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Devices that rely on the manipulation of excitons—bound pairs 
of electrons and holes—hold great promise for realizing efficient 
interconnects between optical data transmission and electrical 
processing systems. Although exciton-based transistor actions 
have been demonstrated successfully in bulk semiconductor-
based coupled quantum wells1–3, the low temperature required 
for their operation limits their practical application. The recent 
emergence of two-dimensional semiconductors with large exciton 
binding energies4,5 may lead to excitonic devices and circuits that 
operate at room temperature. Whereas individual two-dimensional 
materials have short exciton diffusion lengths, the spatial separation 
of electrons and holes in different layers in heterostructures could 
help to overcome this limitation and enable room-temperature 
operation of mesoscale devices6–8. Here we report excitonic devices 
made of MoS2–WSe2 van der Waals heterostructures encapsulated 
in hexagonal boron nitride that demonstrate electrically controlled 
transistor actions at room temperature. The long-lived nature of 
the interlayer excitons in our device results in them diffusing over 
a distance of five micrometres. Within our device, we further 
demonstrate the ability to manipulate exciton dynamics by creating 

electrically reconfigurable confining and repulsive potentials for 
the exciton flux. Our results make a strong case for integrating 
two-dimensional materials in future excitonic devices to enable 
operation at room temperature.

Solid-state devices use particles and their quantum numbers for 
their operation, with electronics being the ubiquitous example. 
The need to improve power efficiency of charge-based devices and  
circuits is motivating research into new devices that would rely on 
other principles. Candidates so far include spintronics and photonics9,10. 
Excitons—electrically neutral quasi-particles formed by bound elec-
trons and holes—can also be manipulated in solid-state systems. The 
development of such excitonic devices has so far been hindered by 
the absence of a suitable system that would enable room-temperature 
manipulation of excitons, limiting the expansion of the field. Here, we 
demonstrate room-temperature excitonic devices based on atomically 
thin semiconductors. These devices could open the way for wider studies  
and applications of excitonic devices in the academic and industrial 
sectors11. Many applications can be envisaged, because excitons could 
be used to efficiently couple optical data transmission and electronic 
processing systems. Although fast optical switches have already been 
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Fig. 1 | Interlayer excitons in the WSe2–MoS2 van der Waals 
heterostructure. a, Type-II band alignment in the WSe2–MoS2 
heterostructure with intralayer (X0) and interlayer (Xi) excitons. The 
red and blue areas represent the bands in the two materials and the 
heterobilayer. Positive and negative symbols indicate holes and electrons, 
respectively. b, Schematic depiction of the WSe2–MoS2 heterostructure, 
showing the heterobilayer encapsulated in hexagonal boron nitride (h-BN)  
and the top and bottom gates. The interlayer exciton has a permanent 

out-of-plane dipole moment p that allows manipulation via the electric 
field E. c, False-colour optical image of the device, highlighting the 
different materials. d, e, Spatial maps of photoluminescence at 670 nm 
(d) and 750 nm (e), corresponding to MoS2 and WSe2 intralayer 
excitonic resonances, respectively. Photoluminescence is quenched in the 
heterostructure area owing to efficient charge transfer. Scale bars, 5 µm. 
a.u., arbitrary units.
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demonstrated12,13, the comparably large size (about 10 µm)14,15 of 
such devices limits packing density. This can be overcome in excitonic 
devices, the characteristic size of which is determined by that of elec-
tronic field-effect transistors (FETs).

Owing to their finite binding energy Eb, excitons can exist up to tem-
peratures of around T ∝ Eb/kB, where kB is the Boltzmann constant. In a 
conventional III–V-semiconductor coupled quantum well with a size of 
a few nanometres, the relatively small binding energy of around 10 meV 
permits the observation of excitons only at cryogenic temperatures 
(less than 100 K)3. To reach higher temperatures, different materials 
are required. To this end, systems with higher Eb (in the range of tens of 
millielectronvolts) have been explored more recently, such as (Al,Ga)N/
GaN (ref. 16) or ZnO (ref. 17). Two-dimensional semiconductors such 
as transition-metal dichalcogenides have even larger exciton binding 
energies, which can exceed 500 meV in some cases owing to strong 
quantum confinement4,5. This could enable the realization of excitonic 
devices that operate at room temperature18.

