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            Abstract
Two-dimensional (2D) semiconductors have attracted intense interest for their unique photophysical properties, including large exciton binding energies and strong gate tunability, which arise from their reduced dimensionality1,2,3,4,5. Despite considerable efforts, a disconnect persists between the fundamental photophysics in pristine 2D semiconductors and the practical device performances, which are often plagued by many extrinsic factors, including chemical disorder at the semiconductorâ€“contact interface. Here, by using van der Waals contacts with minimal interfacial disorder, we suppress contact-induced Shockleyâ€“Readâ€“Hall recombination and realize nearly intrinsic photophysics-dictated device performance in 2D semiconductor diodes. Using an electrostatic field in a split-gate geometry to independently modulate electron and hole doping in tungsten diselenide diodes, we discover an unusual peak in the short-circuit photocurrent at low charge densities. Time-resolved photoluminescence reveals a substantial decrease of the exciton lifetime from around 800â€‰picoseconds in the charge-neutral regime to around 50â€‰picoseconds at high doping densities owing to increased excitonâ€“charge Auger recombination. Taken together, we show that an exciton-diffusion-limited model well explains the charge-density-dependent short-circuit photocurrent, a result further confirmed by scanning photocurrent microscopy. We thus demonstrate the fundamental role of exciton diffusion and two-body excitonâ€“charge Auger recombination in 2D devices and highlight that the intrinsic photophysics of 2D semiconductors can be used to create more efficient optoelectronic devices.
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                    Fig. 1: Atomically thin WSe2 pâ€“n diodeÂ with atomically clean vdWÂ contacts.[image: ]


Fig. 2: Doping-dependent optoelectronic performance of a 2D WSe2 pâ€“n diode.[image: ]


Fig. 3: Doping-dependent TRPL and excitonâ€“charge Auger.[image: ]


Fig. 4: Correlation between photocurrent and exciton lifetime.[image: ]
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Extended data figures and tables

Extended Data Fig. 1 Band diagram and photocurrent generation in diode.
a, The carriers generated by the Schottky barrier are blocked by the barrier at the pâ€“n interface. b, The carriers generated by the pâ€“n junction may tunnel through the Schottky junction and contribute to the photocurrent.


Extended Data Fig. 2 Fitting the IDSâ€“VDS characteristic of pâ€“n junction diode.
Black dot: experimental data; solid red line: fit of diode equation. a, The fit of pâ€“n configuration; we extract the RSâ€‰=â€‰36â€‰MÎ©, RSHâ€‰=â€‰47â€‰GÎ©, ISâ€‰=â€‰4.6â€‰Ã—â€‰10âˆ’22â€‰A and Î·â€‰=â€‰1.18; b, The fit of NP configuration; we extract the RSâ€‰=â€‰28â€‰MÎ©, RSHâ€‰=â€‰35â€‰GÎ©, ISâ€‰=â€‰8.1â€‰Ã—10âˆ’21â€‰A and Î·â€‰=â€‰1.3.


Extended Data Fig. 3 Apparent external quantum efficiency (EQE) of 2D diodes by assuming the device area as the active area.
a, EQE dependence on charge density for the evap-diode (red dots) and the vdW-diode (black dots) at VG1â€‰=â€‰âˆ’5â€‰V. The line serves as a guide for the eyes. b, EQE dependence on charge density for the evap-diode (red dots) and the vdW-diode (black dots) at VG1â€‰=â€‰5â€‰V. The EQE is calculated as EQEâ€‰=â€‰ISCEph/(ePin), where ISC is the short circuit photocurrent, Eph is the energy per photon, e is the elementary charge and Pin is the input power. Pinâ€‰=â€‰power density (Pd)â€‰Ã—â€‰illuminated exciton-collection area (A). Note we estimated the apparent EQE by using the device areaÂ (the entire WSe2 area between the source and drain electrodes) as A for simplicity, which may lead to a considerably underestimated EQE value as the device area is usually larger than the active area. If we consider the exciton diffusion model with a total exciton collection length of ~1â€‰Î¼m, the maximum EQE is estimated ~21%.


Extended Data Fig. 4
Fitting lifetimes and doping dependence of relative PL intensity and lifetime for different components. a, An example of biexponential fit: (VGâ€‰=â€‰âˆ’0.8â€‰V, Pâ€‰=â€‰244â€‰nW). The top panel is the residuals of tri-exponential fitting. The middle panel is the residuals of bi-exponential fitting. The bi-exponential residual is identical to the tri-exponential implying the tri-exponential is an over-fit confirmed by the error in k3 being larger than the value of k3 (Extended Data Table 1); therefore, we used the bi-exponential fit. The bottom panel is the TRPL data and bi-exponential and tri-exponential fitting curve. b, An example of triexponential fit: (VGâ€‰=â€‰âˆ’4â€‰V, Pâ€‰=â€‰244â€‰nW). The top panel is the residuals of tri-exponential fitting. The middle panel is the residuals of bi-exponential fitting. The tri-exponential residual is better than the bi-exponential without fit errors larger than the fit values; there we used the tri-exponential fit. The bottom panel is the TRPL data and bi-exponential and tri-exponential fitting curve. c, Doping dependence of relative PL intensity for different components. There are three components, which are t1, t2 and t3. d, Doping dependence of the PL lifetime for different components. The inset shows the lifetime of t3.


Extended Data Fig. 5 A highly simplified band diagram showing the relevant states for band-edge carriers in WSe2.
EF,0 denotes the Fermi level of undoped system; EF,t denotes the Fermi level at turning point.


Extended Data Fig. 6 Deconvolution of the exciton diffusion from scanning photocurrent microscopy studies.
Specifically, we used VG1â€‰=â€‰4â€‰V and VG2â€‰=â€‰âˆ’4â€‰V (black line) as our measure of laser spot size since the photocurrent collection is exclusively from the diode interface, which is much smaller than our laser spot size (instrument response function, IRF) and fit (red dashed line) it to a single Gaussian function. We fit (pink dashed line) VG1â€‰=â€‰4â€‰V and VG2â€‰=â€‰âˆ’0.4â€‰V (blue line) with a function being convolution of the IRF Gaussian with an exponential centred at the middle of the interface (Xâ€‰=â€‰0â€‰Î¼m) for the low-doping limit. The decay constant for the fit corresponds to exciton diffusion length Lexcâ€‰=â€‰0.72â€‰Â±â€‰0.10â€‰Î¼m. The yellow square denotes the position of electrodes.


Extended Data Fig. 7 Gate dependent ISC in monolayer, bilayer and four-layer WSe2 vdW-diodes.
a, IDSâ€“VDS curve of the monolayer WSe2 diode under illumination. b, IDSâ€“VDS curve of the bilayer WSe2 diode under illumination. c, IDSâ€“VDS curve of the four-layer WSe2 diode under illumination. d, Gate dependent ISC in monolayer diode. e, Gate dependent ISC in bilayer diode. f, Gate dependent ISC in four-layer diode.


Extended Data Fig. 8
Power dependent apparent EQE in a bilayer diode at VG1â€‰=â€‰5â€‰V and different VG2.


Extended Data Table 1 Fitting parameters for Extended Data Fig. 4a, 4bFull size table


Extended Data Table 2 Summary of the diode parameters in different studiesFull size table
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