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ABSTRACT: We have applied optical absorption spectroscopy to investigate van der Waals heterostructures formed of
pairs of monolayer transition metal dichalcogenide crystals,
choosing MoS2/WS2 and MoSe2/WSe2 as test cases. In the
heterostructure spectra, we observe a signiﬁcant broadening of
the excitonic transitions compared to the corresponding
features in the isolated layers. The broadening is interpreted
as a lifetime eﬀect arising from decay of excitons initially
created in either layer through charge transfer processes
expected for a staggered band alignment. The measured
spectral broadening of 20 meV − 35 meV implies lifetimes for
charge separation of the near band-edge A and B excitons in
the range of 20−35 fs. Higher-lying transitions exhibit still greater broadening.
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from the heterostructures, have considered the formation of socalled charge transfer states,18−21 in which photoexcited
electrons and holes occupy diﬀerent layers. For the relevant
TMDCHs, the heterostructures are understood to exhibit
staggered (type II) band alignment,28,29 and such chargeseparated states will be lower in energy than an exciton formed
in either material separately. Evidence for this picture includes
the observation of a strong decrease in the luminescence of
TMDCHs compared to the individual layers,17−19,27 a
phenomenon ascribed to prompt charge separation, as well as
the emergence of new low-lying emission peaks in TMDCHs
attributed to radiative recombination of these charge-transfer
excitons.20−23,25 In addition to these spectroscopic signatures of
the charge transfer states, a recent study using ultrafast pump−
probe spectroscopy provided evidence for very rapid charge
transfer processes.19
In the present work, we address the issue of the dynamics of
interfacial charge separation by means of measurement of the
dielectric function of the heterostructure for comparison with
the dielectric functions of the individual, separated monolayer
components. This approach permits us to track the material’s
response over a broad spectral range and thus to follow the
changes of several excitonic resonances in the TMDCs. We
examine as model systems MoS2/WS2 and MoSe2/WSe2
heterostructures formed by the vertical stacking of the