Although intralayer excitons have relatively short lifetimes (about 
10 ps)7,19, the spatial separation of holes and electrons in interlayer 
excitons results in lifetimes more than two orders of magnitude longer, 
well in the nanosecond range6. For the device presented here, we take 
advantage of interlayer excitons in an atomically thin MoS2–WSe2  
heterostructure. Type-II band alignment20,21 (Fig. 1a) results in charge 
separation between the constituent materials, with electrons and holes 
residing in MoS2 and WSe2, respectively. The formation of indirect  
excitons is marked by the appearance of a new photoluminescence 
emission peak22, redshifted by about 75 meV with respect to the intra-
layer exciton of the WSe2 monolayer. In Extended Data Fig. 1b we 
present a typical photoluminescence spectrum obtained from such  
a heterostructure on SiO2, in which the spectral signature of the inter-
layer exciton is clearly visible (dark blue line), together with the indi-
vidual WSe2 and MoS2 monolayers (blue and red lines, respectively). 
Recent reports23 suggest that excitons in the MoS2–WSe2 system are not 
only spatially indirect, but also momentum-indirect owing to lattice 
mismatch. The phonon-assisted nature of the emission process further 
reduces the exciton recombination rate, yielding a longer lifetime8,24. 
Such an extended lifetime can be used to obtain interlayer exciton dif-
fusion over a scale of micrometres, even at room temperature.

To obtain a pristine surface, the heterostructure is encapsulated  
in hexagonal boron nitride and annealed in high vacuum. Multiple 
transparent top gates are fabricated out of few-layer graphene. This 
double-gate configuration allows us to apply a vertical electric field 
without changing the carrier concentration in the MoS2–WSe2  
heterostructure. In Fig. 1c we show a false-colour optical micrograph 
of the resulting stack. We characterize the structure by using photo-
luminescence mapping at room temperature, under 647-nm excitation. 
In Fig. 1d, e and Extended Data Fig. 1 we show the intralayer emission 
distribution at the wavelengths characteristic of MoS2 (670 nm), WSe2 
(760 nm) and the interlayer exciton (785 nm). Whereas individual 
monolayers appear to be homogeneously bright, emission from the  
heterostructure region is uniformly quenched by more than three 
orders of magnitude, owing to the efficient charge transfer between 
layers24. Even with this strong quenching, we are able to detect the 
interlayer peak in the photoluminescence spectra (Extended Data 
Fig. 2), confirming the generation of interlayer excitons. Because this 
effect has a central role in our work, we fabricated three more hetero-
structures encapsulated in hexagonal boron nitride, confirming the 
reproducibility of this result (Extended Data Fig. 3).

Given that excitons do not carry a net electric charge, we do not 
expect their flow to be influenced by the direct application of an 
in-plane electric field. However, the confinement of oppositely charged 
carriers in different layers results in a well-defined interlayer-exciton 
dipole moment p with an out-of-plane (z) direction (Fig. 1b). An elec-
tric field Ez(x, y) perpendicular to the crystal plane can then be used 
to shift the exciton energy by δE = −pzEz, while its lateral modulation 
drives the exciton motion towards regions of lower energy. Exciton 
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Fig. 2 | Excitonic transistor operation at room temperature. a, The 
application of gate voltages (Vg1, Vg2, Vg3) to transparent graphene 
electrodes (gates 1–3) can engineer a potential landscape for the diffusion 
of excitons, controlling their flux through the device. b, c, Calculated 
energy variation δE for the excitons in the ON (free diffusion; b) and 
OFF (potential barrier; c) states. Red arrows represent laser excitation; 
the bound charges and black dashed arrows denote the excitons and their 
diffusion, respectively. d, e, Corresponding images of exciton emission. 
Dashed lines indicate the positions of the different layers that form 
the heterostructure and the top graphene gate (gate 1). The laser spot 
is represented by the red circle. Colour scale indicates the normalized 
photoluminescence intensity. Scale bars, 5 µm. f, Gate dependence of the 
ON/OFF ratio for optical excitation 3 µm away from the emission centre 
(left axis). The right axis shows the reference data, which were acquired 
with the incident laser beam located directly on the emission centre 
(input–output distance, di–o = 0 µm). The measured emission intensity 
is normalized by the OFF-state value at Vg1 = 15 V. The background 
shading indicates the ON (red) and OFF (grey) states. The blue dashed 
line represents the gate voltage at which the barrier height is equal to the 
thermal energy.

N A T U R E | www.nature.com/nature

© 2018 Springer Nature Limited. All rights reserved.



