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Approaching the intrinsic exciton physics 
limit in two-dimensional semiconductor 
diodes

Peng Chen1,6, Timothy L. Atallah1,6, Zhaoyang Lin1, Peiqi Wang1, Sung-Joon Lee2, Junqing Xu3, 
Zhihong Huang2, Xidong Duan4, Yuan Ping3, Yu Huang2,5, Justin R. Caram1,5 ✉ & 
Xiangfeng Duan1,5 ✉

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 dimensionality1–5. 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 semiconductor–contact 
interface. Here, by using van der Waals contacts with minimal interfacial disorder, we 
suppress contact-induced Shockley–Read–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 
800 picoseconds in the charge-neutral regime to around 50 picoseconds at high 
doping densities owing to increased exciton–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 exciton–charge Auger recombination in 2D devices 
and highlight that the intrinsic photophysics of 2D semiconductors can be used to 
create more efficient optoelectronic devices.

Nano-semiconductors such as two-dimensional (2D) materials and col-
loidal quantum dots6–16 feature weak dielectric screening and a strong 
confinement effect that leads to unusually large exciton (electron–hole 
quasiparticle) binding energies (EB > 100 meV)1–5,17–19. Thus, excitons 
often govern the nanoscale optoelectronic device performance even 
at room temperature18,20. This is in contrast to conventional semicon-
ductors (for example, gallium arsenide and silicon), where free carriers 
typically dictate the device properties at room temperature owing 
to much smaller exciton binding energies (EB < kBT ≈ 26 meV, where 
kB is the Boltzmann constant and T is temperature). The dominant 
role of excitons could lead to unique nanoscale device characteristics. 
For example, electron–electron/hole and hole–electron/hole Auger 
recombination is now a two-body (charge–exciton) process that linearly 
depends on the electron or hole density. Furthermore, the intrinsic 
lower dimensionality naturally leads to an enhanced many-body scat-
tering probability of diffusive species21,22, resulting in shorter diffusion 

lengths and lower device efficiencies. However, despite the prevalence 
of excitons in nano-semiconductors, directly relating optoelectronic 
device properties to excitonic behaviour remains challenging owing to 
severe extrinsic losses from the non-idealities at contact or dielectric 
interfaces.

Here we show nearly intrinsic excitonic optoelectronic device  
performance in van der Waals (vdW)-contacted 2D diodes with nearly 
ideal metal–semiconductor interfaces. By combining optoelectronic 
studies with time-resolved photoluminescence (TRPL) measurements 
to probe the charge-density-dependent photovoltaic performance, we 
reveal the fundamental role of exciton diffusion and two-body exciton–
charge Auger recombination in determining the 2D diode performance, 
and demonstrate a greatly boosted photocurrent approaching the 
intrinsic excitonic photophysics limit.

The 2D tungsten diselenide (WSe2) p–n diodes were constructed with 
a split-gate (about 250 nm apart) structure (Fig. 1a, b), with multilayer 
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hexagonal boron nitride (hBN) as a pin-free gate dielectric23,24 and a 
few-layer (one to four layers) WSe2 flake as the semiconductor channel, 
which was contacted with a pair of transferred gold (Au) electrodes as the 
vdW contacts to avoid the metal-deposition-induced interfacial disorder25.

The split gates (VG1, the gate voltage of the left split gate; VG2, the gate 
voltage of the right split gate) allow independent electrostatic control 
of the carrier density in the left and right sides of the WSe2 channel to 
access various electronic configurations. When VG1 = VG2, the transfer 
curve shows a charge-neutral region near VG1 = VG2 ≈ 0 V for a trilayer WSe2 
device (Fig. 1c). The output characteristics (source–drain current, IDS, ver-
sus source–drain voltage, VDS) in the dark show distinct behaviour under 
four different gate-bias conditions (Fig. 1d). With VG1 = −5 V and VG2 = 5 V, 
the left side is p-doped and the right side is n-doped, and we obtain a p–n 
diode with clear current rectification in which the device shows a high 
current at positive VDS and a negligible current at negative VDS. Conversely, 
when VG1 = 5 V and VG2 = −5 V, the diode is reversed to the n–p configuration 
with opposite rectification. When the device operates with VG1 = VG2 = 5 V 
(n–n) and VG1 = VG2 = −5 V (p–p) configurations, there is no rectification 
and |IDS| is far greater than that in the diode configurations.

Under illumination, both the p–n and n–p configurations show a 
clear photovoltaic response with a short-circuit photocurrent (ISC) and 
open-circuit voltage (VOC) (Fig. 1e). Scanning photocurrent mapping 
reveals that the maximum photocurrent arises at the p–n junction area 
near the centre of the split-gate region, demonstrating that the photocur-
rent originated from the p–n interface rather than the Au–WSe2 contacts 
(Fig. 1f). Additional analysis of the band diagram, contact resistance and 
series resistance further supports that the p–n junction dominates the 
photocurrent-generation process (Methods, Extended Data Figs. 1, 2).