he ability to combine semiconducting materials into
custom-made heterostructures has enabled both studies of
the fundamental properties of electrons in two dimensions
(2D) and device applications. Conventional heterostructures,
such as quantum-well superlattices, beneﬁt from well-developed
growth techniques and from deep understanding of the
individual material components. This allows the preparation
of materials exhibiting characteristics optimized for a speciﬁc
application. In this context, 2D van der Waals materials1−7 oﬀer
attractive approaches to the fabrication of heterostructures
through the combination of individual layers with sub-nm
thickness into tailored multilayered structures. The interfaces of
these materials are intrinsically sharp on the atomic scale and,
for mechanical assembly, lattice-matching requirements are
relaxed because of the weak van der Waals bonding between
the layers. This provides great ﬂexibility in the preparation of
arbitrary heterostructures, including the possibility of tuning the
relative crystallographic orientation of the sheets.8−12 Such
heterostructures draw on a wide variety of possible components
such as individual 2D layers. In particular, the semiconducting
mono- and few-layers of transition metal dichalcogenides13−16
(TMDCs) exhibit phenomena ranging from coupling between
carrier spin and valley degrees of freedom to eﬃcient lightmatter interaction and exceptionally strong many-body eﬀects.
The creation of TMDC heterostructures (TMDCHs) and their
study is thus a vibrant topic of current research.17−27
A central question in this emerging ﬁeld is how the
properties of the heterostructure formed from weakly
interacting layers diﬀer from those of the individual crystal
layers. Recent reports, primarily concerned with light emission
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individual monolayers. The dielectric functions of these
TMDCHs are found to be approximately what one would
expect from a simple superposition of the two respective
monolayer constituents. More detailed analysis reveals,
however, that although the peak energies and oscillator
strengths of the resonances are essentially unchanged, all of
the optical transitions are subject to signiﬁcant spectral
broadening in the heterostructures. The origin of the
broadening is discussed in the context of both inter- and
intralayer scattering processes, as well as of energy transfer
processes. Charge-transfer is identiﬁed as the dominant process.
We note that the broadening places a rigorous lower bound on
the charge transfer time. The corresponding time-scale is found
to be 20−35 fs, which is consistent with the upper bound on
the charge transfer time deduced in recent time-resolved
studies of MoS2/WS2 TMDCHs.19
We prepared TMDCH samples on fused quartz substrates
using mechanical exfoliation and mechanical transfer techniques.3 We ﬁrst exfoliated crystals of the two parent materials on
fused quartz and polypropylene carbonate transferable ﬁlm.
Monolayers were identiﬁed by photoluminescence (PL) and
Raman spectroscopy, as well as atomic force microscopy
(AFM) (see Supporting Information). The TMDCHs were
then constructed by transferring MoS2 onto WS2 for the sulfurbased heterostructures and, similarly, by transferring WSe2 onto
MoSe2 for the selenium-based heterostructures. All samples
were prepared so that the nonoverlapping areas of the
monolayers were suﬃciently large to be accessed separately
in the optical measurements (see micrographs in the
Supporting Information). This permitted us to compare the
individual monolayers and heterostructures formed from the
same exfoliated crystals. The relative crystallographic orientation of the two layers was not controlled, but all results were
conﬁrmed for at least three diﬀerent heterostructures to avoid a
chance occurrence of near crystallographic alignment. No
meaningful diﬀerences were seen for the diﬀerent samples. The
AFM proﬁles of the TMDCHs conﬁrmed that the monolayers
were in direct contact vertically (see Supporting Information).
The optical properties of the samples were probed by
reﬂection measurements. For this purpose, broadband emission
from a tungsten halogen lamp was spatially ﬁltered by a pinhole
and focused onto the sample with a spot size of about 2−3 μm.
The reﬂected light was then collected by a spectrometer and
detected with liquid-nitrogen-cooled CCD camera. All
measurements were performed at room temperature. The
individual monolayers were measured on the same sample after
transfer and under the same conditions as the corresponding
TMDCHs.
We characterized the optical response of the individual layers
and the heterostructures from the reﬂectance contrast spectra,
ΔR/R. Here, ΔR/R = (Rs − Rq)/Rq, where Rs is the reﬂectance
of the sample on the substrate, and Rq denotes the reﬂectance
of the bare quartz substrate. In the limit of weak reﬂectance
contrast (for the relevant case of a transparent substrate), the
reﬂectance contrast is proportional to the absorption of the
sample.30 Although this relation is very useful for a general
understanding of the behavior, in our detailed comparison of
the individual layers and the heterostructures, we do not rely
solely on this approximation, but carry out a more exact
treatment, as discussed below.
Reﬂectance contrast spectra of the individual monolayers and
the corresponding TMDCHs are presented in Figure 1. The
monolayer data exhibit the expected spectral features,15,16,31,32

Figure 1. Reﬂectance contrast measurements for TMDCHs and their
constituents, all exfoliated or transferred on fused quartz: (Left) WS2
and MoS2, (Right) WSe2 and MoSe2.