LETTER RESEARCH

dynamics in the longitudinal direction can be modelled by a diffusion 
equation with an external potential (see Methods):
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where n, D and τ are the interlayer-exciton concentration, diffusion 
coefficient and lifetime, respectively, ϕ is the exciton potential (including  
the electrostatic contribution ϕel = −pzEz) and G is the optical generation  
rate. This simple model qualitatively shows how the application of an 
electric field Ez can affect interlayer exciton diffusion, as we discuss 
later.

We first demonstrate an electrically controlled excitonic switch,  
represented schematically in Fig. 2a. Laser light focused inside the  
heterostructure area (input) generates interlayer excitons, which diffuse 
along the channel of the heterostructure. However, the low brightness 
of interlayer emission makes monitoring the operation of the device 
challenging. For this reason, we use the exposed WSe2 that extends 
out of the heterostructure as a bright emitter. Here, interlayer excitons 
diffuse towards the edge of the heterostructure. During this diffusion 
process, interlayer excitons are expected to dissociate into single car-
riers, which are allowed to diffuse inside monolayer MoS2 and WSe2, 
where they experience recombination with native charges, resulting 
in bright emission. The emitted radiation is recorded simultaneously 
using a charge-coupled device (CCD) camera and a spectrometer 
(see Methods), to obtain spatial and spectral emission profiles. This 
allows us to further confirm the presence and diffusion of interlayer 
excitons inside the heterobilayer (Extended Data Fig. 2). In the absence 
of applied fields (Fig. 2b), excitons diffuse away from the pumping 
area (red circle in Fig. 2d), owing to temperature and concentration 
gradients25–27, and reach the recombination site, approximately 3 µm 

away. Comparison of pumping and emission profiles (Extended Data 
Fig. 4) lets us exclude the possibility of a direct excitation of monolayer 
WSe2 by the low-intensity tail of the laser spot. This situation (bright 
output) is shown in the emission image in Fig. 2d and corresponds to 
the ON state of the excitonic transistor. On the contrary, by introducing 
a potential barrier higher than kBT on the path of the diffusing excitons 
(Fig. 2c), we impede their motion, resulting in the suppression of light 
emission (Fig. 2e). In this way, we can achieve efficient electrical modu-
lation of the output emission, as shown in Fig. 2f, in which the emission 
intensity (normalized by the value in the OFF state, corresponding to 
Vg1 = +16 V) is plotted as a function of applied voltage. For reference, 
we also plot the intensity modulation observed when the laser beam 
is located on the emission centre (input–output distance di–o = 0 µm). 
The switching threshold is around 8 V, which corresponds well with 
the calculated exciton energy modulation of δE ≈ kBT ≈ 25 meV (blue 
dashed line in Fig. 2f). This result is consistent with our model: because 
the height of the energy barrier starts to become comparable to thermal 
excitation, it is now possible to block the diffusion of exciton flux. We 
extract an intensity ON/OFF ratio larger than 100, limited by the noise 
level of the set-up in the OFF state (see also Extended Data Figs. 4, 5). 
Such a high ratio results from the realization of an excitonic transistor 
with complete suppression of emission in the OFF state. This effect is 
also clearly visible in the spectrum of the emitted light, in which the 
WSe2 peak is selectively suppressed when the device is in the OFF state 
(Extended Data Fig. 6). We also note that strong emission from MoS2 
is detected in both states, because excitons can diffuse freely in other 
directions.

An alternative mechanism that could in principle explain the recom-
bination far away from the excitation spot is based on the diffusion 
of single carriers rather than interlayer excitons. It has been shown 
that such carriers (holes in particular) can have long lifetimes6,28,29. 
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However, experimental observations indicate that this is not the dom-
inant mechanism in our heterostructure. First, we observe the pro-
duction of interlayer excitons directly in the excitation area, even if 
the intensity is low. Second, for a flux of single carriers, the voltage 
modulation necessary to counteract thermal excitation and block the 
single-particle flux would be about 50 mV, more than two orders of 
magnitude lower that the gate voltage of approximately 8 V required in 
our experimental result shown in Fig. 2. Finally, this mechanism would 
also result in different emission profiles for different regimes of device 
operation (see Extended Data Fig. 7).

