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Van der Waals heterostructures based on transition metal dichalcogenides (TMDs) have emerged as

excellent candidates for next-generation optoelectronics and valleytronics, due to their fascinating physi-

cal properties. The understanding and active control of the relaxation dynamics of heterostructures play a

crucial role in device design and optimization. Here, we investigate the back-gate modulation of exciton

dynamics in a WS2/WSe2 heterostructure by combining time-resolved photoluminescence (TRPL) and

transient absorption spectroscopy (TAS) at cryogenic temperatures. We find that the non-radiative relax-

ation lifetimes of photocarriers in heterostructures can be electrically controlled for samples with

different twist-angles, whereas such lifetime tuning is not present in standalone monolayers. We attribute

such an observation to doping-controlled competition between interlayer and intralayer recombination

pathways in high-quality WS2/WSe2 samples. The simultaneous measurement of TRPL and TAS lifetimes

within the same sample provides additional insight into the influence of coexisting excitons and back-

ground carriers on the photo-response, and points to the potential of tailoring light–matter interactions

in TMD heterostructures.

Introduction

Over the last decade, there has been remarkable progress in
exploring the new physical properties of transition metal
dichalcogenides (TMDs), a material platform ideal for studying
valleytronics and realizing novel optoelectronic
functionalities.1–3 The attractive Coulomb interactions and the
reduced screening effect in a two-dimensional environment
result in the formation of tightly bound excitons with large
binding energy, which dominate the optical properties of
TMDs.3,4 Vertically stacked van der Waals (vdW) hetero-
structures based on TMDs exhibit diverse and extraordinary
characteristics not present in monolayers, such as the presence
of interlayer excitons, twist-angle dependent moiré superlat-
tices, modified optical selection rules and strong correlation

effects.5–10 Benefiting from the spatial separation of the
Coulomb-bound electron–hole residing in different layers,
interlayer excitons display long valley lifetimes due to reduced
exchange interactions and suppressed intervalley scattering.5,11

The manipulation of excitonic states in vdW heterostructures
via various strategies has been proposed, including externally
applied electric or magnetic fields and the introduction of a
moiré superlattice.12–17

To probe still further the fundamental exciton physics and
explore potential applications of vdW heterostructures, popu-
lation as well as valley-polarization relaxation dynamics have
been widely investigated by time-resolved techniques.18 It is
well known that the intralayer exciton lifetime in monolayer
TMDs is as short as a few to tens of picoseconds at low
temperature.19–21 Compared with the fast relaxation of intra-
layer excitons, the radiative lifetime of an interlayer exciton as
measured by time-resolved photoluminescence (TRPL) is
several orders of magnitude longer, and has shown the desir-
able feature of electrical tunability.5,13–15,22–24 For example, by
tuning the electric field applied to the heterostructure, the
interlayer exciton lifetime in MoS2/WS2 can be tuned from 100
ns to 400 ns.16 Despite these advances, a general overview of
the intra- and inter-layer photocarrier dynamics and its associ-
ated radiative and non-radiative decay channels is yet to be
fully established. In particular, it has been shown recently that
the optical behaviors of intralayer excitons in MoSe2/MoS2 and
WS2/WSe2 heterostructures differ appreciably from those of
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the monolayers, suggesting contributions from many-body
effects and moiré potential in heterostructures.25–29 While the
photoluminescence (PL) of intralayer excitons in hetero-
structures has been widely studied and shows electrical
tunability,27–29 the non-radiative recombination dynamics in
the heterostructures has scarcely been investigated. Some exist-
ing transient absorption spectroscopy (TAS) studies mostly
focus on the charge transfer and exciton formation
process.26,30–32

In this work, we have fabricated a back-gated field-effect
transistor based on a hexagonal boron nitride (h-BN) encapsu-
lated WS2/WSe2 heterostructure with few-layer graphene back-
gate and contact electrodes, where radiative and non-radiative
properties of excitons at low temperature can be systematically
investigated at different doping levels. We first studied the
carrier concentration dependent steady-state PL and reflection
contrast spectra of excitons in the WS2/WSe2 heterostructure,
and clearly identified the static optical features of neutral and
charged excitons. For the samples we studied, both radiative
and non-radiative transient dynamics at the WS2 and WSe2
resonances exhibit significant electrostatic doping depen-
dence. In particular, the non-radiative relaxation dynamics of
photocarriers in the heterostructure shows a unique and
strong back-gate voltage dependence, which is not observed in
standalone monolayers. The dynamics can be well explained
by gate-controlled interfacial potential differences at the
heterostructure. Our results highlight the influence of the
doping level introduced by the back gate on the recombination
of excitonic states in the heterostructure and provide new
insight into the optical behaviors of excitonic states in TMD
heterostructures.

