
Letters
https://doi.org/10.1038/s41565-019-0559-y

1Electrical Engineering Institute, École Polytechnique Fédérale de Lausanne (EPFL), Lausanne, Switzerland. 2Institute of Materials Science and Engineering, 
École Polytechnique Fédérale de Lausanne (EPFL), Lausanne, Switzerland. 3National Institute for Materials Science, Tsukuba, Japan. 4These authors 
contributed equally: Dmitrii Unuchek, Alberto Ciarrocchi. *e-mail: andras.kis@epfl.ch

Valleytronics is an appealing alternative to conventional 
charge-based electronics that aims at encoding data in the 
valley degree of freedom, that is, the information as to which 
extreme of the conduction or valence band carriers are occu-
pying. The ability to create and control valley currents in 
solid-state devices could therefore enable new paradigms 
for information processing. Transition metal dichalcogen-
ides (TMDCs) are a promising platform for valleytronics due 
to the presence of two inequivalent valleys with spin–valley 
locking1 and a direct bandgap2,3, which allows optical initializa-
tion and readout of the valley state4,5. Recent progress on the 
control of interlayer excitons in these materials6–8 could offer 
an effective way to realize optoelectronic devices based on 
the valley degree of freedom. Here, we show the generation 
and transport over mesoscopic distances of valley-polarized 
excitons in a device based on a type-II TMDC heterostructure. 
Engineering of the interlayer coupling results in enhanced dif-
fusion of valley-polarized excitons, which can be controlled 
and switched electrically. Furthermore, using electrostatic 
traps, we can increase the exciton concentration by an order of 
magnitude, reaching densities in the order of 1012 cm−2, open-
ing the route to achieving a coherent quantum state of valley-
polarized excitons via Bose–Einstein condensation.

Heterostructures of transition metal dichalcogenides (TMDCs) 
such as MoSe2 and WSe2 can host interlayer excitons, bound elec-
tron–hole pairs where charges are spatially separated in opposite 
layers. These quasi-particles have long lifetimes9 that can reach hun-
dreds of nanoseconds in very high-quality samples, revealing size-
able diffusion lengths10. The spatial separation of charges gives rise 
to a permanent out-of-plane electrical dipole moment, which allows 
electrical control of exciton transport up to room temperature7. 
Moreover, the valley-dependent optical selection rules in TMDCs 
permit the selective creation of interlayer excitons with a certain 
valley state6, which could be used to transport and store informa-
tion. Further possibilities are enabled by the lattice mismatch and 
relative rotation between the two layers, leading to the formation of 
moiré patterns11. The resulting periodic potential and locally chang-
ing optical selection rules12,13 lead to highly versatile emitters with 
electrically tunable energy, intensity and polarization8. However, 
with corrugations reaching ~150 meV (refs. 12,13), the moiré poten-
tial can effectively trap interlayer excitons in its local minima14–16, 
limiting their diffusion/drift. To address these issues, we introduce 
an atomically thin spacer between the constituent monolayers of 
our heterostructure to further separate the electron- and hole-host-
ing layers. This tuning of interlayer interaction alters the long-range 

moiré pattern, while preserving the coupling necessary for hosting 
bright interlayer excitons17. With this method, we realize a valley-
polarized excitonic transistor, in which we can electrically control 
the transport of excitons carrying a certain valley state. On the other 
hand, using a confining electrostatic potential we can increase their 
concentration, a step towards the creation of a valley-polarized exci-
ton superfluid via Bose–Einstein condensation18,19.

