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Abstract: The efficiency of light emission is a critical performance factor of monolayer 

transition metal dichalcogenides (1L-TMDs) for photonic applications. While various methods 

to compensate lattice defects to improve the quantum yield (QY) of 1L-TMDs have been 

studied, exciton-exciton annihilation (EEA) is still the major nonradiative decay channel of 

excitons at high exciton densities. Here we demonstrate that combined use of proximal Au plate 

and negative electric gate bias (NEGB) for 1L-WS2 provides the dramatic enhancement of the 

exciton lifetime at high exciton densities with the corresponding QY enhanced by 30 times and 

the EEA rate constant decreased by 80 times. Suppression of EEA by NEGB is attributed to 

the reduction of defect-assisted EEA process, which was then explained by our theoretical 

model. Our results provide a synergetic solution to cope with EEA to realize the high-intensity 

2D light emitters using TMDs.  

Keywords: WS2, two dimensional semiconductors, exciton-exciton annihilation, quantum 

yield, monolayer transition metal dichalcogendie, back gate bias, exciton lifetim
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Introduction 

Light-emitting semiconductors in quantum dimension offer the advantages of tunable 

photon energy, high efficiency, and color purity, etc. 1–8. Among them, two-dimensional (2D) 

transition metal dichalcogenides (TMDs) are semiconductors with direct bandgap in monolayer 

ranging from visible to near-infrared regime, which is an ideal quantum platform to develop 

exciton-based light-emitting devices 7,9–12. The quantum yield (QY), the measure of the light-

emission efficiency vs. absorption, is one of the most significant performance parameters of 

semiconductors for application as light-emitting diodes (LEDs). However, 1L-TMDs generally 

suffer from the high density of lattice defects. As a result, the QY values of 1L-TMDs, 

exfoliated or CVD-grown, have been reported to be very low 12–16. Numerous methods of post-

treatment using chemicals or electric bias have been reported to increase the 

photoluminescence (PL) of 1L-TMDs, and some of them were claimed to achieve near-unity 

QYs 17–22. While the reliability of the measurement of the QY needs to be confirmed, the QY 

must be improved for achieving 1L-TMDs as practical devices.  

Another serious challenge in achieving a high QY of 1L-TMDs is how to handle strong 

exciton-exciton interaction that usually ends up with a nonradiative Auger process, called 

exciton-exciton annihilation (EEA), of which probability increases steeply with increasing the 

exciton density (𝑛𝑛𝑒𝑒𝑒𝑒). For high-quality 1L-TMDs with low defect densities, a significant drop 

in QY and PL lifetime by two orders of magnitude is routinely observed as 𝑛𝑛𝑒𝑒𝑒𝑒 increases 21–24. 

Thus, EEA is the main factor limiting the quantum efficiency of LEDs based on TMDs, and 

without solving this problem the light intensity that can be extracted from 1L-TMDs will be 

limited to an impractical level. While the EEA processes in 1L-TMDs were studied extensively 

16,25–28, the active control or suppression of EEA has been relatively rare. Some examples 

include laser irradiation, hBN dielectric environment and plasma treatment, which were 
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reported to be effective in suppressing EEA 24,29–32, and applying in-plane strain was found to 

be effective to keep the high QY in the high 𝑛𝑛𝑒𝑒𝑒𝑒 regime 22,33. The enhancement of the QY was 

also achieved by implementing metal plate under 1L-TMDs, where exciton-exciton interaction 

was screened to suppress the EEA efficiency 34.  