Results and discussion

Fig. 1a shows an optical microscopy image of a representative
WS2/WSe2 heterostructure device, and the side-view of the
device is schematically illustrated in Fig. 1b. The WS2 and
WSe2 monolayers were fabricated by mechanical exfoliation
and then encapsulated in two hexagonal boron nitride (h-BN)
flakes by a dry transfer technique on a 285 nm SiO2/Si sub-

strate. The top and bottom h-BN flakes were used to mitigate
the influence of surface defects and charged impurities. The
carrier concentration of the WS2/WSe2 heterostructure can be
efficiently gated by the few-layer graphene electrodes, and the
bottom h-BN serves as the gate dielectric of the device. A sche-
matic illustration of the type-II band alignment of the WS2/
WSe2 heterostructure is shown in Fig. 1c, where the electrons
tend to reside in the WS2 layer while the holes prefer to stay in
the WSe2 layer.

Gate-dependent PL spectra in the heterostructure were
characterized under a cryogenic temperature (∼7 K), as shown
in Fig. 2a. The excitation energy was fixed at ∼2.33 eV
(532 nm) so that both WS2 and WSe2 monolayers can be
excited. Without applying any back-gate voltage, the emission
from neutral intralayer excitons dominates the PL spectra.
When a positive (negative) back-gate voltage is applied, the
negatively (positively) charged exciton with an additional elec-
tron (hole) will appear in the PL spectra, and dominates the PL
spectra with increasing back-gate voltages. It is noticed that
the PL intensity of the negative charged excitons slightly red-
shifts as the applied voltage increases at a high doping level.
This nontrivial doping dependence of the trion emission can
be attributed to the combined effects of the restricted scatter-
ing phase space and the electrostatic screening effect.21,33

To further study the carrier concentration dependence of
the optical transitions in the WS2/WSe2 heterostructure, the
gate-dependent reflection contrast spectrum under cryogenic
temperature was also measured, and the results are summar-
ized in Fig. 2b. For the heterostructure without the back-gate
voltage, two prominent features around 1.68 eV and 2.00 eV
can be observed, corresponding to the A exciton resonance of
WSe2 and WS2, respectively. It can be seen that the exciton
resonances for the two different layers have different back-gate
dependencies. When the back-gate voltage varies from −2 V to
2 V, both A exciton resonances of WS2 and WSe2 are present,
suggesting that the Fermi level is within the band energy gap
of the two layers. For large positive back-gate voltages, elec-
tron-doping strongly suppresses the A exciton resonance in
WS2. Meanwhile, only a slight red shift occurs in the A exciton
of WSe2. Similarly, for large negative back-gate voltages, only
the resonance from WSe2 is seen to vanish due to hole doping,

Fig. 1 (a) Optical microscopy image of the WS2/WSe2 heterostructure; orange and blue dashed lines mark the boundaries of monolayer WS2 and
WSe2 regions, respectively. Gray dashed boxes mark the few-layer graphene electrodes. The scale bar is 20 μm. (b) Side-view illustration of the
back-gated heterostructure device. (c) Schematic illustration of the type-II band alignment of the WS2/WSe2 heterostructure.
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and the exciton response of WS2 remains unaffected. The
peculiar back-gate dependence of PL and reflection contrast
spectra is consistent with the type-II band alignment of the
heterostructure. It has been observed before and is attributed
to the signature of the large twist-angle in the WS2/WSe2
heterostructure.34 The significant change of emission and
reflection spectra at intralayer exciton resonances (including
neutral and charged exciton) means the electrostatic doping-
level in the heterostructure can be effectively modulated by the
graphene back-gate. A heterostructure with a small twist-angle
was also investigated, and the results are presented in the
ESI.†