We have fabricated artificial heterostructures based on MoSe2 
and WSe2 monolayers, with and without an atomically thin hexago-
nal boron nitride (hBN) separator. In Fig. 1a, we present a schematic 
depiction of a trilayer stack (device A), fully encapsulated by hBN 
flakes that serve as a flat and clean dielectric environment between 
the heterostructure and the top and bottom gates (see Methods and 
Supplementary Fig. 1). Multiple transparent electrodes allow us to 
apply laterally changing vertical electrical fields while performing 
optical measurements. Figure 1b shows an optical micrograph of 
device A. To directly highlight the effect of the interposed layer, we 
also characterize a different heterostructure without the hBN spacer 
(denoted as device B, Supplementary Fig. 2), fabricated using exactly 
the same process and similarly aligned to nearly zero stacking angle, 
as confirmed by second harmonic generation (SHG) measurements 
(Supplementary Fig. 1e).

We first acquire polarization-resolved micro-photolumines-
cence (µPL) spectra by exciting the samples with a 647 nm laser at 
4 K (see Methods). Upon photon absorption, the type-II band align-
ment20 of MoSe2 and WSe2 leads to fast charge separation of photo-
generated carriers21, followed by the formation of interlayer excitons 
(IXs) from electrons in MoSe2 and holes in WSe2. For device A we 
observe the appearance of a single low-energy interlayer transition at 
1.39 eV, which preserves the circular polarization of incoming light 
(Fig. 1c, left). This is in sharp contrast to bilayer samples without an 
hBN spacer like device B, where we observe an interlayer doublet, 
characteristic of aligned heterobilayers8,13,22, with opposite helici-
ties for the two peaks (Fig. 1c, right). For device A, the polarization 
of the emitted light ρ (measure of valley-state conservation5,23) has 
comparable magnitude to that in device B, decaying with increas-
ing temperature and being tunable by gate voltage (Supplementary 
Figs. 3 and 4). Furthermore, we can detect non-zero polarization at 
temperatures as high as 150 K, while the interlayer exciton emission 
can be observed up to room temperature, making these structures 
promising for applications at elevated temperatures. Similar to pre-
vious reports17, the energies of interlayer transitions are comparable 
in both cases, a result of the interplay of inequivalent binding ener-
gies and different dielectric environments. The absence of the sec-
ond interlayer transition is consistent with the picture of a reduced 
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moiré interaction due to the presence of monolayer hBN between 
the two active layers.

Because the interlayer exciton has a built-in out-of-plane dipole 
moment p, an external electrical field E perpendicular to the struc-
ture shifts its energy by ΔE

I
 = −p · E. We extract this Stark shift 

from µPL spectra taken as a function of the applied electric field  
(Fig. 1d) for both devices. Here, the slope of the energy shift is 
proportional to the size of the IX dipole (ΔE

I
/eEz), where e is the 

elementary charge. We obtain d ≈ 0.9 nm for device A, which is 
considerably larger than the previously reported value for bilayer 
structures10, also observed in device B (dB ≈ 0.6 nm). The differ-
ence is similar to the thickness of a monolayer hBN (~0.3 nm). We 
now study the diffusion of excitons as a function of incident power. 
For this, we excite the corner of device A with a diffraction-lim-
ited focused laser beam (Fig. 2a, first panel) while acquiring µPL 
spectra as well as spatial images of the exciton photoluminescence  
(see Methods). As shown in Fig. 2a, when increasing the laser power 
Pin, the size of the exciton cloud grows significantly. Simultaneously, 
the PL emission moves to higher energy and broadens, while the 
intensity grows linearly (Supplementary Fig. 5). We interpret the 
lack of saturation as a signature of reduced exciton–exciton annihila-
tion effects due to the hBN separator24,25. By monitoring the blueshift 
of the emitted light ΔEBS

I
, we can estimate a lower bound for the exci-

ton density nIX, following a simple parallel plate capacitance model26

ΔEBS ¼ nIX
de2

εHSε0
ð1Þ

where the dipole size d was determined from the Stark shift, ε0 is 
the vacuum permittivity and εHS = 6.26 is the effective relative per-
mittivity of the WSe2/hBN/MoSe2 heterotrilayer (see Methods).  
As shown in Fig. 2b, the energy shift grows sublinearly, but does not 
saturate over the explored range of powers. We extract a maximum 
exciton density nIX ≈ 3 × 1011 cm−2 that is limited by the excitation 
power used. For comparison, the maximum density we can achieve 
for device B is considerably smaller, below 1010 cm−2. This is most 
probably due to Auger recombination at high pumping power27.