On the other hand, owing to the atomically thin thickness of 2D TMDs, electric gate bias 

can significantly affect the PL properties of these materials 21,35. The immediate role of gate 

bias is modulating the charge density and, consequently, the relative population of exciton 

complexes such as neutral excitons, trions and biexcitons etc, which directly affects the QY of 

1L-TMDs 21,36,37. It was previously shown that simple negative gate bias on 1L-MoS2 or 1L-

WS2 could greatly increase the QY at low exciton densities, but the severe decrease of the QY 

still occurred with increasing exciton density because of strong EEA contribution 21. Gate bias 

has also been used to control the energy of interlayer excitons of heterostacked bilayers of 1L-

TMDs 38,39 via Stark effect. However, the exciton dynamics influenced by the electric field 

under gate bias was rarely studied. Sharma et al. 40 demonstrated that gate bias modulates the 

exciton lifetime and diffusion of 1L-WS2. It has also been demonstrated 21,40 that defects can 

be effectively passivated by such vertical bias, which emerges as an alternative to defect 

passivation techniques based on chemical treatment 18–20.  However, a proper systematic study 

on the effect of electric field by back-gate bias on exciton-exciton interaction or EEA has not 

been carried out in terms of the overall QY, especially at high exciton densities. 

In this study, we show that applying negative electric gate bias (NEGB) to 1L-WS2 on 

hBN/Au substrate causes the synergetic effect of suppressing EEA, leading to significantly 

enhanced QY and prolonged exciton lifetime at high exciton densities. While the metal 

substrate reduces typical exciton-exciton interaction by Coulomb screening, electrical 

passivation of defects by NEGB is crucial for further suppressing defect-assisted EEA to 
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systematically maximize QY and exciton lifetime. With the combined use of proximal metal 

substrate and back-gate bias, the QY was enhanced by 30 times, the EEA rate constant was 

reduced by 80 times and the exciton lifetime of 1.08 ns was achieved, the longest ever reported 

for 1L-WS2 at 𝑛𝑛𝑒𝑒𝑒𝑒 = 1.5 × 1011 cm−2 . Our experimental results were also explained by a 

theoretical model that captures the essence of reducing defect-assisted EEA by out-of-plane 

electric field. Our result of mitigating EEA by electric field under proximal metal contact 

provides an advanced concept for controlling Coulomb interaction aiming at high-intensity 

light emission in 1L-TMDs. 

 

Results and Discussion 

Figure 1a shows the schematics of sample configurations, where 1L-WS2 was prepared 

on 300-nm-thick SiO2 on the Si substrate or on 8-nm-thick hBN on the deposited Au film (50 

nm in thickness) on the SiO2/Si substrate, which are denoted by Sample A and Sample B, 

respectively. Each sample was grounded by the top Au electrode to apply NEGB (𝑉𝑉𝑔𝑔). The 

corresponding optical microscopic views, PL intensity maps and atomic force microscopy 

(AFM) images of the samples are provided in Figs. S1–S4. Figure 1b shows the normalized PL 

spectra of Sample A at 𝑉𝑉𝑔𝑔 =  0 V  (left panel) and at 𝑉𝑉𝑔𝑔 =  −20 V  (right panel) for varying 

excitation powers ranging from 0.27 to 14900 nW, which correspond to generation rates of 

excitons ranging from 5.6 × 1015 to 3.1 × 1020 cm−2s−1: See the Supporting Information for 

the calculation of the generation rate. The observed PL peak at 2.02 eV of 1L-WS2 is in good 

agreement with previous results 12,23. The PL spectra are composed of mostly neutral excitons, 

as the deconvolution fitting indicates that the spectral ratios of excitons and trions are 94 % 

and 6 %, respectively, suggesting a very low initial charge (electron) density of our exfoliated 

1L-WS2. The spectral ratio of trions was further reduced to 4 % by applying NEGB due to 
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electric passivation of sulfur vacancies and depletion of excess electrons 40–42. We note that the 

PL spectral shape remained almost the same throughout the four orders of magnitude when 

varying the excitation power from 0.27 to 674 nW beyond which the spectral weight of trions 

slightly increased.  