To exclude the possibility that the observed effect arises from an 
unwanted modulation of the charge carrier density in WSe2, we perform 
a calibration experiment in which the excitation light is focused on the out-
put area (di–o = 0) and the device is biased as before. This reference experi-
ment is discussed in detail in Methods and the result is presented in Fig. 2f 
(grey curve); it shows that only a comparably small modulation of WSe2 
emission intensity is observed. This confirms that the energy barrier is the 
origin of the switching behaviour. We study the dependence of the ON/OFF  
ratio on di–o further (Extended Data Fig. 8) by keeping the voltage profile 
constant and optically injecting excitons at different distances from the 
output point. Consistent with our model, we observe efficient modulation 
when the laser is focused beyond the energy barrier, with emission inten-
sity decreasing with increasing di–o owing to long-distance diffusion. The 
diffusion length can be doubled at lower temperature (4.7 K), resulting in 
operation over a longer distance (Extended Data Fig. 9).

Having demonstrated that we can block or allow spontaneous  
exciton diffusion, we go further by creating a drift field in the desired 
direction, in analogy with the source–drain bias of a conventional 
FET. We show this type of operation in Fig. 3, with all three electrodes 

used to create a potential ladder going upwards or downwards  
with respect to the excitation point (Fig. 3a, b). When excitons 
encounter a gradually decreasing energy profile (forward bias), their 
diffusion is enhanced by a drift term, allowing us to operate the device 
with a larger distance between optical input and output. As shown 
in Fig. 3c, this regime of electrically assisted diffusion can result in 
exciton transport over a distance of 5 µm. To obtain a more quantita-
tive estimate of the induced modulation, we measure the dependence 
of the emission intensity on the distance from the laser spot as it is 
displaced away from the output area at fixed gate voltages. The results 
(Fig. 3d) show that the length over which excitons diffuse can be 
effectively modulated from 5.5 µm to 3 µm, compared to about 4.5 µm 
in the unbiased case. The modulation of the effective diffusion length 
with the potential ϕel qualitatively follows the model introduced in 
equation (1).

We further use the multi-gate configuration to demonstrate more 
complex and electrically reconfigurable types of potential landscape 
and related device operation. In Fig. 4a–c we present the energy profiles 
calculated for free diffusion (Fig. 4b) compared with a potential well 
(Fig. 4a) and a repulsive barrier (Fig. 4c) produced by the central gate 
(gate 2), while the side gates (1 and 3) are kept grounded. In this case, 
the position of the optical pump is centred on the middle electrode, 
which corresponds to the centre of the well or barrier. In Fig. 4d, g we 
show the CCD camera image and related emitted intensity profile along 
the device channel for the case of the potential well. We observe photo-
luminescence emission only from the narrow area below the central 
contact, which is indicative of electrical confinement of the excitonic 
cloud. Conversely, when applying a positive voltage to create a ‘potential 
hill’ (Fig. 4f, i), we see an expulsion of excitons from the pumping area 

Fig. 4 | Electrically reconfigurable energy landscape. a–c, Calculated 
energy profile δE of the indirect exciton for the cases of a potential well 
(a), free diffusion (b) and a potential barrier (c). d–f, Imaging of exciton 
emission for the configurations shown in a–c. Incident laser light (red 
circle) is focused on top of gate 2. Dashed lines indicate positions of 

different layers that form the heterostructure and the graphene top gate 
2; colour scale as in Fig. 2d, e. Scale bars, 5 µm. g–i, Cross-section of the 
intensity profile along the device channel, integrated over its width, for the 
three configurations. The red-shaded underlay represents the profile of the 
excitation laser.
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with the appearance of bright emission spots outside the middle section 
of the device, owing to excitons drifting along the energy profile and 
recombining on the edges of the heterostructure. This is evident from 
a comparison with the free-diffusion case in Fig. 4e, h. Interestingly, 
we also observe higher-energy emission from the neighbouring MoS2 
monolayer parts inside the well in the case of exciton confinement. A 
similar effect is also observed during exciton expulsion, with bright 
spots appearing at the edges of the heterostructure around the repulsive 
potential. Further inspection of the emission spectra from Fig. 4d, f  
confirms this, with the intensity of monolayer peaks decreasing 
(increasing) when confining (anti-confining) the excitons (Extended 
Data Fig. 6). As also discussed in Methods, the observed MoS2 emis-
sion is affected by the local inhomogeneity of the substrate and by the 
optical filters used. As discussed earlier, the diffusion of single particles 
and their recombination with native charges that are available in the 
monolayers could have a role in light emission that extends from the 
edges of the heterobilayer into the monolayers.