After characterizing the exciton density, we turn our attention 
to exciton diffusion. From charge-coupled device (CCD) images we 
obtain profiles of emission intensity as a function of the distance 
r from the excitation spot (normalized by their intensity at r = 0), 
as illustrated in Fig. 2c. Detailed analysis (Supplementary Fig. 6) 
reveals two distinct diffusion regimes. Closer to the excitation spot, 
where exciton repulsion is dominant, we observe a very slow decay 

and large diffusion length (lD > 20 µm), while further away the signal 
falls off faster, with a universal slope similar to the one seen at low 
power (lD ≈ 0.9 µm). In Fig. 2d we plot the effective exciton diffu-
sion length leffD

I
, defined as the distance where the emission inten-

sity drops to 1/e of its initial value. The extracted value grows with 
the excitation power Pin, reaching leffD ¼ 2:6 μm

I
 at Pin = 74 µW. This 

trend can be explained by the density-dependent exciton–exciton 
repulsion (see Supplementary Section 6 for more details). For com-
parison, we draw (grey line, Fig. 2c) the profile from device B, where 
we observe a much weaker diffusion for a similar laser intensity. We 
attribute this to the effect of the moiré pattern and stronger Auger 
recombination, both of which are expected to be suppressed by the 
hBN separator. Therefore, in the following we will focus on the 
trilayer device (A).

The long diffusion length at high incident power allows us to 
realize an electrically operated excitonic switch device. Using mul-
tiple back gates, we create a laterally-modulated electric field along 
the x direction, which produces a spatial variation of the exciton 
energy profile ΔE

I
(x). Here we excite IXs by parking the laser spot 

(Pin = 500 µW) on the left side of a narrow backgate, as shown in  
Fig. 3. By making the gate area higher or lower in energy with 
respect to its surroundings, we can allow or block exciton diffusion. 
We show in Fig. 3a,b the calculated interlayer exciton energy modu-
lation ΔE

I
(x) = −p · E(x) along the lateral position x for both config-

urations, together with a schematic of the expected exciton motion. 
Figure 3c,d illustrates the spatial extent of the PL emission, that is, 
the shape of the exciton cloud, for the two cases. For VBG = −7 V the 
gated area acts as an energy barrier, effectively blocking the excitons 
at its edge (off state), as shown in Fig. 3c. For VBG = 0 V, excitons are 
instead free to diffuse in a flat potential and move along the ‘channel’ 
(on state), while their emission intensity decays over distance, as in 
Fig. 3d. We observe a ~1.4 µm difference in exciton diffusion when 
comparing the on and off states (Fig. 3g). To gain further insight 
into the drift/diffusion process, we also probe the exciton energy as 
a function of the spatial coordinate (Supplementary Figs. 7 and 8) 
while operating the excitonic transistor device where we can clearly 
see the diffusion of excitons into the lower-energy region.