In Fig. 1c, we show the normalized PL spectra of Sample B with the excitation power 

ranging from 0.27   to 14900 nW  (from 5.1 × 1015   to 2.8 × 1020 cm−2s−1   in generation 

rate) at 𝑉𝑉𝑔𝑔 = 0 V (left panel) and at 𝑉𝑉𝑔𝑔 = −5 V (right panel). The PL peak at 1.99 eV is slightly 

lower than that observed from Sample A, possibly due to different dielectric environment and 

strain induced from the transfer procedure 25,43–47. Without NEGB, spectral ratios of excitons 

and trions were 97 % and 3 %, respectively, whereas virtually no trion portion was detected 

with NEGB, indicating that the combined use of Au substrate and NEGB completely depleted 

excess electrons. Indeed, the PL curves in the right panel of Fig. 1c keep the same shape 

throughout the whole excitation range. 

The presence of proximal metal plate or NEGB critically affects the exciton dynamics. 

In Fig. 2a, we display the representative PL decay curves obtained from time-resolved PL 

(TRPL) measurement of Sample A at 𝑉𝑉𝑔𝑔 = 0 V (left panel) and at 𝑉𝑉𝑔𝑔 = −20 V (right panel). 

TRPL was conducted at the initial exciton density �𝑛𝑛𝑒𝑒𝑒𝑒(0)�  varying from 3.6 × 108 to 

1.5 × 1011 cm−2 , where 𝑛𝑛𝑒𝑒𝑒𝑒(0) was estimated for each pump fluence (from 3.2 × 10−3  to 

1.4 μJcm−2) based on the calculated absorption for the multilayer substrate structure 25,34,48; 

see the Supporting Information. We note the gradual decrease of the exciton lifetime with 

increasing 𝑛𝑛𝑒𝑒𝑒𝑒(0), which is typical of EEA in 1L-TMDs. In order to examine the impact of 

NEGB on this process, we applied 𝑉𝑉𝑔𝑔 = −20 V , which resulted in PL decay being notably 

slower at the low 𝑛𝑛𝑒𝑒𝑒𝑒(0)  regime due to defect passivation by excess charge depletion 21. 

However, the decay rate gradually increases again with increasing pump fluence, indicating 
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that EEA is still active under NEGB.  

When EEA comes into play, the temporal behavior of excitons is no longer properly 

explained by a simple exponential decay. For the quantitative analysis, the mean lifetime (𝜏𝜏𝑎𝑎𝑎𝑎𝑒𝑒) 

for a given TRPL data was estimated at time when the PL intensity becomes 1 𝑒𝑒⁄  of the PL 

intensity at 𝑡𝑡 = 0. The resulting 𝜏𝜏𝑎𝑎𝑎𝑎𝑒𝑒 is plotted as a function of 𝑛𝑛𝑒𝑒𝑒𝑒(0)  in Fig. 2c. Typically, 𝜏𝜏𝑎𝑎𝑎𝑎𝑒𝑒 of 1L-TMDs at a low 𝑛𝑛𝑒𝑒𝑒𝑒is determined by the sample condition such as defect density and 

doping states 11,23,29. In general, a sample with a low defect density and a low excess charge 

density shows a long 𝜏𝜏𝑎𝑎𝑎𝑎𝑒𝑒 value of several nanoseconds 20,23,49. In Sample A, 𝜏𝜏𝑎𝑎𝑎𝑎𝑒𝑒 is a constant 

below 108 cm−2 as shown in Figs. S5a and S10c. However, it tends to exhibit a significant 

reduction of 𝜏𝜏𝑎𝑎𝑎𝑎𝑒𝑒  with increasing 𝑛𝑛𝑒𝑒𝑒𝑒(0), because EEA becomes dominant over the exciton 

trapping process by defects. Thus, at 𝑛𝑛𝑒𝑒𝑒𝑒 beyond 1011 cm−2, the 𝜏𝜏𝑎𝑎𝑎𝑎𝑒𝑒 value of a high-quality 

sample is limited to the range of a few hundred picoseconds or less.  