We next studied the doping-dependent optoelectronic properties. 
First, fixing VG1 = −5 V, we p-doped the left side of the WSe2 junction 
(n ≈ 4.4 × 1012 cm−2, n is the charge doping density) and investigated the 
photovoltaic response with varying doping on the right side. By gradually 
increasing the VG2 from −5 V (hole doped) to +5 V (electron doped), we 
observed a systematic evolution of the photovoltaic response (Fig. 2a). 
Specifically, at VG2 = −5 V, the device behaves as a p–p junction with essen-
tially zero ISC and zero VOC. As the device transforms from the p–p to the 

p–n configuration, we observe a noticeable photovoltaic response with 
the VOC increasing rapidly and then saturating at around 0.75 V (black dots 
in Fig. 2c). Interestingly, the ISC shows an unusual yet highly reproducible 
doping dependence (black dots in Fig. 2e): first increasing sharply to 
reach a peak value of around 260 pA as the diode moves from the p–p to 
the p–n configuration and then decreasing to 65 pA at higher electron 
densities. Similarly, by fixing VG1 = 5 V (left side n-doped), we observed a 
similar trend (Fig. 2b, d, f) when the doping of the right side is gradually 
changed from electrons to holes, with a rapid increase of ISC to a peak value 
about 300 pA as the junction is transformed from n–n to n–p followed 
by a decrease to 73 pA at higher hole densities (black dots in Fig. 2f).

As the electrostatic doping does not introduce impurity scatter-
ing in the 2D semiconductors, the deterioration of ISC with increasing 
charge density suggests a reduced carrier lifetime with increasing dop-
ing density, a trend typically attributed to Auger recombination. Our 
device shows an extraordinarily large charge-induced photocurrent 
deterioration of more than 75%, suggesting an unusual Auger effect in 2D 
semiconductors. Specifically, exciton–charge Auger processes instead 
of free-carrier Auger processes probably govern the interactions as the 
excitons dominate 2D semiconductors owing to the large exciton binding 
energy26. A complete mapping of the VOC and ISC dependence on both elec-
tron and hole densities further confirms the distinct doping-dependent 
photovoltaic response (Fig. 2g, h), revealing a highly symmetric behav-
iour for both electron and hole doping regimes for either side of the 
junction, as expected for the exciton–charge Auger process.

Parallel studies on the trilayer WSe2 p–n diodes with a similar device 
geometry but evaporated contacts (evap-diodes) show notably dif-
ferent behaviour when compared with the diodes with vdW contacts 
(vdW-diodes). In the case of the evap-diodes, the ISC rapidly increases 
when the device is transformed from a p–p to a p–n junction but quickly 
saturates to a maximum value of 53 pA without a peak value at low 
doping concentration (red dot in Fig. 2e). Notably, the apparent maxi-
mum external quantum efficiency (EQE) observed in the vdW-diodes is 
about five- to six-times higher than that of the evap-diodes (Extended 
Data Fig. 3). The maximum VOC observed in the vdW-diodes is about 
150 mV higher than that of the evap-diodes (Fig. 2c, d). The inferior 
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Fig. 1 | Atomically thin WSe2 p–n diode with atomically clean vdW contacts. 
a, A schematic of the device structure: VG1 and VG2 are the local left and right 
back-gates 250 nm apart. An exfoliated multilayer hBN flake is used as the gate 
dielectric and few-layer (one to four layers) WSe2 is used as the semiconductor 
channel. Two Au electrodes are transferred onto the WSe2 as source (S)  
and drain (D) electrodes. The green, dark yellow, blue, purple and light 
yellow spheres denote the tungsten, selenium, boron, nitrogen, and gold 
atoms, respectively. b, An optical microscope image of the 2D WSe2 p–n diode. 
The trilayer WSe2 area is artificially coloured. c, The transfer curve of the 
trilayer WSe2 device measured at VDS = 0.1 V. The thickness of hBN is 22 nm in 

this device. d, The IDS–VDS curves for different device configurations under 
dark. The insets show the band diagram of the p–n and n–p configurations. CB, 
conduction band; VB, valence band. e, The IDS–VDS curves for different device 
configurations under laser illumination. The laser excitation wavelength 
λ = 473 nm and the power density Pd = 24 mW cm−2. f, Spatially resolved 
photocurrent mapping of a 2D diode using a focused laser (405 nm, roughly 
1 μm spot size and about 2.2 nW total power), highlighting photocurrent 
generation in the split-gate region. The X = 0 μm denotes the centre position of 
the split-gate region, the yellow squares denote the position of the electrodes 
and the orange line denotes the position of the split gates VG1 and VG2.
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optoelectronic performance of the evap-diodes suggests severe carrier 
loss mechanisms, which may be attributed to the evaporation-induced 
defects at the Au–WSe2 interface25,27 that act as the Shockley–Read–
Hall (SRH) recombination centres to compromise charge-collection 
efficiency28,29. In contrast, the vdW-diodes feature minimal interfacial 
disorder or trap states25, thus offering an attractive platform for prob-
ing the intrinsic diode behaviour.