Online content
Any Methods, including any statements of data availability and Nature Research 
reporting summaries, along with any additional references and Source Data files, 
are available in the online version of the paper at https://doi.org/10.1038/s41586-
018-0357-y.
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METHODS
Device fabrication. The heterostructure was fabricated using polymer-assisted 
transfer (see Extended Data Fig. 10) of flakes of hexagonal boron nitride (h-BN), 
WSe2 (HQ Graphene) and MoS2 (SPI). Flakes were first exfoliated on a poly-
mer double layer, as described previously30. Once monolayers were optically 
identified, the bottom layer was dissolved with a solvent and free-floating films 
with flakes were obtained. These were transferred using a custom-built set-up 
with micromanipulators to carefully align flakes on top of each other. During 
the transfer process, the sharp edges of the flakes were aligned to obtain a twist 
angle between the two crystal axes close to 0° (or 60°). However, in the case of 
MoS2–WSe2 heterobilayers, the alignment has been shown to be not critical for 
the observation of interlayer excitons23,31. This is due to the indirect (in reciprocal 
space) nature of the transition and to the considerable lattice mismatch between 
the two layers (about 4%). Polymer residue was removed with a hot acetone bath. 
Once completed, the stack was thermally annealed in high vacuum at 10−6 mbar 
for 6 h. Few-layer graphene flakes were obtained by exfoliation from graphite 
(NGS) on Si/SiO2 substrates and patterned in the desired shape by electron-beam 
lithography and oxygen plasma etching. After thermal annealing, the patterned 
flakes were transferred on top of the van der Waals stack using a polymer-assisted 
transfer and the entire structure was annealed again in high vacuum. Finally, 
electrical contacts were fabricated by electron-beam lithography and metallization 
(60 nm/2 nm Au/Ti).
Optical measurements. All measurements presented here were performed in 
vacuum at room temperature unless specified otherwise. Excitons were optically 
pumped by a continuous-wave 647-nm laser diode focused to the diffraction limit 
with a beam size of about 1 µm. The incident power was 250 µW. The spectral 
and spatial characteristics of the device emission were analysed simultaneously. 
The emitted light was acquired using a spectrometer (Andor) and the laser line 
was removed with a long-pass 650-nm edge filter. For spatial imaging, we used a 
long-pass 700-nm edge filter so that the laser light and most of the MoS2 emission 
were blocked. Filtered light was acquired by a CCD camera (Andor Ixon). The 
room-temperature photoluminescence spectrum of MoS2 shown in Extended Data 
Fig. 1b was obtained under 150-µW excitation at 647 nm, whereas monolayer WSe2 
and the heterostructure fabricated on SiO2 substrate were characterized under 
488-nm excitation.

Owing to the small separation between the interlayer and the intralayer WSe2 
exciton peaks, it is not possible to completely distinguish them in the images 
acquired on the CCD. The tail of the WSe2 monolayer peak normally overlaps 
with the spectral line of the interlayer exciton considerably, meaning that weak 
luminescence around 785 nm can be observed even on monolayer WSe2 (Extended 
Data Fig. 3e), which is not due to interlayer excitons.

Because of the use of the 700-nm filter, the emission from monolayer MoS2 is 
in principle not observable on the CCD. However, some light can be transmitted 
when the broadening of the photoluminescence peak results in a low-energy tail 
(see Extended Data Fig. 11) extending beyond 700 nm. Local inhomogeneity in the 
substrate can affect this broadening, which could explain why the observed MoS2 
luminescence in Fig. 4f comes mostly from the left part of the device.

Low-temperature measurements (Extended Data Fig. 9) were performed in a 
liquid-helium, continuous-flow cryostat (Oxford Instruments).
Reference experiment. We performed a reference experiment to exclude spurious 
effects that could compromise the interpretation of the data. First, we observed how 
the photoluminescence emission from monolayer WSe2 changes when gating the 
device using the back gate. For this purpose, we excited the exposed WSe2 with the 
laser beam directly and recorded the photoluminescence spectra. When applying 
voltage to the back gate, a modulation in the emission intensity is clearly observ-
able (Extended Data Fig. 12a). We repeated the same measurement, but instead 
of applying a voltage between the flake and the back gate, we biased the top and 
back gates, thus generating a vertical electric field inside the device. In this case, we 
cannot observe any substantial change in the emission intensity (Extended Data 
Fig. 12b). This allows us to rule out the possibility that the switching action that 
we observe could be due to a suppression of photoluminescence from a changing 
doping level in the material.
Image processing. To aid the interpretation of images from the CCD camera, 
we performed several image-processing steps using ImageJ32. We first subtracted 
from the original image a background image obtained without laser illumination, 
to account for ambient light noise. In some cases, a simple background was not 
sufficient to compensate for the presence of spurious signals from unwanted reflec-
tions or changing ambient background. In these cases, a background image was 
generated by applying the rolling-ball algorithm in ImageJ. Contrast was adjusted 

to cover the range of values in the image. We provide an example of the procedure 
in Extended Data Fig. 13.
Modelling exciton diffusion. The dynamics of the exciton in the channel of our 
device can be modelled by one-dimensional diffusion in the presence of an external 
potential ϕ(x) (temperature, electrostatic potential or dipole–dipole interaction). 
The gradient of exciton concentration n(x) drives diffusion current jdiff while the 
potential gradient causes drift jdrift:

µ
ϕ

= −
∂

∂
= −

∂

∂
j D

n

x
j n

x
,

diff drift

where µ is the exciton mobility, which is related to the diffusion coefficient D and 
the thermal energy kBT by the Einstein relation D = µkBT. We also include an 
exciton generation rate G by means of optical pumping and an exciton recombi-
nation rate R, which is related to the exciton lifetime as R = −n/τ. From the exciton 
continuity equation we then obtain equation (1).

In our system, in which excitons have a built-in vertical dipole moment p, the 
electrostatic potential induced by the vertical electric field is ϕel = − Ezpz. Because 
we use continuous-wave excitation, we assume a steady-state case (∂n/∂t = 0). 
Considering ϕel as the main contribution to exciton drift, we obtain
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We simplify the model further by assuming two fundamentally different regions, 
shown in Extended Data Fig. 14. First region is under constant homogeneous 
excitation so that the concentration reaches an equilibrium value with equal 
recombination and generation rates (R + G = 0). The equilibrium concentration 
is then n0 = Gτ. Outside of the pumping region, excitons diffuse away, driven by 
the concentration and potential gradients:
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The case of diffusion in the absence of an external field can be solved analytically, 
revealing exponential decay of exciton density from the pumping region with a 
characteristic distance that corresponds to the diffusion length τ=l Ddiff : 

= − /n x n( ) e x l
free 0

diff

An applied non-homogeneous vertical electric field can alter the diffusion 
length (as demonstrated experimentally), which can be modelled as a change in 
the effective diffusion length.
Numerical simulation of the exciton-energy profile. We first calculate the electric- 
field distribution in our system using the COMSOL Multiphysics simulation  
software. All calculations were performed considering the dimensions of the device 
as follows: the top graphene gates are 1.1 µm wide and spaced 0.8 µm apart. The 
heterostructure is encapsulated between two h-BN crystals (10 nm thick on the top 
and 20 nm on the bottom), and the substrate is heavily doped Si with 270 nm of 
SiO2 on top (see Extended Data Fig. 15a). Extended Data Fig. 15b shows an example  
of the electrical field in the system in the confinement configuration, with −10 V 
applied to the central gate and the side gates grounded. Interlayer excitons have a 
built-in out-of-plane dipole moment directed upwards, with an absolute value of 
pz = ed = e × 7.5 × 10−10 m, where e is the elementary charge and d = 7.5 Å is the 
layer separation in our heterostructure. They thus experience an energy shift of 
δE = −pzEz in the presence of a vertical electric field Ez. The resulting force applied 
on the exciton in the longitudinal direction is proportional to the first derivative of 
the vertical electric field Ez with respect to the channel x axis:
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Example profiles of the confinement-well configuration are shown in Extended 
Data Fig. 15c.
Data availability. The data that support the findings of this study are available 
from the corresponding author on reasonable request.
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Extended Data Fig. 1 | Interlayer excitons in the WSe2–MoS2 van der 
Waals heterostructure. a, Spatial map of photoluminescence at 785 nm  
corresponding to the heterostructure interlayer photoluminescence 
emission maximum, as shown in the photoluminescence (PL) spectra in 

b. An efficient interlayer charge-transfer process in the heterostructure 
encapsulated in h-BN results in further quenching of photoluminescence 
emission from the heterostructure. Scale bar, 5 µm. b, Photoluminescence 
spectra from the structure fabricated on SiO2.
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Extended Data Fig. 2 | Spectra of excitonic device emission.  
a, Distribution of photoluminescence emission intensity from the device, 
in the absence of an electric field. White dashed lines represent edges of 
constituent crystals. Scale bar, 5 µm. b, Detailed spectrum of the emission 
pattern, showing the interlayer exciton peak (Xi) and WSe2 intralayer 

emission. We note that the low-energy peak (Xi) cannot be related to 
localized excitons in WSe2, because they are observed only at cryogenic 
temperatures. c, Full spectrum of the emission shown in a, also showing 
the emission from MoS2 (X0