At the lowest 𝑛𝑛𝑒𝑒𝑒𝑒 = 3.6 × 108 cm−2, we note that 𝜏𝜏𝑎𝑎𝑎𝑎𝑒𝑒 increases from 570 ps without 

NEGB to 1.34 ns  with NEGB, clearly indicating the effect of defect passivation. With 

increasing  𝑛𝑛𝑒𝑒𝑒𝑒(0), 𝜏𝜏𝑎𝑎𝑎𝑎𝑒𝑒 gradually reduces because of EEA. However, the apparent “slope” of 

decreasing 𝜏𝜏𝑎𝑎𝑎𝑎𝑒𝑒  with increasing 𝑛𝑛𝑒𝑒𝑒𝑒  is steeper under NEGB, so that, at very high densities 

above 1 × 1011 cm−2 , the lifetime of the biased sample approaches 𝜏𝜏𝑎𝑎𝑎𝑎𝑒𝑒  obtained without 

NEGB: See also Fig. S5 obtained from an additional Sample A. This effect arises from 

electrical passivation of defects in 1L-WS2 under NEGB in which excitons may undergo more 

efficient diffusion, causing more frequent EEA in reducing the exciton lifetime 21,22. This 

persistent contribution of EEA to lowering the QY suggests that strong PL emission at high 

exciton densities requires not only passivation of defects, but also suppression of the remaining 

EEA channels, which is the main purpose of adding a metallic (Au) substrate to the sample 

with NEGB as illustrated in the right panel of Fig. 2b. 
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The left and right panels of Fig. 2b show the PL decay curves of Sample B with 𝑛𝑛𝑒𝑒𝑒𝑒(0)varying from 1.7 × 108 to 1.5 × 1011 cm−2 (from 1.5 × 10−3 to 1.3 μJcm−2) without 

and with NEGB, respectively. Although hBN encapsulation is known to decrease the PL 

lifetime due to exciton delocalization 32,50, this is not the case with the metal proximity effect 

34, leading to an increase of 𝜏𝜏𝑎𝑎𝑎𝑎𝑒𝑒 at 𝑛𝑛𝑒𝑒𝑒𝑒(0) ≈ 108 cm−2 from 570 ps in Sample A to 740 ps in 

Sample B. Furthermore, 𝜏𝜏𝑎𝑎𝑎𝑎𝑒𝑒 of Sample B was significantly enhanced at high exciton densities, 

because of the suppression of EEA via metal-induced screening of dipolar exciton fields 34. 

Quite intriguingly, this affirmative effect is much more pronounced with NEGB. For instance, 𝜏𝜏𝑎𝑎𝑎𝑎𝑒𝑒 of Sample B displays a long lifetime of 1.08 ns even at 𝑛𝑛𝑒𝑒𝑒𝑒(0) = 2 × 1011 cm−2, which 

is slightly reduced from the value of 2.09 ns  at 𝑛𝑛𝑒𝑒𝑒𝑒(0) < 1010 cm−2  . This is in a sharp 

contrast to the steep reduction from 1.34 ns to 190 ps under NEGB observed in Sample A over 

the similar 𝑛𝑛𝑒𝑒𝑒𝑒(0) range. Clearly, the effect of NEGB is much more evident for Sample B. In 

fact, distinct EEA effects in Sample A and Sample B are also well evidenced by monitoring the 

corresponding spatial profiles of the PL as shown in Fig. S6, which exhibits a notably broader 

PL profile for Sample A via more exciton diffusion and Auger broadening 26, compared with 

Sample B. We emphasize that the observed 𝜏𝜏𝑎𝑎𝑎𝑎𝑒𝑒  of 1.08 ns  at 𝑛𝑛𝑒𝑒𝑒𝑒(0) = 1.5 × 1011 cm−2  is 

the longest reported so far for 1L-WS2 as shown in Fig. S7, indicating the effectiveness of the 

synergetic usage of proximal metal plate and NEGB for enhancing the exciton lifetime. 

The TRPL measurement provides the direct measure of the time-varying density of 

photoexcited excitons in 1L-TMDs 23,34,51. At low excitation levels, the main decay channel of 

excitons is recombination at structural defects 51, which can be fit by a single exponential 

function 12. As 𝑛𝑛𝑒𝑒𝑒𝑒 increases, however, EEA starts to act as the main decay channel for excitons. 

