transfer times for electrons and holes using a microscopic
model based on the density matrix formalism [16-18,42],
which is further described in [31]. The momentum depend-
ence of the tunneling matrix element evaluated on a tight-
binding level for the CB and VB is shown in Figs. 5(a) and
5(b), respectively, together with black lines that indicate the
position in momentum space where the crossing between
the WS, CB and VB, respectively, and the Dirac cone
occurs. The tunneling matrix elements exhibit a strong
momentum dependence that can be traced back to the
pseudospin of the Dirac carriers in the graphene layer that
has opposite helicity for VB and CB [38]. More impor-
tantly, the tunneling matrix element in the region of interest
indicated by the black lines in Figs. 5(a) and 5(b) is found
to be much bigger for the VB than for the CB. In addition to
the different energy barriers found in Fig. 4(a) this accounts
for the experimentally observed asymmetry between elec-
tron and hole transfer. We also calculated the transfer times
for holes and electrons as a function of the height of the
respective energy barrier and the carrier temperature in
Figs. 5(c) and 5(d). In good qualitative agreement with our
experiment, the calculated lifetimes are found to decrease
with increasing carrier temperature (i.e., with increas-
ing pump fluence), while the change in barrier height
(< 100 meV in the experiment) is found to have a minor
influence on the fluence dependence of the lifetimes.

While this model nicely explains the observed fluence
dependence of the carrier lifetimes in Figs. 3(a) and 3(b), it
fails to reproduce the fact that the lifetime of the charge
separated transient state is found to increase with increasing
fluence [Fig. 3(c)]. This indicates that, in addition to the
direct tunneling scenario proposed above, there are addi-
tional charge transfer channels that need to be considered
for a full microscopic understanding of the ultrafast charge
transfer processes in our WS, /graphene heterostructure. A
likely candidate are defect-related charge transfer channels
involving § vacancies [22,23]. It has been shown using
scanning tunneling spectroscopy combined with GW
calculations [23] that S vacancies give rise to two spin-
orbit split states inside the band gap of WS, that also appear
in our tr-ARPES data (see Fig. 11 in [31]). These states
were proposed to efficiently trap photoexcited electrons
inside the WS, layer and thereby enhance the lifetime of the
charge separated state [15].

In Fig. 4(e) we summarize our understanding of the
relevant microscopic scattering channels that mediate the
ultrafast charge transfer in our WS, /graphene heterostruc-
ture. Direct tunneling (orange and red arrows) sets the
timescale for charge separation, while defect-assisted
tunneling (green arrows) sets the timescale for charge
recombination. This model resolves two important con-
troversies in literature. First, it remains unresolved whether
charge transfer occurs at I', X, or K [28,39-41,43,44].
Our findings suggest that ultrafast charge transfer in the
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investigated epitaxial WS, /graphene heterostructure
occurs at the band intersections close to the K point.
The second unresolved issue is related to momentum
conservation during charge transfer [28,45]. We propose
that ultrafast charge separation occurs via direct tunneling
with zero momentum transfer. Charge carrier recombina-
tion is dominated by defect-assisted tunneling where the
strong localization of the defect states in real space leads to
a delocalization over a big part of the Brillouin zone which
again enables tunneling at zero momentum transfer.

In summary we combined tr-ARPES with microscopic
many-particle theory to unravel the microscopic mecha-
nism of ultrafast charge separation and recombination in
epitaxial WS, /graphene heterostructures. We find a subtle
interplay between direct tunneling at the band intersections
close to the K point that sets the timescale for charge
separation and defect-assisted tunneling via localized S
vacancies that sets the timescale for electron-hole recombi-
nation. Our findings will guide the development of
improved optoelectronic devices where defect and band
structure engineering will serve as important control
parameters.
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