Combining the excitonic device operation with valley conser-
vation, we can realize a switch that effectively controls the flow of 
valley-polarized excitons. For this, we optically initialize the exci-
ton valley state by exciting the device with σ+ circularly polarized 
light. The result is displayed in Fig. 3e,f, where spatial images of 
the emitted polarization ΔI = Iσ+ − Iσ− are shown for the off and on 
states. By analysing the decay of ΔI with distance in Fig. 3h, we 
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Fig. 1 | Device characterization. a, Schematic of the device structure illustrating the top and bottom split gates, as well as electrical connections. b, False 
coloured optical image of the device, highlighting the different materials. Scale bar, 10 µm. c, Polarization-resolved micro-photoluminescence spectrum from 
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see that valley-polarized excitons can either be stopped before the 
control gate, or travel over an additional ~1.3 µm distance when in 
the on state. Although here we are interested in a proof of concept, 
the initial degree of polarization (here ~15%) could be further 
improved by resonant excitation22. We notice that the measured 
polarization is slightly higher in the on state. Its origin could be 
an additional repulsion of majority excitons due to the exchange 
Coulomb interaction6,28. Also, the valley polarization seems to 
decay slightly faster than the PL intensity over the channel length. 
This is because the emission further away from the excitation spot 
comes from longer-lived excitons, which have a higher probability 
to undergo intervalley scattering. As mentioned earlier, the large 
binding energy allows us to observe IXs at high temperatures. 
Indeed, we can operate the valley-polarized switch up to a tem-
perature of 100 K and the simple excitonic switch at temperatures 
as high as 150 K (Supplementary Fig. 9), which compares favour-
ably with 3D semiconductors29.

We can use the same principle not only to control fluxes of 
valley-polarized excitons, but also to confine them at higher den-
sities. Indeed, while the emission intensity rises linearly with the 
pumping power, the blueshift increases sublinearly (Fig. 2b) due to 
exciton–exciton repulsion lowering the density. To counteract this, 
we generate an electrostatically defined potential well to constrain 
the valley-polarized excitons and concentrate them further. Now we 
shine a circularly polarized laser (720 nm) directly on the area where 
we apply the electric field. As shown in Fig. 4a, anti-confining splits 
the valley-polarized exciton cloud into two lobes, pushing exci-
tons away from the generation point. In contrast, when we create a 
potential well in the lateral direction (Fig. 4c), excitons are squeezed 
to a narrower area compared to their natural diffusion (Fig. 4b). We 
gain further information from the dependence of exciton energy on 
position. In the barrier case (Fig. 4d), excitons generated in the gate 
area have higher energy, hence they diffuse to the sides, where they 
emit light at the same energy as the zero-field case (Fig. 4e). This 
is consistent with the strongest PL emission being localized on the 

two sides of the barrier, and not at the laser spot. On the other hand, 
when we create a well, the exciton energy is lowered, producing 
spatial confinement (Fig. 4f). Interestingly, the energy shift of exci-
tons is not symmetric with respect to the applied field (as expected 
from the pure Stark effect). In Fig. 4g we plot the energy of excitons 
in the region inside (solid) and outside (dotted) of the gate area as 
a function of electric field for two different excitation intensities.  
At zero field, increasing the incident power generates a relative 
blueshift of ~12 meV, in agreement with Fig. 2b. However, when we 
disperse excitons (negative field), this blueshift is cancelled. Even 
more strikingly, when we start to confine the excitons, two phenom-
ena appear: (1) the magnitude of the blueshift between low- and 
high-power increases and (2) the exciton energy deviates drasti-
cally from a linear behaviour, especially in the high-power case. 
We attribute this nonlinearity to the changing density inside the 
trap: because excitons are confined, their average energy is not only 
altered by the Stark shift, but also has a strong contribution from 
the exciton–exciton interaction depending on the local density: 
ΔE ¼ �p  Eþ nIXde2=εHSε0
I

. Conversely, when we separate them, 
even at higher power the density is low enough to make interactions 
negligible. We quantify the density modulation by two methods. 
First, we look at how the blueshift ΔEðEÞ ¼ E500μWðEÞ � E66μWðEÞ

I
 

is enhanced by the applied field E: KðEÞ ¼ ΔE Eð Þ
ΔE 0ð Þ

I

. This quantifies the 
increase in exciton density ΔnIX induced by higher power (Fig. 4h) 
as a function of E, indicating that electrostatic confinement can 
modulate the exciton density. However, we are mostly interested in 
estimating the actual exciton density in the trap. For this, we isolate 
the nonlinear contribution to ΔE