where the lowest-energy (A) peak corresponds to an exciton
associated with band-edge transitions at the K and K′ points of
the Brillouin zone. The next (B) peak is a similar excitonic
transition from the spin split bands, with an energy shift
primarily reﬂecting the valence band splitting.33 The features
above the A and B transition energies, labeled as the C and D
peaks, have been proposed as interband transitions mostly
occurring in a broad region of the Brillouin zone near the
center.34,35
For the TMDCHs both the absolute magnitude and peak
positions of the optical response resemble a superposition of
the corresponding spectra from the two monolayer constituents
(Figure 1). We ﬁnd minor changes in the absolute energies of
most resonances. Typically, these shifts lie within the
experimental uncertainty of ±10 meV. Redshifts up to 20−30
meV are observed in sulfur-based TMDCHs, particularly for
the A exciton peak, but this eﬀect has not been studied
systematically.
The direct interaction of electrons in the two layers is
expected to be relatively weak for these van der Waals
heterostructures, particularly considering that the two layers are
not aligned crystallographically. Nonetheless, the lack of
signiﬁcant shifts in the transition energies between the
individual layers and the heterostructures might appear
surprising in view of the strong many-body eﬀects in these
materials36,37 and the expected modiﬁcation that these
interactions induced by the changed dielectric environment of
the heterostructure. We understand the lack of spectral shifts as
the consequence of a compensation of two factors: a downward
shift in the quasiparticle gap energy through band renormalization combined with a comparable decrease in the exciton
binding energy.38 The same behavior rationalizes the fact that
the energy of the band-edge excitonic resonances barely
changes in the individual TMDCs with increasing layer
thickness.15,18,31,32,39,40 We also note that there is no evidence
of a strong inﬂuence of doping or strain on the peak energies.
In contrast to the lack of changes in the position of the
optical resonances of the individual materials when the
heterostructure is formed, we see that the widths of the
transitions increase in the TMDCH spectra (Figure 1 and
Figure 2). These ﬁndings are reproducible for several samples
(three or four for each TMDCH system, seven in total, see
Supporting Information) with random relative orientation
between the individual monolayers in the heterostructure. We
thus consider our results typical of an arbitrary misalignment.
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the MoS2/WS2 and MoSe2/WSe2 heterostructures. Comparison of this noninteracting response with the experimental
spectra reveals good overall agreement. However, discrepancies
are evident, reﬂecting the broadening of the spectral features
previously noted. To quantify these deviations, we parametrize
the dielectric functions of the monolayers with a physically
meaningful number of Lorentzians, corresponding to the
number of peaks observed in the spectral range of interest. In
the case of the sulfur-based heterostructure, we parametrize the
dielectric function with six Lorentzians, corresponding to three
resonances per monolayer. In the case of the selenium-based
heterostructure, seven peaks are used since WSe2 exhibits four
resonances in the spectral region of interest (see Supporting
Information). It should be noted that the A and B excitons for
all four TMDCs are single transitions, thus making the use of a
single oscillator appropriate. The single Lorentzian peak for the
C feature (and D in the selenium-based TMDCH) is purely a
phenomenological description of what is likely to be a more
complex set of transitions.34,35 For our purposes, however, this
is adequate to describe the initial response of the individual
materials and to characterize the overall degree of spectral
broadening.
With this phenomenological characterization of the response
of the individual materials, we are able to introduce a
broadening of the resonances, while conserving the oscillator
strengths (corresponding to the integral of the imaginary part
of the dielectric function). The results of this procedure,
implemented for both the sulfur-based and selenium-based
heterostructures, are presented in Figure 2, with parameters
presented in Table 1. We obtain excellent agreement between
this simple model and the experimental data. The observed
changes in the optical response can be explained purely by
spectral broadening, allowing no change in oscillator strengths
of the transitions and only slight spectral shifts (∼10 meV) in
the positions of the resonances when the monolayers are
combined to form heterostructures. The one exception is the A
transition of MoS2, whose position was allowed to red-shift up
to 25 meV to allow for an optimal determination of the line
width broadening.
In both types of heterostructures, the line widths of the A
and B excitons increase by about 20−35 meV and the higherlying C and D transitions by approximately 150 (±60) meV
compared with the monolayer constituents. We now examine
the physical origin of the observed change in the line width.
First, we discuss the inﬂuence of impurity broadening. The
reﬂectance data for TMDCHs were compared with the
corresponding monolayers measured after the transfer process
under exactly the same conditions. Thus, any possible
broadening induced by processing is expected to be similar in

Figure 2. Reﬂectance contrast spectra of TMDCH as simulated from
the dielectric functions of the respective monolayer constituents with
(blue dotted line) and without (cyan dotted line) additional peak
broadening are compared with the measured data (orange solid line)
for (top) MoS2/WS2 and (bottom) MoSe2/WSe2 TMDC heterostructures. Absorption is calculated with the methods in ref 30.

For a more detailed analysis of the data, we ﬁrst consider a
direct superposition of the optical response of the two
monolayers combined in a heterostructure. To this end, we
extract the dielectric functions for each of the four monolayer
TMDCs from the monolayer reﬂectance contrast measurements via Kramers−Kronig constrained variational analysis.31
To simulate the optical response of the heterostructures, we
then consider a composite medium composed of the two layers,
without any modiﬁcation in the response of either. The
eﬀective thickness of the composite medium is given by the
sum of the eﬀective thickness of the individual layers and the
eﬀective dielectric function is given by the average of the
dielectric function of the individual layers, weighted by their
respective thicknesses. The expected reﬂectance contrast
spectra produced from this model are shown in Figure 2 for

