







    Skip to main content




    
        
        Thank you for visiting nature.com. You are using a browser version with limited support for CSS. To obtain
            the best experience, we recommend you use a more up to date browser (or turn off compatibility mode in
            Internet Explorer). In the meantime, to ensure continued support, we are displaying the site without styles
            and JavaScript.


    




    

    
            

            
                
                    Advertisement

                    
        
            
    
        
            
                
        

    


        
    
                

            
        

    
        
            
                
                    
                    
                    
                        
                        
                            
                                
                                
                            
                        
                    
                    

                    
                    	
                            
                                View all journals
                            
                        
	
                            
                                Search
                            
                        
	
                            
                                Log in
                            
                        


                

            

        

        
            
                
                    
                        	
                                    
                                        Explore content
                                    
                                
	
                                    
                                        About the journal
                                    
                                
	
                                        
                                            Publish with us
                                        
                                    
	
                                    
                                        Subscribe
                                    
                                


                        	
                                    
                                        Sign up for alerts
                                    
                                
	
                                    
                                            RSS feed
                                    
                                


                    

                

            

        
    


    
    
        
            
                	nature



	letters

	
                                    article


    
        
        
            
            
                
                    	Letter
	Published: 25 July 2018



                    Room-temperature electrical control of exciton flux in a van der Waals heterostructure

                    	Dmitrii Unuchek1,2Â na1, 
	Alberto Ciarrocchi1,2Â na1, 
	Ahmet Avsar1,2, 
	Kenji Watanabe3, 
	Takashi Taniguchi3 & 
	â€¦
	Andras Kis1,2Â 

Show authors

                    

                    
                        
    Nature

                        volumeÂ 560,Â pages 340â€“344 (2018)Cite this article
                    

                    
        
            	
                        26k Accesses

                    
	
                        350 Citations

                    
	
                            102 Altmetric

                        
	
                    Metrics details

                


        

    
                    
                

                
    
        Subjects

        	Electronics, photonics and device physics
	Nanoscale devices
	Other photonics
	Two-dimensional materials


    


                
    
    

    
    

                
            


        
            Abstract
Devices that rely on the manipulation of excitonsâ€”bound pairs of electrons and holesâ€”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 wells1,2,3, 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 devices6,7,8. Here we report excitonic devices made of MoS2â€“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.
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                    Fig. 1: Interlayer excitons in the WSe2â€“MoS2 van der Waals heterostructure.


Fig. 2: Excitonic transistor operation at room temperature.


Fig. 3: Biasing of the excitonic device.


Fig. 4: Electrically reconfigurable energy landscape.
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Extended data figures and tables

Extended Data Fig. 1 Interlayer excitons in the WSe2â€“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, 5â€‰Î¼m. b, Photoluminescence spectra from the structure fabricated on SiO2.


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, 5â€‰Î¼m. 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 (\({X}_{0}^{{{\rm{MoS}}}_{2}}\)), which is blocked by the filter in the CCD image. The black dashed box indicates the range of energies shown in b.


Extended Data Fig. 3 Characterization of an additional WSe2â€“MoS2 heterostructure.
a, False-colour optical image of the fabricated stack. b, Atomic force microscopy (AFM) height-profile image of the heterostructure. câ€“e, Spatial maps of photoluminescence intensity at emission wavelengths (Î»)Â of 670Â nm (c), 750Â nm (d) and 785Â nm (e), corresponding to MoS2 intralayerÂ (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, 5â€‰Î¼m.


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 4Â V, 6Â V and 8Â 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 10â€‰Î¼m.


Extended Data Fig. 5 Switching of the excitonic transistor.
aâ€“f, CCD images of exciton emission from the device, obtained for different gate voltages Vg1 from 0 to 10 V in steps of 2Â V.


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).


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 negativeÂ (a) or positiveÂ (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)Â in the presence of an external electric field, under the same conditions as in a and b. g, h, Corresponding experimental results. Scale bar, 5â€‰Î¼m. The figures in aâ€“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.Â 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 Vg2â€‰<â€‰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 (Vg2Â >Â 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 eâ€“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).


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 diâ€“o, which is the same as in Fig.Â 3c, shown for the ON (blue, Vg1â€‰=â€‰0 V) and OFF (black, Vg1â€‰=â€‰16 V) states. b, Transistor efficiency calculated as the ratio between output emission in the ON and OFF states for different inputâ€“output separation distances diâ€“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.


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, 300Â 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 inputâ€“output separations as long as diâ€“oâ€‰=â€‰5.1â€‰Î¼m. Such long-distance transistor switching was not observed at room temperature for this sample.


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, 10â€‰Î¼m (applies to all images).


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.Â 4f. b, Micro-photoluminescence (Î¼PL) 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).


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.Â 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 200â€‰Î¼W of incident power.


Extended Data Fig. 13 Image post-processing.
a, Original CCD image of the exciton emission for the configuration shown in Fig.Â 3a. The yellow square highlights the area of interest, shown in Fig.Â 3c. b, The same image after background subtraction. c, Original CCD image of the exciton emission for the configuration shown in Fig.Â 3b. d, The same image after background subtraction. Scale bars, 15â€‰Î¼m.


Extended Data Fig. 14 Modelling of exciton diffusion.
Schematic of exciton generation in the pumping area (xâ€‰<â€‰0) and diffusion outside (xâ€‰>â€‰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.


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 âˆ’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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