MoS2), which is blocked by the filter in the CCD 
image. The black dashed box indicates the range of energies shown in b.
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Extended Data Fig. 3 | Characterization of an additional WSe2–MoS2  
heterostructure. a, False-colour optical image of the fabricated 
stack. b, Atomic force microscopy (AFM) height-profile image of the 
heterostructure. c–e, Spatial maps of photoluminescence intensity 
at emission wavelengths (λ) of 670 nm (c), 750 nm (d) and 785 nm 

(e), corresponding to MoS2 intralayer (X0), WSe2 intralayer (X0) and 
heterostructure interlayer (Xi) excitonic resonances. Photoluminescence 
is quenched in the heterostructure area owing to efficient charge transfer. 
White dashed lines represent edges of constituent crystals. Scale bars, 5 µm.
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Extended Data Fig. 4 | Excitonic transistor input and output. a, Cross-
sectional profile of the device emission intensity along the white dashed 
lines in b and c, obtained for different gate voltages Vg1 from 0 V (light 
blue) to 16 V (black) with intermediate values of 4 V, 6 V and 8 V. The red 

line represents the intensity profile of the laser spot. b, c, CCD images of 
the exciton emission in the ON state (b) and of the focused laser spot (c). 
The lengths of the dashed lines indicate 10 µm.
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Extended Data Fig. 5 | Switching of the excitonic transistor. a–f, CCD images of exciton emission from the device, obtained for different gate voltages 
Vg1 from 0 to 10 V in steps of 2 V.
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Extended Data Fig. 6 | Spectrum of light emitted from the device in 
different states. a, b, Intensity distribution of light emission from the 
excitonic transistor in the OFF and ON states (left and right, respectively; 
a) and the corresponding spectra collected from the entire device (black 

and red, respectively; b). c, d, Intensity distribution of light emission from 
the excitonic device in the confinement and expulsion configurations (left 
and right, respectively; c) and the corresponding spectra collected from 
the entire device (blue and red, respectively; d).
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Extended Data Fig. 7 | Schematic depiction of the control over the light 
emission. a, b, Energy profiles for electrons (red) and holes (blue) in the 
device when applying negative (a) or positive (b) voltage on the central 
gate (Vg2). c, d, Corresponding expected emission images under the single-
particle assumption. e, f, Energy profiles of interlayer excitons (ILE) in 
the presence of an external electric field, under the same conditions as in 
a and b. g, h, Corresponding experimental results. Scale bar, 5 µm. The 
figures in a–d are schematics based on the hypothesis that after the fast 
interlayer charge transfer, photo-excited carriers move independently 
rather than being bound in interlayer excitons. The diffusion of single 
electrons and holes is then subject to the type-II band alignment between 
MoS2 and WSe2, which restricts the motion of electrons to MoS2 and holes 
to WSe2. This charge separation is very efficient, as indicated by the strong 
suppression of intralayer emission from the heterostructure (Fig. 1e, f).  
Once the separation occurs, it is not very likely that the charges can 
hop between the layers: the band difference between MoS2 and WSe2 is 
more than 200 meV, so thermal excitation of 25 meV will not be enough 
for electrons to jump back to WSe2 and holes to jump back to MoS2. 
Another thing to consider is the local electrostatic potential defined by 

the gate. The application of Vg2 < 0 creates a confining energy profile for 
single holes and a repulsive one for single electrons, as in a and c. Holes 
would then be confined in the WSe2 area under the gate while electrons 
would be pushed out to MoS2 areas next to the gate, where they would 
recombine with charges already present in the monolayer area, resulting 
in photoluminescence from single-layer areas of MoS2 next to the gate 
(provided that there are enough holes in MoS2 to start with). We would 
then expect to obtain the emission pattern shown in c, assuming the 
presence of native holes in MoS2. In their absence, we would expect to see 
only one emission spot, coinciding with the excitation laser spot. Along 
the same lines, applying a positive gate voltage to the middle gate (Vg2 > 0) 
would result in a repulsive potential for holes in WSe2 and an attractive 
one for electrons in MoS2. Recombination would then occur for electrons 
in MoS2 in regions under the gate and for holes in WSe2 in regions outside 
the gate, as shown in d. This is in contradiction with the experimental 
observations in e–h. In the case of interlayer exciton transport, we instead 
have only a single energy profile (e, g), and the application of a positive 
voltage on the middle gate results in the expulsion of interlayer excitons 
from the injection region (f, h).