The contribution of defects and EEA to 𝑛𝑛𝑒𝑒𝑒𝑒(𝑡𝑡) can be described by the rate equation 50, 

𝑑𝑑𝑑𝑑𝑒𝑒𝑒𝑒(𝑡𝑡)𝑑𝑑𝑡𝑡 =
−𝑑𝑑𝑒𝑒𝑒𝑒(𝑡𝑡)𝜏𝜏0 − 𝛾𝛾𝑛𝑛𝑒𝑒𝑒𝑒(𝑡𝑡)2,     (1) 
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where 𝑛𝑛𝑒𝑒𝑒𝑒 is the exciton density, 𝜏𝜏0 is the PL lifetime measured at the lowest exciton density, 

and 𝛾𝛾  is the EEA rate constant. The solution to Eq. (1) can be simplified to 𝑛𝑛𝑒𝑒𝑒𝑒(𝑡𝑡) =

(𝛾𝛾𝜏𝜏0)−1𝑒𝑒𝑒𝑒𝑒𝑒(−𝑡𝑡 𝜏𝜏0⁄ ) at high densities, which is fitted against the TRPL traces to extract 𝛾𝛾 34. 

In Fig. 3a, we plot 𝛾𝛾 estimated for Sample A and Sample B. Results of multiple samples 

with the same substrate configuration are shown as separate data points and the error bar 

represents the standard deviation of 𝛾𝛾  estimated from the TRPL curves of different initial 

exciton densities (pump fluences) for the same sample. All samples displayed the reduction of 𝛾𝛾 with NEGB, which was only a factor of 2 to 4 for Sample A, but it reduces by a factor of ~9 

in Sample B. Compared to the average of 𝛾𝛾 (0.4637 cm−2s−1) obtained from two batches of 

Sample A without NEGB (two open circles in Fig. 3a), the measured 𝛾𝛾  value 

(0.00574 cm−2s−1 ) is 80 times smaller in Sample B with NEGB (red dot in Fig. 3a). We 

previously reported the effect of suppressing EEA by an order of magnitude in 𝛾𝛾 by using a 

metal substrate 34. Here, we demonstrate that another order of magnitude of reduction in 𝛾𝛾 was 

achieved with NEGB, showing the synergetic combination of metal proximity and NEGB to 

suppress EEA in 1L-TMDs. In order to confirm the reproducibility of our results, we performed 

the TRPL measurements on additional two samples in the Sample B configuration with 17-nm-

thick hBN. The corresponding TRPL data and plots of 𝜏𝜏𝑎𝑎𝑎𝑎𝑒𝑒 vs. exciton density are provided in 

Fig. S8 with and without NEGB. Significant drops in the estimated 𝛾𝛾 is also shown in Fig. S9, 

indicating effective suppression of EEA by combined use of proximal metal screening and 

NEGB33. Furthermore, we also conducted the similar measurements using different batches of 

exfoliated 1L-WS2 and consistently observed reduction in 𝛾𝛾 by two orders of magnitude when 

using a metal substrate with NEGB as demonstrated by Figs. S10 and S11.  

We conducted the field-effect transistor (FET) measurement on Sample B as shown in 

Fig. 3b: See Figs. S12 and S13 for the images of the FET device and the transfer results from 
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a device on the SiO2/Si substrate. It showed the typical n-type transfer characteristics, where 

the electron mobility of 3.48 cm2V−1s−1  is estimated under positive gate bias with the 

ON/OFF ratio of 2.2 × 103, and these values are consistent with the previous reports 52,53. With 

NEGB increasing up to −6 V, the OFF-state was maintained, confirming that no hole charges 

were induced. Therefore, we rule out any possibility that induced holes are responsible for 

reduced EEA through charge screening of exciton-exciton interaction. Noticeably, the 

threshold voltage was estimated to be nearly 0 V, confirming the minimal level of intrinsic 

excess charges (electrons) of our 1L-WS2, consistent with the exciton-dominant PL spectra 

from Sample B (Fig. 1c). All these observations confirm that our 1L-WS2 samples are 

intrinsically very low in excess charges and the charge density remains constant under NEGB.  