I
(E), proportional to the exciton 

density, by removing the Stark effect (grey dashed line, Fig. 4g). We 
show the result in Fig. 4i, which allows us to put a lower bound 
on the concentration of polarized excitons at nIX ≈ 1.8 × 1012 cm−2, 
which is promising for the production of a degenerate Bose gas. 
The maximum estimated exciton density obtained at 500 µW is only 
marginally higher than the one obtained at 66 µW. We attribute this 
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to the fact that for the high density of excitons in the well, the energy 
rise due to interaction is comparable to the depth of the confining 
potential, thus making the trapping less efficient. The control over 
the concentration of polarized excitons represents a significant 
step towards the realization of high-temperature Bose–Einstein  

condensates of valley excitons in these systems. Further experimen-
tal work to achieve high exciton concentrations in thermal equilib-
rium could include engineered potential profiles or optimized traps, 
enabling the collection of thermalized excitons produced by pulsed 
excitation at even higher densities.
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Methods
Heterostructure fabrication. Thin Cr/Pt (2/3 nm) bottom gates were realized by 
electron-beam lithography and metal evaporation on silicon substrates covered by 
270 nm of SiO2. The heterostructure was then fabricated using polymer-assisted 
transfer of mono- and few-layer flakes of hBN, WSe2 and MoSe2 (HQ Graphene). 
Flakes were first exfoliated on a polymer double layer. Once monolayers were 
optically identified and confirmed by photoluminescence, the bottom layer was 
dissolved with a solvent and free-floating films with flakes were obtained. These 
were transferred using a home-built set-up with micromanipulators to carefully 
align flakes on top of each other. Polymer residue was removed with a hot acetone 
bath. Once completed, the stack was thermally annealed under high-vacuum 
conditions (10−6 mbar) for 6 h at 340 °C. Finally, electrical contacts were fabricated 
using electron-beam lithography and metallization (80 nm Pd for contacts, 8 nm Pt 
for the top gate).

Optical measurements. All optical measurements were performed in vacuum 
at 4 K, unless stated otherwise (up to 300 K for temperature-dependent 
measurements), in a He-flow cryostat with optical access. Interlayer excitons 
were optically pumped with a continuous-wave 647 nm diode laser focused to the 
diffraction limit (spot width of 0.6 μm). For resonant excitation we employed a 
supercontinuum laser (Fianium) at 720 nm. To access a specific valley, a polarizer 
and a quarter-wave (λ/4) plate were used for generating right/left circularly or 
linearly polarized light. For μPL measurements, the emitted light was filtered by 
a 650 nm long-pass edge filter and then acquired using a spectrometer (Andor 
Shamrock with a CCD camera). Polarization-resolved μPL measurements 
were performed by employing another λ/4 plate and a birefringent yttrium 
orthovanadate beam displacer, so that σ+ and σ− signals could be acquired on the 
spectrometer simultaneously.

Spatial imagining of the interlayer exciton emission was captured by a CCD 
camera (Andor Ixon) with an 850 nm long-pass edge filter that removes both the 
laser line and the intralayer emission from MoSe2 and WSe2. A similar set-up with 
a λ/4 plate on a rotator and a fixed linear polarizer was exploited for polarization-
resolved PL imaging. Finally, the spectrally resolved PL images were acquired by the 
following scheme: the light from the heterostructure was transmitted through a Dove 
prism, an 800 nm long-pass edge filter and a slit, and then projected on the diffraction 
grating of the spectrometer. The Dove prism was positioned in such a way that the 
longitudinal axis of the gate (y axis) was perpendicular to both the spectrometer slit 
and the lines of the diffraction grating. This way, spectral cut-lines along the x axis of 
the device were projected onto the CCD camera of the spectrometer.

The heterostructure has a global transparent Pt top gate, and several split 
bottom gates of different size. This allows us to establish a uniform electric field 
between top gate and wide bottom gates, or only a narrow region with electric field 
if using one of the narrow gates.