High exciton binding energies (EB ≈ 350 meV in trilayer WSe2)30 sug-
gest that exciton photophysics govern photoexcited carriers at room 

temperature18. We therefore hypothesized that charge Auger losses are 
dictated by exciton–charge Auger recombination in ideal 2D diodes. 
Exciton–charge Auger occurs when an exciton non-radiatively relaxes 
to promote a carrier to a higher excited state that rapidly cools, unable 
to contribute to photocurrent generation. This loss mechanism is more 
probable at higher charge densities. Consequently, fewer excitons can 
diffuse to the p–n junction interface to contribute to ISC, consistent 
with what we observed in the vdW-diodes. By comparison, evap-diodes 
remain unaffected by charge modulation as their photocurrent is 
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Fig. 2 | Doping-dependent optoelectronic performance of a 2D WSe2 p–n 
diode. a, The IDS–VDS curves measured at VG1 = −5 V and different VG2 under laser 
illumination. b, The IDS–VDS curves measured at VG1 = 5 V and different VG2 under 
laser illumination. c, The |VOC| dependence on charge density, n, for diode with 
evaporated contacts (evap-diode, red dots) or vdW contacts (vdW-diode, black 
dots) (lines are a guide for the eyes) at VG1 = −5 V. d, The |VOC| dependence on 
charge density, n, for evap-diode (red dots) and vdW-diode (black dots) at 
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the evap-diode (red dots) and vdW-diode (black dots) at VG1 = −5 V. f, The |ISC| 
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largely limited by interfacial-defect-induced SRH recombination at 
metal–semiconductor contacts.

We next performed TRPL measurements on the trilayer WSe2 at vari-
able charge densities (see Methods for details; Fig. 3a, b). The recorded 
lifetime traces were fit to a convolution of an instrument response 
function and bi- or tri-exponential decays (dashed lines in Fig. 3a, b; 
Methods, Extended Data Fig. 4a, b, Extended Data Table 1). The domi-
nant amplitude component is attributed to the exciton recombination31 
and two other weaker components to the localized states (Methods, 
Extended Data Fig. 4c, d). The dominant component shows an exci-
ton lifetime (τ) of 800 ps at the charge-neutrality point, which rapidly 
decreases to tens of picoseconds at high doping density (>3 × 1012 cm−2) 
(Fig. 3c), supporting the above hypothesis that the exciton–charge 
Auger effect has a dictating role in 2D semiconductors.

We further investigated the doping-dependent exciton recombination 
rate (kexc = 1/τ). Overall, kexc shows a linear dependence with respect to hole 
density (n) (Fig. 3d). The charge-density dependence of the excited-state 
decay rates in bulk semiconductors are typically described by the canoni-
cal ‘ABC recombination model’32, which assumes that all interactions 
are between independent free-charge carriers and predicts Auger pro-
cesses to be a three-body phenomenon with a quadratic dependence 
on charge density (n2). The linear dependence observed in our study 
implies a two-body interaction process. To understand this, we invoke 
exciton–charge interactions26, describing exciton recombination as:

k k n B= + | | (1)exc 0,exc Aug

where k0,exc is the intrinsic excitonic recombination rate, n is the charge 
density and BAug corresponds to the Auger decay constant for exciton–
charge recombination. With this formula, we obtain an exciton–hole 
Auger coefficient BAug,h of 4.7 × 10−3 ± 0.3 × 10−3 cm2 s−1, comparable 

to the (two-body) biexciton annihilation rates for the trilayer WS2 of 
1.88 × 10−3 cm2 s−1 reported previously4.

The exciton recombination rate at the electron side shows a more 
complicated behaviour, with a similar exciton–electron Auger coefficient 
of 5.0 × 10−3 ± 0.3 × 10−3 cm2 s−1 at low electron density, which decreases to 
0.8 × 10−3 ± 0.2 × 10−3 cm2 s−1 as the doping density exceeds 1.5 × 1012 cm−2 
(Fig. 3d). This doping-dependent Auger recombination may be attributed 
to the unique band structure of the trilayer WSe2. At low electron doping, 
the exciton–electron Auger recombination mainly involves electrons in 
the Q valley; whereas at higher doping, the process may start to involve 
electrons in the K valley (Methods, Extended Data Fig. 5). We hypothesize 
that the Auger recombination involving K-valley electrons is slower.