Table 1. Exciton Energies Are Shown for the Sulfur and Selenium-Based TMDCH, along with the Change in the Line Width of
Those Excitons As Measured on the Heterostructurea

a

feature

energy (±0.01 eV)

MoS2 A
WS2 A
MoS2 B
WS2 B
WS2 C
MoS2 C
WS2 D

1.87
1.95
2.02
2.37
2.82
2.86
3.06

ΔΓ (meV)
26
21
29
33
115
170
200

±
±
±
±
±
±
±

5
5
10
10
20
20
25

τ (fs)

feature

energy (±0.01 eV)

±
±
±
±
±
±
±

MoSe2 A
WSe2 A
MoSe2 B
WSe2 B
WSe2 C
MoSe2 C
WSe2 D

1.56
1.67
1.76
2.09
2.43
2.58
2.93

26
32
23
20
6
4
3

5
8
8
6
1
1
1

ΔΓ (meV)
20
30
20
25
60
190
210

±
±
±
±
±
±
±

5
10
5
15
25
35
40

τ (fs)
33
22
33
27
11
4
3

±
±
±
±
±
±
±

8
7
8
16
5
1
1

The measured changes in line widths (ΔΓ) are then used to deduce an estimate of the exciton lifetime based on the relation: τ = ℏ/ΔΓ.
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in diﬀerent TMDC monolayers are expected to be oﬀset in
energy47−49 by 100s of meV in a staggered band alignment.
Hence, charge transfer of electrons or holes from the K-valley
of the one layer to the K-valley of the other is intrinsically
favorable with respect to energy, irrespective of which material
is initially excited. The emergence of the resulting interlayer PL
feature from such a charge transfer exciton has been recently
studied in TMDCHs.18−25 This process is also accompanied by
a strong quenching of the intrinsic excitonic emission from the
two individual layers18−21,27 because the charge-transfer
competes with the radiative recombination and serves as a
fast nonradiative channel for the direct excitons. The magnitude
of the quenching typically ranges from about half an order to
more than 2 orders of magnitude. In the case of the TMDCHs
investigated in this study, we observe a decrease of the excitonic
emission by roughly 1 order of magnitude in both the MoS2/
WS2 and MoSe2/WSe2 heterostructures (see Figures 1-SI and
2-SI in the Supporting Information), consistent with results in
the literature.18,21
In the recent study of the charge transfer in such
heterostructures by pump−probe spectroscopy, it was shown
that the process occurs on a time-scale with an upper bound of
50 fs.19 Because our measurements provide a lower bound of
20−35 fs for the time constant of any additional scattering
process in heterostructures, it follows that the charge transfer
both dominates the lifetime broadening of the A and B excitons
and occurs within 20−50 fs.
By way of comparison, time scales for interfacial charge
transfer processes investigated in the literature range from 10−
100 fs in rare-gas adlayers on metal surfaces and similar
systems,50,51 as well as organic polymer/fullerene blends,52 to
10−100s of ps in double-quantum wells.53 Although our
measured rates of charge transfer are far faster than those
reported for quantum well systems, scaling from the typical
thickness regime of quantum wells down to individual
monolayers with separations of a few angstroms yields (see
Supporting Information) tunneling times on the order of 1 to
10’s of femtoseconds for the potential barriers up to several
electronvolts. However, as the authors of ref 19 also pointed
out, a complete understanding of such fast charge transfer rates
is not trivial. One should also consider the role of in-plane
momentum for rotationally misaligned layers and the manybody (excitonic) eﬀects on the various the transitions.
Finally, we consider the possibility of intervalley scattering
within individual layers. This process could play a role in
TMDC (twisted) homobilayers, where the coupling between
the bands close to the center of the Brillouin zone leads to
pronounced shifts of these bands and to the emergence of an
indirect band gap.11,12 Thus, carriers at the K/K′-point in the
homobilayers would scatter toward the respective lower-lying
valleys after the photoexcitation, leading to a broadening of the
exciton resonances. However, for our TMDCHs where two
diﬀerent materials are combined, the bands in the individual
layers are not degenerate when combined and weaker
interactions are expected. Indeed, recent calculations47 predict
that the K-point resonance remains lower in energy and that no
indirect gap emerges from the stacking of two individual layers
into heterostructures. This conclusion is supported by the lack
of the indirect-gap PL peak at lower energies in our data (see
Supporting Information), which in contrast is observed in the
twisted homobilayer spectra.11,12
In conclusion, we have studied the optical response of MoS2/
WS2 and MoSe2/WSe2 TMDC heterostructures over a spectral