As is shown in Fig. 3a, the heterostructure sample does not
exhibit PL emission from interlayer exciton, due to the large
twist-angle induced momentum mismatch.34,35 We therefore
focused our investigation on intralayer exciton resonances in
the WS2/WSe2 heterostructure. TRPL measurements were
carried out using a 10 ps excitation laser at a wavelength of
532 nm (∼2.33 eV). The emission signal was detected using a
Becker & Hickl GmbH hybrid single-photon detector with a
time-correlated single photon counting module. A monochro-
mator was placed in front of the single-photon detector to
select the emission wavelength. PL lifetimes were extracted
from the mono-exponential deconvolution of the measured
data with the instrumental response function (IRF), which had
a 55 ps full width at half maximum (FWHM) duration.
Interestingly, the PL measured at the WSe2 resonance (∼1.68
eV) as shown in Fig. 3b exhibits a quite long lifetime and
shows a clear gate-voltage dependence, with the longest life-
time (∼244 ps) obtained at back-gate voltages corresponding to
the charge-neutrality region. The WS2 resonance shows similar
results but with a significantly shorter time constant, as shown
in ESI Fig. S1.† We present the change of PL lifetimes with
back-gate voltages at ∼1.68 eV in Fig. 3c, and the time con-
stants extend from ∼80 ps to ∼250 ps. To verify whether such
an observation is intrinsic to monolayers, we performed the
same TRPL measurement on a monolayer WSe2 area from the
heterostructure. The results are shown in Fig. 3d and e.
Though the measurements of lifetimes with a positive back-
gate voltage are probably limited by IRF, two clear differences

can still be seen. First, the lifetime of the intralayer exciton in
the monolayer is much shortened, with the longest lifetime
recorded at ∼98 ps (charge-neutrality region). Second,
although gate voltage dependence is still present in the mono-
layer, the decay times at positive and negative voltages are
almost converged to constant values.

While previous works have attributed the gate-dependence
of lifetime in the monolayer to the switching of excitonic
species, such as the change from neutral excitons to charged
excitons,21,36 there is little prior experimental work that can be
drawn on to explain the gate-tunable photocarrier dynamics at
intralayer resonances in the heterostructure. The different
shape of the modulation curves in Fig. 3c and e also suggests
different underlying mechanisms. In fact, the exciton lifetimes
measured by the TRPL technique are fundamentally impacted
by both radiative and non-radiative recombination pathways.
Therefore, simultaneously probing the non-radiative lifetimes
of intralayer excitons using ultrafast TAS may provide impor-
tant new insights and help elaborate the overall physical
picture of the photocarrier recombination in the
heterostructure.

To understand the difference in PL lifetimes of intralayer
excitons between the WS2/WSe2 heterostructure and monolayer
WSe2, we performed ultrafast transient reflectance measure-
ments. Here, we selected a pump wavelength of 655 nm (∼1.89
eV) provided by a picosecond diode laser with a pulse duration
of ∼190 ps, so that monolayer WSe2 was selectively photo-
excited. The probe pulse was provided by a picosecond super-
continuum light source connected to an acoustic-optical
modulator (AOM). The synchronization and time-delay
between the picosecond diode laser and the AOM were con-
trolled using two custom-made frequency and time-delay
control boards, and details of the ultrafast pump–probe experi-
mental setup can be found in ref. 37. The probe energy was
fixed at ∼1.68 eV, aligned with the A exciton resonance of
WSe2. An IRF of ∼0.2 ns can be deduced by the FWHM of the
convolution of pump and probe pulses. As is shown in Fig. 4a,
the decay time of photocarriers in the heterostructure is ∼1472
± 29 ps at 7 K, which is notably longer than that in monolayer
WSe2 (∼678 ± 11 ps). The prolonged lifetime in the WS2/WSe2

Fig. 2 (a) Back-gate-voltage-dependent PL and (b) reflection contrast spectra of the WS2/WSe2 heterostructure at 7 K.
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heterostructure can be easily understood. For the hetero-
structure, the photogenerated electrons in WSe2 will rapidly
transfer to the conduction band of WS2 on a timescale of a few
hundred femtoseconds,38 while the photogenerated holes still
remain in the valence band of WSe2. Under such a scenario,
the relatively slow interlayer recombination dominates. The PL
lifetime measured with TRPL experiments, τlifetime, can be
described using the following equation: 1/τlifetime = 1/τrad + 1/
τnon-rad, where τrad and τnon-rad represent the radiative and non-
radiative lifetimes of the photocarriers, respectively. Clearly,
the appreciably longer non-radiative lifetime of photogene-
rated carriers in the WS2/WSe2 heterostructure as shown in
Fig. 4a can well account for the observed elongation of PL life-
times for excitons shown in Fig. 3.