The excitons in 2D diodes only contribute to the photocurrent gen-
eration if they migrate to the p–n junction interface and undergo a 
charge separation. In this picture, only excitons within the collection 
length (Lcoll = Lexc + Lsg = Lp + Ln + Lsg) contribute to ISC (Fig. 4a, b), where Lsg 
is the length of split-gate region, and Lexc, Lp and Ln are the total exciton 
diffusion length and that in the p-region and n-region, respectively. 
The Lexc can be controlled by the charge doping density through the 
exciton–charge Auger recombination. At higher doping density, the 
exciton lifetime is shorter, leading to a smaller Lexc, and thus a smaller 
Lcoll and a lower ISC (Fig. 4a); conversely, a lower doping density leads 
to a higher Lcoll and hence a higher ISC (Fig. 4b).

To directly probe the doping-dependent Lexc, we conducted scan-
ning photocurrent microscopy studies at different gate voltages.  
As expected, when both sides of the p–n junction are highly doped, we 
only observe photocurrent near the split-gate region, with little con-
tribution from exciton diffusion from outside of the split-gate region 
(Fig. 1f). However, when the p-side is lightly doped to have a p−–n junc-
tion, the photocurrent generation region clearly extends towards the 
p− region, suggesting a much longer exciton diffusion length in the 
low-doping region (Fig. 4c). The photocurrent line scans at different 
gate voltages more clearly show the gradual expansion of the photoac-
tive area towards the p− side with decreasing hole doping, suggesting 
an increased exciton diffusion length on the right side (Fig. 4d).  
By contrast, the spatial distribution on the left side remains essentially 
the same because of the fixed doping concentration (VG1 fixed at +4 V), 
which means that the exciton diffusion length is unchanged on the 
left side. Deconvolving the instrument response function33, we can 
estimate an exciton diffusion length of 720 ± 100 nm in the low-doping 
limit (Extended Data Fig. 6).

Our scanning photocurrent microscopy studies clearly indicate that 
both the photocurrent amplitude and the exciton diffusion length 
are highly dependent on the charge doping. To further correlate the 
device behaviour with the photophysics parameters determined 
from the TRPL measurements, we employed a uniform-generation, 
exciton-diffusion-limited model34 to describe the ISC for a p–n junction:

I I I I= + − (2)SC diff sg los

where Idiff is the exciton diffusion limited photocurrent, Isg accounts for 
the photocurrent generated by the excitations in the split-gate region 
and Ilos accounts for the photocurrent losses such as SRH recombina-
tion. As SRH recombination is weakly sensitive to the charge doping35–38, 
we assume it to be a constant value across different charge densities. 
The diffusion-limited photocurrent may be expressed as:

I eSG L eSG D τ= = ( ) (3)diff 0 exc 0 exc
1/2

wheree is the elementary charge, S is the p–n junction interface cross-
section, G0 is the exciton density generation rate accounting for the 
fraction of photon absorption (fabs) at photon energy Eph and is deter-

mined by f
P
E abs

in

ph
 (fabs ≈ 0.25 for trilayer WSe2, Pin is the input power) 

(see Methods for details), Lexc is the exciton diffusion length and Dexc is 
the exciton diffusion constant.
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By using the exciton diffusion model (equations (2) and (3)) and 
the exciton lifetime determined from TRPL measurements, we can 
reconstruct the doping-dependent ISC and compare it against the 
experimental data. Notably, the reconstructed data (red dots) fit 
well with the measured photocurrent (black dots) (Fig. 4e, f ). From 
the fit, we extract an exciton diffusion constant Dexc = 7 ± 2 cm2 s−1, 

similar to previous studies39,40. From the exciton diffusion constant 
and the exciton lifetime, we calculated an exciton diffusion length 
of around 830 ± 110 nm near the charge-neutrality regime and of 
around 190 ± 30 nm in the high-doping regime. The exciton diffusion 
length in the intrinsic regime is about 4.4-times longer than that in the 
high-doping regime, which matches well with the recent photophysics 
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Fig. 4 | Correlation between photocurrent and exciton lifetime.  
a, b, Schematic illustration of the change of the exciton collection length (Lcoll) 
from high doping (a) to low doping (b). c, ISC mapping from low doping in a 
four-layer WSe2 diode with a focused laser (405 nm, roughly 1 μm spot size  
and about 2.2 nW total power) excitation. The X = 0 μm denotes the centre 
position of the split-gate region; the yellow squares denote the position of the 
electrodes and the orange line denotes the position of the split gates VG1 and 
VG2. We note that there is some spatial heterogeneity in the photocurrent 
mapping, which might be attributed to non-uniform doping42 from charge 
impurities, strain or bubble formation in the local environment. d, The ISC line 
scan at VG1 = 4 V and different VG2 in a four-layer WSe2 diode with a focused laser 
(405 nm, roughly 1 μm spot size and about 2.2 nW total power) excitation; the 
X = 0 μm denotes the centre position of the split-gate region and the yellow 