Since the Fermi level of 1L-WS2 lies within the bandgap and the work function of contact metal 

Au, we believe that the hole charges are mostly accumulated near the contact without being 

injected into the 1L-WS2 area 54.  

Another possible effect expected for such a biased system is vertical polarization of 

excitons. However, this effect is not relevant, since the monolayer thickness is too thin to 

produce significant dipolar effects. Indeed, a hallmark signature of dipolar excitons (e.g. in van 

der Waals heterobilayers) is the blueshift of the exciton peak with increasing the exciton density 

due to dipolar exciton-exciton interaction 55. This effect is not observed in our experimental 

results, thus confirming that any vertical polarization of excitons must be weak in our system. 

Therefore, the most significant effect of the bias in our samples is passivation of defects. We 

thus explain the origin of reduced EEA, especially in samples with strong dielectric screening 

due to the presence of Au, by electric passivation of defects, which suppresses not only the 

defect capture of electrons, but also defect-assisted EEA processes.  

Three types of nonradiative scattering events experienced by excitons in 1L-TMDs are 
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schematically illustrated in Fig. 3c. In the defect-assisted exciton scattering process (process I), 

the scattered electron from an initial exciton is trapped in a defect, while the energy lost by the 

electron is transferred to a hole, thus hindering PL. In principle, a similar process may occur 

for holes, but this is much less probable because defects from S vacancies in 1L-WS2 have an 

energy 𝐸𝐸𝑑𝑑 close to (far from) the conduction (valence) band edge, thus making WS2 effectively 

n-doped 56. Process II corresponds to typical EEA, in which electron-electron scattering 

induces recombination of one exciton, but the recombination energy is transferred to the second 

electron in a Meitner-Auger process, thus resulting in an unbound electron-hole pair in the final 

state. In our previous report 34, we argued that electron-electron interactions are responsible for 

the leading contribution to nonradiative EEA in 1L-TMDs, and that this interaction could be 

screened by a proximate metal. Process III is defect-assisted EEA where the scattered electron 

fills the defect state, transferring energy to the electron of the second exciton. This process is 

qualitatively analyzed here within the same model in order to predict the effect of bias-induced 

defect passivation on EEA. 

Process I occurs with a rate approximately given by 𝑅𝑅𝐷𝐷 ≈ 𝜏𝜏𝐷𝐷−1 ∝ 𝛼𝛼𝐷𝐷|𝜒𝜒𝐷𝐷(𝑞𝑞𝐷𝐷)|2|𝛷𝛷1𝑠𝑠(𝑟𝑟 =

0)|2𝑉𝑉𝐷𝐷(𝑞𝑞𝐷𝐷)2, where 𝑅𝑅𝐷𝐷 represents the rate of exciton decay due to trapping by defects, 𝜏𝜏𝐷𝐷is 

the corresponding average time, 𝛷𝛷1𝑠𝑠(0)  is the ground-state exciton wave function at the 

relative coordinate 𝑟𝑟 = 0, 𝑉𝑉𝐷𝐷(𝑞𝑞𝐷𝐷) and 𝜒𝜒𝐷𝐷(𝑞𝑞𝐷𝐷) are the electron-defect interaction potential and 

the defect state wave function at the relative exciton wavevector 𝑞𝑞𝐷𝐷  (see the Supporting 