all regions of the sample, including the heterostructure. The
overall increase of the line widths is consistent for multiple
measurements on the same sample and for TMDCH samples
constructed of monolayer components at arbitrary angles with
respect to one another (see Supporting Information). The peak
broadening thus appears to originate from additional, intrinsic
scattering and relaxation channels introduced in the heterostructures. The time scale of the population lifetime τ
associated with the observed broadening ΔΓ is estimated
from the relation τ = ℏ/ΔΓ to be on the order of 20−35 fs for
both A and B transitions.
We consider intrinsic physical processes underlying the
observed increased line width: enhanced thermal phonon
scattering in the heterostructure, energy transfer processes
between the layers of the heterostructure, and intervalley carrier
relaxation either within the same layer or between the two
layers. In the following we argue that the last process
dominates.
In the TMDC monolayers, the measured line widths of the A
exciton transitions are seen to be 50 (±10) meV. The intrinsic
contribution to this line width arising from carrier scattering
with thermally activated phonons is about 20−30 meV,41 as
estimated from temperature dependent measurements.41,42 The
balance of the experimental line width is attributed to the
inﬂuence of doping and inhomogeneities and is not expected to
change appreciably with respect to the separated layers to the
heterostructure, as argued above. With regard to phonon
scattering rate, an increase of this rate by a factor of 2, which
would correspond to the observed additional broadening in the
TMDCHs of 25 (±10) meV, is very unlikely because the
scattering of carriers in one layer with the phonons in the
adjacent layer should be ineﬃcient in comparison to the
scattering within the same layer. In addition, we do not observe
any pronounced changes in the Raman scattering intensities:
the TMDCH response is nearly a superposition of the two
Raman spectra from the individual monolayers (see Supporting
Information).
Next, we consider the possible role of energy-transfer
processes, that is, the annihilation of an exciton in one layer,
creating an exciton in the other. If this relaxation process was
dominant, the lowest energy peak in one monolayer forming
the TMDCHs (MoS2 and MoSe2) should not exhibit any
signiﬁcant broadening because the absorption in the companion monolayer is then weak. For the same reason, energy
transfer should only produce PL quenching of the higher
energy transitions, such as the A excitons in WS2 and WSe2. In
contrast, we observe similar PL quenching (see Supporting
Information) for all four A exciton states of the TMDCHs.
Furthermore, estimating the expected time-scale from the
energy transfer rates between quantum dots and MoS2 and for
dye molecules on graphene,43−45 as well as taking into account
the 1/R2 dependence (shown to be appropriate for the 2D−2D
systems in ﬂuorescent polymers46), yields a time constant of at
least 150 fs. This is about a factor of 5 slower than the sub-50 fs
rates inferred from the measured peak broadening. For these
reasons the contributions from the energy transfer are also
expected to be minor.
This analysis only leaves intervalley scattering of the
individual charge carriers as the origin of the observed line
broadening in the heterostructures. The most probable scenario
for this process is carrier relaxation between the K-valleys in the
opposite layers. Due to the diﬀerences in both their work
functions and band gap energies, the band-edges at the K-point
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range of 1.5−3.2 eV using reﬂectance spectroscopy, tracking
both the band-edge and the higher-lying transitions. We ﬁnd
that the optical properties of the TMDCHs can be
approximately described by a superposition of the individual
monolayer constituents. A detailed analysis shows that though
the oscillator strengths of the main transitions are conserved, all
resonances are subject to a broadening eﬀect as the monolayers
are combined to form heterostructures. The corresponding
time constant associated with the additional scattering
processes in the TMDCHs is found to be on the order of
20−35 fs for the excitonic A and B transitions in all four
materials. Charge-transfer between the layers is identiﬁed as a
dominant relaxation channel. Our ﬁndings are relevant both for
the fundamental studies of the interlayer phenomena and for
potential applications of TMDC heterostructures in optoelectronic devices.
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