squares denote the position of the electrodes. e, The |ISC| as a function of hole 
doping (black dots) compared with the reconstructed photocurrent from the 
exciton-diffusion-limited photocurrent model (red dots) (lines are a guide for 
the eyes). The inset shows the plot of |ISC| as a function of τ1/2, for hole-doped 
WSe2, with a linear fit (dashed red line). f, The |ISC| as a function of electron 
doping (black dots) compared with the reconstructed photocurrent from the 
exciton-diffusion-limited photocurrent model (red dots). The inset shows the 
plot of |ISC| as a function of τ1/2, for electron-doped WSe2, with a linear fit (dashed 
red line). The reconstructed photocurrent is calculated from the exciton 
lifetime shown in Fig. 3c. g, (ISC)−2 versus hole doping. h, (ISC)−2 versus electron 
doping, showing a turning point (marked by the blue arrow) at an electron 
density beyond about 1.5 × 1012 cm−2, suggesting a reduced BAug.



Nature  |  Vol 599  |  18 November 2021  |  409

measurements where the exciton diffusion length at low doping is 
about 5-times larger than that at high doping41. Importantly, the 
extracted exciton diffusion length at low doping agrees well with our 
scanning photocurrent microscopy studies. The high-fidelity recon-
struction of the photocurrent response with such a straightforward 
exciton-diffusion-limited model, along with the highly consistent 
exciton diffusion length extracted from our device measurements, 
robustly demonstrates that our 2D diodes are approaching the fun-
damental excitonic diffusion limit.

Within this model, ISC is proportional to Lexc and (τ)1/2. We com-
pared the (τ)1/2 obtained from the TRPL measurements to the 
doping-dependent ISC (inset of Fig.  4e, f ). The ISC versus (τ)1/2 
plots shows an almost linear relationship, further confirming the 
exciton-diffusion-limited behaviour. Moreover, combining equa-
tions (1) and (2), we expect that (ISC)−2 is proportional to BAugn. Indeed, 
a plot of (ISC)−2 versus doping density gives a nearly linear relationship 
with the hole density in the entire doping range (Fig. 4g). In contrast, 
the same plot of the electron-doped regime shows a turning point with 
a reduced slope and thus a reduced BAug when the electron doping  
exceeds around 1.5 × 1012 cm−2 (Fig. 4h), which is highly consistent 
with the optical measurements (Fig. 3d). Taken together, these results 
further demonstrate that our device performance is indeed dictated 
by intrinsic material properties rather than extrinsic non-idealities, 
allowing the direct correlation of photophysics parameters with prac-
tical device performance.

Similar doping-dependent photocurrent generation is observed 
in monolayer, bilayer and four-layer WSe2 vdW-diodes (Methods, 
Extended Data Fig. 7), demonstrating the critical role of exciton–charge 
Auger effects in few-layer 2D diodes. We have further analysed the EQE 
of these diodes. The EQE is calculated as

I E ePEQE = /( ) (4)SC ph in

where ISC is the short-circuit photocurrent, Eph is the energy per pho-
ton, e is the elementary charge and Pin is the input power (Pin = power 
density Pd × illuminated exciton-collection area A). However, there is 
considerable ambiguity in defining A. Previous studies8 have used the 
split-gate area for A, which does not consider exciton diffusion from 
outside the split-gate region and thus often underestimates Pin and 
overestimates EQE. Alternatively, A may be approximated by the device 
area between the source and drain electrodes, giving a lower-bound 
EQE as the exciton-collection area may be considerably smaller than 
the device area.

To more accurately determine Pin without the uncertainty associ-
ated with the illuminated charge-collection area A, we also used the 
total incident power of a focused laser excitation (as used in scanning 
photocurrent microscopy measurements) to determine the local EQE. 
On the basis of the photocurrent line scan across the device (Fig. 4d), 
we achieved a maximum EQE of 30% in a four-layer WSe2 diode; and 
considering an absorbance of about 30% for the four-layer sample, we 
obtain an estimated unity internal quantum efficiency, further high-
lighting the intrinsic performance of our vdW-diodes. Similar studies 
with focused laser illumination previously gave considerably lower 
EQE values of 0.10–0.75% in monolayers (compared to 2.2% observed 
in monolayer vdW-diode) (Extended Data Table 2).

We further note that our vdW-diodes show, to our knowledge, the 
highest VOC among all 2D semiconductor diodes (at the same layer 
thickness) reported so far (Extended Data Table 2). The VOC reaches 
0.90 V in the bilayer device and up to 1.05 V in the monolayer device, 
considerably larger than values reported previously (<0.83 V). We note 
that VOC does not significantly depend on the charge collection area. 
Therefore, a higher VOC provides robust evidence supporting a decrease 
in parasitic loss pathways in vdW-diodes.