© 2018 Springer Nature Limited. All rights reserved.
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Extended Data Fig. 8 | Excitonic transistor characterization for 
different positions of the excitation laser spot. a, Normalized emission 
intensity (transistor output) as a function of the distance between optical 
injection and the emission point di–o, which is the same as in Fig. 3c, 
shown for the ON (blue, Vg1 = 0 V) and OFF (black, Vg1 = 16 V) states.  

b, Transistor efficiency calculated as the ratio between output emission in 
the ON and OFF states for different input–output separation distances di–o. 
Efficiency reaches a maximum when the laser spot is moved completely 
beyond the gate, so that the energy barrier stays between the input and the 
output and thus effectively modulates exciton diffusion.
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Extended Data Fig. 9 | Characterization of the device at low 
temperatures. a, Normalized output intensity as a function of the 
distance between optical injection and emission points, obtained at room 
temperature (red, 300 K) and 4.7 K (blue). No electric field is applied. 

b, Emission images of the device in the ON (top) and OFF (down) 
states when measured at 4.7 K, with input–output separations as long as 
di–o = 5.1 µm. Such long-distance transistor switching was not observed at 
room temperature for this sample.
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Extended Data Fig. 10 | Heterostructure fabrication. Optical images 
taken during different fabrication steps: a, exfoliation of the bottom h-BN 
(b-hBN); b, transfer of a monolayer MoS2 flake; c, transfer of a monolayer 
WSe2 flake; d, encapsulation with top h-BN (t-hBN); e, transfer of  

pre-patterned few-layer graphene stripes (Gr); and f, metallization of  
Au/Ti contacts. The image in e is shown in black and white for better 
visibility of the final structure. Scale bar, 10 µm (applies to all images).
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Extended Data Fig. 11 | Variation in photoluminescence emission 
from MoS2 due to the inhomogeneity of the substrate. a, Image of 
photoluminescence emission coming from the device in the repulsive 
configuration shown in Fig. 4f. b, Micro-photoluminescence (µPL) spectra 
from the areas marked by red and blue circles in a, showing different peak 

widths as a result of local inhomogeneity in the heterostructure. The grey 
shaded area is the part of the spectrum cut by the 700-nm long-pass filter. 
As can be clearly seen in the image, areas where MoS2 photoluminescence 
shows a low-energy tail due to broadening become visible to the CCD (left 
side of the device), whereas the other areas appear dark (right side).
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Extended Data Fig. 12 | Reference experiments. a, Photoluminescence 
spectra from monolayer WSe2 at different back-gate voltages. Substantial 
modulation of the emission intensity is observed. b, Photoluminescence 
spectra from monolayer WSe2 when using top and back gates in the 

dual-gated configuration, for the voltage range used in the experiment 
presented in Fig. 2. No appreciable intensity modulation is observed. 
Both measurements are performed on the same WSe2 flake with the same 
continuous-wave excitation at 647 nm and 200 µW of incident power.
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Extended Data Fig. 13 | Image post-processing. a, Original CCD image 
of the exciton emission for the configuration shown in Fig. 3a. The yellow 
square highlights the area of interest, shown in Fig. 3c. b, The same image 

after background subtraction. c, Original CCD image of the exciton 
emission for the configuration shown in Fig. 3b. d, The same image after 
background subtraction. Scale bars, 15 µm.
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Extended Data Fig. 14 | Modelling of exciton diffusion. Schematic of 
exciton generation in the pumping area (x < 0) and diffusion outside 
(x > 0), represented by the exciton concentration n(x). Constant pumping 
by the laser (red area) is determined by the generation rate G. This rate 

together with the recombination rate R establish the exciton concentration 
n0 in the pumping region. The concentration gradient outside the 
pumping area generates an exciton flux jdiff that drives diffusion and leads 
to the exponential decay of exciton concentration along the x axis.
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Extended Data Fig. 15 | Numerical simulation of the interlayer 
exciton in an external field. a, Two-dimensional cross-sectional map 
of the electric-field amplitude calculated for the device in the exciton 
confinement configuration, with −10 V applied to the central gate and 
the side gates grounded. b, Corresponding amplitude of the vertical 
electric field (black, left axis) and the electrostatic potential (red, right 

axis) along the heterobilayer. c, Energy shift experienced by an interlayer 
exciton (black, ILE) and a single hole (red, multiplied by 300) along the 
same cross-section. d, Projection along the x axis of the confinement force 
experienced by the interlayer exciton owing to the presence of the electric 
field. Blue arrows show the direction of the force.
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