
Spatially indirect excitons (IXs), also known as interlayer excitons, can form the medium for excitonic devices 
whose operation is based on controlled propagation of excitons. The realization of excitonic devices relies on 
meeting the requirements of (i) long-range IX propagation over lengths exceeding the in-plane dimensions of 
excitonic devices and (ii) in situ control of IX energy and IX propagation, in particular, by voltage. These 
requirements were met with IXs in GaAs heterostructures (Ref. [1] and references therein) and a proof of principle 
for excitonic devices was demonstrated in GaAs heterostructures [2]. However, the low binding energy of IXs in 
GaAs heterostructures limits the operation of excitonic devices in this materials platform to low temperatures.  

IXs in van der Waals transition-metal dichalcogenide (TMD) heterostructures are characterized by high binding 
energies offering an opportunity to create excitonic devices operating at high temperatures [3,4]. However, a 
characteristic feature of TMD heterostructures is the presence of moiré superlattice potentials, which are predicted to 
cause strong modulations of IX energy [5,6]. These in-plane energy landscapes localize IXs, making IX propagation 
fundamentally different in TMD and GaAs heterostructures and making uncertain if long-range IX propagation can 
be realized in TMD heterostructures. A relatively short-range IX propagation in TMD heterostructures, with the 1/e 
IX luminescence decay distance reaching ~ 3 microns, has been reported [7-11]. Control of IX luminescence by 
voltage within these distances was also reported in TMD heterostructures [9,10].  

In this work, we realize the long-range IX propagation with the 1/e IX luminescence decay distances reaching 13 
microns in a MoSe2/WSe2 heterostructure. We also realize control of the long-range IX propagation: the IX 
luminescence signal in the drain of an excitonic transistor is controlled within 40 times by gate voltage.  

FIG. 1: (a,b) x – y images of IX luminescence in the off (a) and on (b) state of the excitonic transistor. The dashed and dot-dashed lines show the 
boundary of the MoSe2/WSe2 heterostructure and graphene gate. The gate voltage Vg controls the IX propagation from the laser excitation spot at 
x = 0 through the device. A lower IX luminescence intensity is seen in the region covered by the graphene gate. Vg = 10 V (a), 0 (b). (c) IX energy 
vs Vg for positions in the drain region x = 7, 10, and 13 μm. Pex = 4 mW, T = 1.7 K. 

The MoSe2/WSe2 heterostructure is assembled by stacking mechanically exfoliated 2D crystals on a graphite 
substrate. The MoSe2 and WSe2 monolayers are encapsulated by hexagonal boron nitride (hBN). IXs are formed 
from electrons and holes confined in adjacent MoSe2 and WSe2 monolayers, respectively. The bias across the 
heterostructure is created by the gate voltage Vg applied between the narrow graphene top gate (Fig. 1a,b) and the 
global graphite back gate. The heterostructure region to the left of the graphene gate is referred to as the source and 
the heterostructure region to the right of the gate is referred to as the drain. IXs are optically generated by laser 
excitation focused in the source region (Fig. 1a,b). 
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In the off state of the device, IXs are localized in the laser excitation spot (Fig. 1a). In the on state, IXs spread out 
away from the excitation spot and propagate through the device, the 1/e IX luminescence decay distance reaches 13 
microns (Fig. 1b). The total IX luminescence intensity in the drain region increases by 40 times as the gate voltage 
switches from off to on. 

At voltages, which allow for IX propagation across the device, the IX luminescence energy is controlled by voltage 
in the entire drain region (Fig. 1c). This shows the basic IX property – IX energy control by voltage: IXs have dipole 
moments ed (d is the separation between the layers) and gate voltage controls the electric field Fz and changes the IX 
energy by edFz. This verifies that the propagating luminescence signal corresponds to the IX luminescence. The IX 
luminescence spectra are traced over the entire drain region (Fig. 2a,b).  

 
FIG. 2: (a,b) x – energy images of IX luminescence in the drain region for Pex = 0.05 mW (a) and 2 mW (b). (c) IX energy vs position for Pex = 
0.05 mW (green) and 2 mW (magenta). Laser excitation is focused and centered at x = 0 μm, Vg = 10 V, T = 1.7K. 

The overall IX energy reduction is observed with increasing separation from the IX optical generation spot and with 
reducing Pex (Fig. 2c). The IX energy reduction with reducing IX density is consistent with repulsive interaction 
between IXs [1]. The IX energy variations due to the moiré superlattice are not resolved in the optical experiment. 

The IX propagation is different in GaAs and TMD heterostructures. The moiré superlattice potentials are strong in 
TMD and vanishing in GaAs. Furthermore, the control of IX propagation by voltage in TMD presented in this work 
is different from that in GaAs heterostructures [2]. The screening of in-plane potential landscapes plays an essential 
role in the long-range IX propagation in TMD heterostructures. 
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