For Stark shift measurements (Fig. 1d), the top gate and a wide bottom gate 
were used (VBG = −2.5 VTG) to create a uniform vertical electric field. A similar 
configuration was used to tune the carrier concentration at zero displacement field 
(in this case VBG = +2.5 VTG), connecting the heterostructure to ground (Fig. 4c). 
In both cases, the top- and bottom-gate voltages VTG and VBG were applied in a 
ratio 1:2.5 (corresponding to the top and bottom dielectric thickness ratio) to keep 
either the doping level or the displacement field constant, according to the case.

To realize a laterally modulated electric field, as in Figs. 3 and 4, we employed 
a voltage difference between the top gate (grounded) and a narrow bottom gate 
(VBG) (as in Fig. 1a) with the heterostructure floating in between. This way, we can 
create a strong electric field in the heterostructure area between the top gate and 

the narrow split gate, while in the adjacent areas (without bottom gate) there is no 
electric field (as confirmed by electrostatic simulations, Supplementary Fig. 10). 
This creates a lateral modulation of the interlayer exciton energy. We note that, 
within the voltage range employed, no significant leakage current IG was observed 
(IG < 1 nA).

SHG measurements were performed at room temperature in vacuum. A 
femtosecond Ti:sapphire laser (Coherent Chameleon Ultra-I) was employed, 
with 800 nm excitation wavelength. The incident angle of the linear polarization 
was tuned by rotating a Fresnel rhomb retarder, which acts as a half-wave plate. 
Collected light was then transmitted through the same retarder and a linear 
polarizer. To separate the excitation beam and the SHG signal, a 650 nm long-
pass dichroic beamsplitter was used. The signal was then filtered by a short-pass 
filter installed in front of the spectrometer (Princeton Instruments SpectraPro 
HRS-300). The SHG signal was finally acquired on a Peltier-cooled CCD camera 
(Princeton Instruments Blaze) mounted on the spectrometer.

Image processing. Images acquired from the CCD camera and the spectrometer 
were analysed and processed using the software ImageJ30. The images were rotated 
and cropped so that all were at the same scale, and the contrast was adjusted to 
cover the range of values in the image. In some cases, a background obtained 
without laser illumination was subtracted from the images, to account for ambient 
light noise.

Numerical simulations. The electric field plotted in Fig. 1d was calculated as 
follows from the voltages applied to the top and bottom gates, VTG and VBG:

Ez ¼
VBG � VTG

dΣ
´
εhBN
εHS

where εhBN = 4 is the relative permittivity of hBN crystals in the 
out-of-plane direction. The total thickness dΣ was calculated as 
dΣ ¼ dtophBN þ dbottomhBN þ dspacerhBN þ 2dTMDC ¼ 67:6 nm
I

, taking into account the 
thickness of the top hBN dtophBN ¼ 23 nm

I
, bottom hBN dbottomhBN ¼ 43 nm

I
, spacer hBN 

dspacerhBN ¼ 0:3 nm
I

 and thickness of TMDC monolayers dTMDC = 0.65 nm.  
In the calculations we used an effective value for the permittivity of the 
heterostructure, εHS, which was calculated by considering the heterotrilayer as a 
series of three capacitors:

εHS ¼
2dTMDC þ dspacerhBN

� �
εhBN εTMDC

2dTMDC εhBN þ dspacerhBN εTMDC
¼ 6:26

where εTMDC = 7.2 is the relative permittivity of the TMDC monolayers.
For the spatial distribution of the electric field inside the heterostructure and 

corresponding exciton energy profile, we performed numerical simulations using 
COMSOL Multiphysics (Supplementary Fig. 10). The model used exactly the same 
physical parameters as described above.

Data availability
The data that support the findings of this study are available from the 
corresponding author on reasonable request.
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