In summary, we have shown that 2D WSe2 diodes with defect-free 
vdW contacts allows the minimization of the extrinsic interfacial 

disorder-dominated recombination and access to the intrinsic exci-
tonic behaviour in 2D semiconductor devices. Our results highlight 
the direct impact of exciton–charge Auger effects on 2D p–n diode 
performance, and provide important guidance for pushing the limit of 
2D diodes. First, it is vital to suppress contact-interface-state-induced 
SRH recombination that limits charge collection. Second, considera-
tion of the unique 2D semiconductor physics, such as diffusion in a 2D 
plane and high exciton binding energy in 2D materials, is essential for 
exploiting these properties for improved device performance. Long 
exciton lifetime (that is, low Auger recombination rate) and large 
exciton diffusion constant are beneficial for the excitons to reach 
the p–n interface and undergo charge separation for more efficient 
photocurrent generation.
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Methods

Device fabrication and measurement
We first prepared titanium/gold (5/20 nm) split-gate electrodes with 
250-nm gap on a silicon/silicon dioxide substrate by using standard 
electron-beam lithography and high-vacuum electron-beam evapo-
ration. Next, we transferred a multilayer hBN flake onto the split-gate 
electrodes, onto which the few-layer WSe2 was exfoliated. Finally, using 
a previously developed method25, a pair of Au electrodes were trans-
ferred onto the WSe2 as source and drain vdW contacts. For the diode 
with evaporated Au contacts, the device fabrication procedures are the 
same except for the final contact integration step, in which 40-nm Au 
contact electrodes were fabricated using the standard electron beam 
lithography and electron beam evaporation process. The electrical 
and optoelectronic properties of the devices were characterized with 
a precision source/measure unit (Agilent, B2902A) under vacuum at 
room temperature. The carrier concentration can be estimated based 
on the gate voltage and gate capacitance.

Time-resolved photoluminescence measurements
The device was placed in a home-built inverted epifluorescence 
microscope (Nikon, CFI Plan Apochromat Lambda ×40 objective) 
and operated in a single capacitor mode. We applied a gate voltage, 
VG, to electrostatically electron (hole) dope the WSe2. Using a 532-nm 
pulsed diode laser (PicoQuant, LDH-P-FA-530B), we excited the sample 
and recorded the photoluminescence lifetime using time-correlated 
single-photon counting with a silicon avalanche photodiode (Micro 
Photon Devices, PD-050-CTD) connected to a synchronized photon 
counter (Picoquant, Hydraharp 400).

Scanning photocurrent microscopy measurements
The device was placed in the above home-built inverted epifluorescence 
microscope (Nikon, CFI Plan Apochromat Lambda ×40 objective) and 
operated in photovoltaic mode as a split-gated WSe2 p–n junction. We 
recorded the short-circuit photocurrent while scanning the device 
on a piezo stage (Mad City Labs, Nano-View/M200-3) using a 405-nm 
continuous-wave laser excitation (Thorlabs, CPS405).

Absorbance measurements
To estimate the sample absorbance, we implemented a reflectance 
measurement using the above home-built inverted epifluorescence 
microscope (Nikon, CFI Plan Apochromat Lambda ×40 objective). We 
illuminated the few-layer WSe2 with Au under it with the correspond-
ing laser (473 nm or 405 nm) and used reflectance from the area off 
the sample as the background (containing all the other components) 
with dark counts being subtracted from both sample and background 
intensity values (Ocean Insight, Flame UV-VIS Spectrometer and Andor, 
Marana 4.2B-11 detectors used).

Estimation of the impact of contact barrier and series resistance 
on the short-circuit photocurrent
The scanning photocurrent microscopy (Fig. 1f, Fig. 4c, d) clearly shows 
that there is no apparent photocurrent generation from the contact 
region, indicating that the contacts have a negligible contribution to the 
overall photocurrent. Although the Schottky barrier formation between 
Au and n-WSe2 could in principle produce photocurrent, the formation 
of the p–n junction in the split-gate region suppresses the photocur-
rent generated at the contact interface, as also observed in a previous 
study7. In such a configuration, the carriers generated at the contact 
are blocked by the depletion region at the p–n junction (Extended Data 
Fig. 1). The photocurrent is thus dictated by the p–n diode.

We can further estimate the short-circuit photocurrent (ISC) loss due 
to the contact resistance, which may be included in the series resist-
ance (RS). The Shockley diode equation with RS and shunt resistance 
RSH under light illumination can be written as:
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where IS is the saturation current, IL is the short-circuit current when 
there are no parasitic resistances, VT is the thermal voltage and η is the 
ideality factor.
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As the IS is less than 1.2 × 10−17 A (see ‘Extraction of RS and RSH’ below), 
which is much smaller than the ISC, equation (6) can be written as

I I R R| | = (1 + / ) (8)L SC S SH

As we can see, only excessively large RS can reduce the short-circuit 
photocurrent. In our device, the RS/RSH ratio is smaller than 1% (see 
‘Extraction of RS and RSH’ below). Therefore, the loss of short-circuit 
photocurrent due to RS (including the contact resistance) can be 
neglected in our device.