Information) 57, respectively, and 𝛼𝛼𝐷𝐷 = 𝑛𝑛𝐷𝐷(1− 𝑓𝑓𝐷𝐷)  is the effective density of active defects, 

i.e., the fraction of the total density of defects 𝑛𝑛𝐷𝐷  that is not passivated. External bias is 

expected to increase the fraction of passivated defects 𝑓𝑓𝐷𝐷  and, consequently, the exciton 

lifetime. The screening due to the metal proximity is also expected to affect 𝑉𝑉𝐷𝐷(𝑞𝑞𝐷𝐷) and 𝛷𝛷1𝑠𝑠(0), 

thus increasing the lifetime even further. This process does not depend on the exciton density.  
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Process II has been discussed in details in Ref. 34– the rate at which this process occurs 

is given by 𝑅𝑅EEA = 𝛾𝛾𝐸𝐸𝐸𝐸𝐸𝐸𝑛𝑛𝑒𝑒𝑒𝑒 ∝ ∑ �𝑀𝑀𝐸𝐸𝐸𝐸𝐸𝐸�𝐾𝐾��⃗1,𝐾𝐾��⃗ 2,𝐾𝐾��⃗𝑓𝑓 ,𝑘𝑘�⃗ 𝑓𝑓��2𝐾𝐾��⃗1,𝐾𝐾��⃗2 𝑛𝑛𝑒𝑒𝑒𝑒, where the sum is made over 

different values of momenta 𝐾𝐾��⃗1 and 𝐾𝐾��⃗ 2 of the initial pair of excitons, and the scattering matrix 𝑀𝑀𝐸𝐸𝐸𝐸𝐸𝐸 = ⟨𝑖𝑖|𝑉𝑉|𝑓𝑓⟩ involves the screened electron-electron interaction potential 𝑉𝑉(𝐾𝐾) 58, an initial 

state  |𝑖𝑖⟩ = |𝑋𝑋1⟩|𝑋𝑋2⟩ composed of two excitons, and a final state |𝑓𝑓⟩ = �𝑘𝑘�⃗ 𝑒𝑒𝑘𝑘�⃗ ℎ�  composed of an 

unbound electron and hole pair, whose momenta are 𝑘𝑘�⃗ 𝑒𝑒 and 𝑘𝑘�⃗ ℎ, respectively. While the bias 

barely affects 𝑅𝑅𝐸𝐸𝐸𝐸𝐸𝐸, the screening due to proximity with a metal significantly decreases 𝑉𝑉(𝐾𝐾) 

and affects 𝛷𝛷1𝑠𝑠(0) as well, thus reducing the EEA rate (𝛾𝛾𝐸𝐸𝐸𝐸𝐸𝐸) in process II by one order of 

magnitude in Sample B 34. 

 Process III is modeled in a way that is similar to processes I and II, but the exact form 

of the corresponding scattering matrix is cumbersome 15. We simplify the discussion by 

considering that the rate for this process must be represented by 𝑅𝑅𝐷𝐷−𝐸𝐸𝐸𝐸𝐸𝐸 = 𝛾𝛾𝐷𝐷−𝐸𝐸𝐸𝐸𝐸𝐸𝑛𝑛𝑒𝑒𝑒𝑒 ∝𝛼𝛼𝐷𝐷|𝛷𝛷1𝑠𝑠(𝑟𝑟 = 0)|2|𝛷𝛷1𝑠𝑠(𝑞𝑞𝐷𝐷)|6|𝜒𝜒𝐷𝐷(𝑞𝑞𝐷𝐷)|2|𝑉𝑉(𝑞𝑞𝐷𝐷)|2𝑛𝑛𝑒𝑒𝑒𝑒 . The approximations involved in this 

expression are discussed in the Supporting Information. Therefore, 𝑅𝑅𝐷𝐷−𝐸𝐸𝐸𝐸𝐸𝐸 is clearly affected 

by electric defect passivation, via 𝛼𝛼𝐷𝐷  , and by the proximity with a metal, via screened 

interaction potentials and the modified exciton wave function. 