Then, the dependence of non-radiative lifetime (by TAS) on
the electrostatic doping level was studied with the back-gate
voltage varying from −8 V to 8 V. Fig. 4b shows the normalized
TAS curves and fitting results for monolayer WSe2. It can be
seen that the relaxation dynamics of intralayer excitons is not
affected by the back-gate voltage, and the non-radiative life-
time in the monolayer is around 700 picoseconds. ESI
Table S1† presents the fitting results of TAS lifetimes for
monolayer WSe2 and the WS2/WSe2 heterostructure. The inde-
pendence from background carrier concentration in monolayer
WSe2 indicates that the different PL lifetimes for positive and
negative back-gate voltages (Fig. 3d and e) are probably due to
the switching of excitonic species. Interestingly, the non-radia-
tive lifetimes in the WS2/WSe2 heterostructures exhibit sub-

Fig. 3 (a) Photoluminescence spectrum of the WS2/WSe2 heterostructure without back-gate voltage. The orange, blue and purple stripes are visual
guides marking the emission peak positions of WS2, WSe2 and interlayer excitons (IX), respectively. Normalized time-resolved PL results of (b) the
WS2/WSe2 heterostructure and (d) monolayer WSe2 at WSe2 resonant energy (∼1.68 eV) under different back-gate voltages. The black dashed line
represents the IRF for the TRPL setup. PL lifetimes extracted from the TRPL measurements of (c) the WS2/WSe2 heterostructure and (e) monolayer
WSe2 as a function of the back-gate voltage. All the measurements were performed at 7 K.
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stantial gate dependence, as shown in Fig. 4c and d. The non-
radiative dynamics probed at different back-gate voltages
shows that the decay time under electrical neutrality con-
ditions is much longer than that when electron or hole doping
is introduced. As is shown in Fig. 4c, the lifetime dramatically
decreases from ∼1472 ± 29 ps to ∼422 ± 41 ps for heavy elec-
tron doping (VBG = 8 V). Similarly, when the back-gate voltage
was tuned to negative, the lifetime also decreased with the
increase of the hole doping concentration, and the shortest
decay time at −8 V is ∼1023 ± 59 ps. We subsequently tuned
the probe energy across the A-exciton resonance range of
WSe2, and the same back-gate voltage dependence is observed
(as shown in ESI Fig. S2†). The faster TAS lifetime at VBG = 8 V
(∼422 ps) compared with that of the monolayer (∼700 ps) indi-
cates that the recombination of photocarriers in hetero-
structures is probably influenced by other factors, such as
many-body effects and band alignment offset shift introduced
by the back-gate.29

As for the observed gate-dependent TAS lifetimes, the
experimental results can be explained by the doping-controlla-
ble competition of interlayer and intralayer recombination
pathways. In the charge-neutrality region, the relatively slow
interlayer recombination of photocarriers dominates, leading
to prolonged lifetimes. However, when electrostatic doping is

introduced in the WS2/WSe2 heterostructure, the occupation of
the WS2 conduction band or the WSe2 valence band reduces
the energy difference between the two constituent monolayers.
As a result, charge transfer is less efficient and intralayer
rather than interlayer recombination becomes the dominant
relaxation channel of photocarriers in the case of heavy
doping. Taking into account the smaller energy difference in
conduction bands between WS2 and WSe2, the intralayer
recombination pathways are expected to be more effective with
n-doping, in agreement with the shorter non-radiative life-
times observed under positive back-gate voltages.
Furthermore, we ruled out the potential effects of exciton–
exciton annihilation as the dynamics showed negligible
density dependence in our experiments, as shown in ESI
Fig. S3.† The signatures of electrically tunable lifetimes of
near-aligned WS2/WSe2 heterostructures can be obtained from
ESI Fig. S4,† suggesting independence from twist-angles.

Conclusions

In summary, we have carried out detailed lifetime measure-
ments on a WS2/WSe2 heterostructure at a cryogenic tempera-
ture, combining time-resolved fluorescence and transient

Fig. 4 (a) Normalized transient reflectance of the WS2/WSe2 heterostructure and monolayer WSe2 without back-gate voltage. Inset: the schematic
illustration of the type-II band alignment in the WS2/WSe2 heterostructure. (b) Transient reflectance of monolayer WSe2 under VBG varying from −8
V to 8 V. The transient reflectance of the WS2/WSe2 heterostructure (c) under back-gate voltages varying from 0 V to 8 V and (d) under back-gate
voltages varying from −8 V to 0 V. All the measurements were performed at 7 K.
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absorption spectroscopy. Both radiative and non-radiative
dynamics exhibit clear gate-voltage dependent behaviour.
Fascinatingly, the non-radiative relaxation dynamics can be
effectively back-gate-tuned in heterostructures, but not in
monolayers. We attribute the pronounced gate-dependence to
the competition between coexisting interlayer and intralayer
recombination channels, where doping the heterostructure
proves to be an effective knob for changing the intra and cross-
layer occupation of photocarriers. Our results pinpoint a new
way to electrically control the optoelectronic properties of
TMD heterostructures, and help further elucidate the relatively
complex relaxation dynamics of excitons and photocarriers in
van der Waals heterostructures.
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