Extraction of RS and RSH

The Shockley diode equation with a series resistance RS and shunt resist-
ance RSH can be described as:

I I= (e − 1) +
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, where IS is the saturation current, VT 

is the thermal voltage and n is the ideality factor. An explicit equation 
for the diode current can then be obtained by using the Lambert W 
function8.
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By fitting the experimental data with this equation (Extended Data 
Fig. 2), we can extract the RS, RSH, IS and η. By fitting the data at different 
gate voltages, we found the IS in our device is in the range of 6 × 10−30 A to 
1.2 × 10−17 A; the RS in our device is in the range of 28 MΩ to 280 MΩ; the RSH 
in our device is in the range of 35 GΩ to 67 GΩ; therefore, the overall RS/RSH 
is always smaller than 1%. Therefore, the loss of short-circuit photocurrent 
due to RS (including the contact resistance) can be neglected in our device.

Lifetime fitting process
To determine the component decay rates (ki, i is the component of fit) 
for each TRPL trace, we fit each curve to a convolution of a Gaussian 
instrument response function with a sum of two or three exponential 
decay functions: nonlinear least squares weighted fit (Extended Data 
Fig. 4a, b). We use the error for Poissonian process: δC(t)  =  (C(t))0.5
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Where t is the time of photon arrival on the TRPL trace or equivalently 
the time after the laser excitation; the initial peak amplitudes, C0,i, and 
the rates, ki, Gaussian width, σ, and baseline offset, C0, were free fitting 
parameters. We determined whether a fit was bi- or tri-exponential 
when the fit error gave a value greater than the fit value itself. For exam-
ple, if we use the tri-exponential fit for the TRPL data at VG = −0.8 V, the 
fit error is greater than the fit value (Extended Data Table 1).
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Assignment of different lifetime components
The relative intensity and lifetime of different lifetime components is 
shown in Extended Data Fig. 4c, d (t1, t2 and t3 are defined as ti = 1/ki, i.e. 
decay time constant; in the main text t1 = τ). We assign t1 to be the excitons 
for two reasons. (1) The relative photoluminescence intensity of t1 is most 
prominent, nearly 96% at low doping and 70% at high doping, which is con-
sistent with the fact that the excitons are prevalent in 2D semiconductors. 
(2) The lifetime of t1 decreased significantly as the doping increased, which 
is expected for excitons, as the excitons will interact with the charge and 
recombine through an Auger process. The t2 might be attributed to the 
trap bounded state for two reasons. (1) The t2 emerges at higher doping 
concentration (about 1 × 1012 cm−2) and the relative photoluminescence 
intensity of t2 decreases as the doping further increases. This behaviour 
suggests a trap-state-filling process43. Near the charge intrinsic region, the 
emission from the trap states is negligible, which might be attributed to the 
strong electron–hole Coulomb interaction in the nano-semiconductors31. 
With increasing doping, electrons or holes start to fill the localized states. 
The trapped electrons/holes will attract holes/electrons and form localized 
excitons due to the strong Coulomb interaction in the 2D semiconductors. 
With further increasing doping density, the localized states are fully filled 
and the relative photoluminescence intensity of the localized states starts 
to drop. (2) The lifetime of t2 shows weak doping dependence, which is 
expected for the trap recombination. One may argue that the t2 might be a 
trion, as a trion is also shown for higher doping concentrations. However, 
the trion lifetime is about 10 ps in WSe2 as previously measured44, which 
is far shorter than the lifetime of t2, which is about 400 ps. The t3 can be 
attributed to the trap state with even slower lifetime. The lowest relative 
photoluminescence intensity suggests that the t3 component is negligible.

Band structure and the possible explanation for the turning 
point of trilayer WSe2

We plot a highly simplified band structure with dispersion in close agree-
ment with micro-angle-resolved photoemission spectroscopy meas-
urements45 (Extended Data Fig. 5). The calculated band structure is also 
largely consistent with photoluminescence spectra, where we observe 
direct emissive recombination from K–K at 1.65 eV and indirect emission 
at 1.45 eV assigned to Q–Γ (these gaps also include the exciton binding 
energy). The energy differences between the Q and K valleys in the con-
duction band are approximately 118 meV. Upon doping, we anticipate two 
major effects that would influence the Auger recombination rate. The first 
is a change in the Fermi level, which would change the valley occupancy 
of the electrons involved in Auger recombination. The second would be 
bandgap renormalization, which changes both the absolute and relative 
energies of the bands. We hypothesize that the turning point reflects a 
change in the intervalley scattering rates owing to a relative increase in the 
population of excess electrons in the K valley of the conduction band. Our 
calculations indicate that the Fermi level sits approximately 70 meV below 
the conduction band at the turning point (about 2 × 1012 cm−2) where we 
observe a slowed increase in Auger recombination. This may not result in 
a substantial population of the K band if one neglects bandgap renormali-
zation. However, angle-resolved photoemission spectroscopy measure-
ments45 show notable electron population in the K band at a charge carrier 
density of approximately 1 × 1013 cm−2 (with a corresponding Fermi level at 
30 meV below the band edge) in bilayer and trilayer WSe2. A more precise 
understanding of the exact turning point requires a revised calculation 
of the band structure at moderate to high doping. Previous theoretical 
studies of doping-dependent exciton–charge Auger in phosphorene also 
show a similar nonlinear dependence on doping density46.

Doping-dependent ISC at mono-, bi- and four-layer WSe2 diodes
In addition to trilayer devices, we have also measured the monolayer, 
bilayer and four-layer WSe2 diodes and observed similar behaviour, 
where the ISC decreases as the doping increases (Extended Data Fig. 7). 
We note that in a monolayer device, the photocurrent at low doping 

is only about 1.3 times that at high doping. This smaller photocurrent 
modulation by doping might be attributed to the increased exciton 
binding energy and faster exciton radiative recombination rate in the 
monolayer owing to its direct bandgap nature. In this case, the slow exci-
ton dissociation process and radiative recombination limit the overall 
photocurrent in the low-doping region13,47. The bilayer and four-layer 
devices show similar behaviour to the trilayer devices.

Diode performance as a function of excitation power
We observed a small decrease of EQE at about ten-times-higher laser 
power (Extended Data Fig. 8), which may suggest an enhanced exci-
ton–exciton annihilation begins to have a role at above 1 W cm−2. The 
exciton–exciton annihilation is a process where two excitons interact 
with each other and recombine non-radiatively31,48.

Band structure calculation
The band structure is calculated based on density functional theory 
(DFT) using the open-source plane-wave code JDFTx (ref. 49) with ONCV 
norm-conserving pseudopotentials50 and a kinetic energy cutoff of 
850 eV for the wavefunctions. We used PBE exchange correlation func-
tional51, including self-consistent spin–orbit coupling and van der Waals 
interactions52, in all simulations. The structure was fully relaxed. We 
used 20 Å of vacuum to separate periodic images. Convergence tests 
were performed for all of the forementioned settings.

Data availability
The data that support the plots within this paper and other findings of this 
study are available from the corresponding authors upon reasonable request.
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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 
p–n interface. b, The carriers generated by the p–n junction may tunnel through the Schottky junction and contribute to the photocurrent.
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Extended Data Fig. 2 | Fitting the IDS–VDS characteristic of p–n junction 
diode. Black dot: experimental data; solid red line: fit of diode equation. a, The 
fit of p–n configuration; we extract the RS = 36 MΩ, RSH = 47 GΩ, IS = 4.6 × 10−22  

A and η = 1.18; b, The fit of NP configuration; we extract the RS = 28 MΩ, 
RSH = 35 GΩ, IS = 8.1 ×10−21 A and η = 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 
VG1 = −5 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 VG1 = 5 V. 
The EQE is calculated as EQE = 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. Pin = power density (Pd) × illuminated exciton-collection area 
(A). Note we estimated the apparent EQE by using the device area (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 ~1 μm, the maximum EQE is 
estimated ~21%.
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Extended Data Fig. 4 | Fitting lifetimes and doping dependence of relative 
PL intensity and lifetime for different components. a, An example of 
biexponential fit: (VG = −0.8 V, P = 244 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: (VG = −4 V, P = 244 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.
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Extended Data Fig. 6 | Deconvolution of the exciton diffusion from 
scanning photocurrent microscopy studies. Specifically, we used VG1 = 4 V 
and VG2 = −4 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) VG1 = 4 V and 
VG2 = −0.4 V (blue line) with a function being convolution of the IRF Gaussian 
with an exponential centred at the middle of the interface (X = 0 μm) for the 
low-doping limit. The decay constant for the fit corresponds to exciton 
diffusion length Lexc = 0.72 ± 0.10 μm. 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, IDS–VDS curve of the monolayer WSe2 diode 
under illumination. b, IDS–VDS curve of the bilayer WSe2 diode under 

illumination. c, IDS–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.
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Extended Data Fig. 8 | Power dependent apparent EQE in a bilayer diode at 
VG1 = 5 V and different VG2.



Extended Data Table 1 | Fitting parameters for Extended Data Fig. 4a, 4b
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Extended Data Table 2 | Summary of the diode parameters in different studies

*The EQE in ref. 8 is estimated by assuming the split-gate region as the active area, which may give an overestimated EQE. The EQE in ref. 53 is estimated by assuming the entire device channel as 
the active area, which may give an underestimated EQE. The EQE in refs. 6,7,13 is estimated by assuming total incident laser power as Pin.
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