 Considering processes I–III, Eq. (1) can be expressed by  

𝑑𝑑𝑑𝑑𝑒𝑒𝑒𝑒𝑑𝑑𝑡𝑡 = −� 1𝜏𝜏𝑟𝑟 +
1𝜏𝜏𝐷𝐷� 𝑛𝑛𝑒𝑒𝑒𝑒 − (𝛾𝛾𝐸𝐸𝐸𝐸𝐸𝐸 + 𝛾𝛾𝐷𝐷−𝐸𝐸𝐸𝐸𝐸𝐸)𝑛𝑛𝑒𝑒𝑒𝑒2 ,     (2) 

where 
1𝜏𝜏0 =

1𝜏𝜏𝑟𝑟 +
1𝜏𝜏𝐷𝐷 and 𝛾𝛾 = 𝛾𝛾𝐸𝐸𝐸𝐸𝐸𝐸 + 𝛾𝛾𝐷𝐷−𝐸𝐸𝐸𝐸𝐸𝐸. In the presence of bias, the low-density lifetime in 

Fig. 2c for Sample A increases by a factor of 2.35. The bias is only expected to affect 𝛼𝛼𝐷𝐷, and 

therefore, this increase in  𝜏𝜏𝑎𝑎𝑎𝑎𝑒𝑒  must result from bias-induced passivation of the defects. 

However, the lifetime in this case is strongly dependent on 𝑛𝑛𝑒𝑒𝑒𝑒(0), indicating that processes II 

and III are still active. In proximity with a metal (Sample B), at low densities under no NEGB, 
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the lifetimes in Fig. 2d slightly increase as compared to those in Fig. 2c, because of the 

screening effect on 𝑉𝑉𝐷𝐷(𝑞𝑞𝐷𝐷) and 𝛷𝛷1𝑠𝑠(𝑟𝑟) in 𝑅𝑅𝐷𝐷. In this case, the lifetime is less affected by the 

exciton density and exhibits significant reduction for 𝑛𝑛𝑒𝑒𝑒𝑒(0) > 1010 cm−2, as a result of the 

suppression of 𝛾𝛾𝐸𝐸𝐸𝐸𝐸𝐸  34. Finally, in the presence of bias, 𝛾𝛾𝐷𝐷−𝐸𝐸𝐸𝐸𝐸𝐸  is also suppressed and the 

exciton lifetime in Fig. 2d is not only longer, but also almost independent of 𝑛𝑛𝑒𝑒𝑒𝑒(0)  up to 𝑛𝑛𝑒𝑒𝑒𝑒(0) ≈ 1011 cm−2. 

Using the analytical solution to Eq. (2), the average lifetime is calculated by  

𝜏𝜏𝑎𝑎𝑎𝑎𝑒𝑒 = 𝜏𝜏0𝑙𝑙𝑛𝑛 �𝑒𝑒+𝛾𝛾𝑑𝑑𝑒𝑒𝑒𝑒(0)𝜏𝜏01+𝛾𝛾𝑑𝑑𝑒𝑒𝑒𝑒(0)𝜏𝜏0�,     (3) 

where the radiative lifetime 59 is estimated as 𝜏𝜏𝑟𝑟 =
3𝑘𝑘𝐵𝐵𝑇𝑇2𝐸𝐸0 4𝜋𝜋ℏ𝜀𝜀𝑘𝑘0 �𝐸𝐸𝑋𝑋𝑎𝑎𝐵𝐵𝑒𝑒ℏ𝑎𝑎 �2 , where 𝑘𝑘𝐵𝐵  is the 

Boltzmann constant, T is the temperature, 𝑎𝑎𝐵𝐵 is the exciton Bohr radius, 𝜀𝜀 = 11.74𝜀𝜀0  is the 

effective dielectric constant of 1L-WS2 
58, 𝐸𝐸𝑋𝑋 is the exciton energy, and 𝐸𝐸0 = ℏ2𝑘𝑘02 2⁄ (𝑚𝑚𝑒𝑒 +𝑚𝑚ℎ) is the exciton kinetic energy at the light wavevector 𝑘𝑘0 = 𝐸𝐸𝑋𝑋 √𝜀𝜀 ℏ⁄ 𝑐𝑐. The Kane velocity 

is calculated as 𝑣𝑣 = �𝐸𝐸𝑔𝑔 2⁄ 𝑚𝑚𝑒𝑒, where 𝐸𝐸𝑔𝑔is the quasiparticle gap and the electron and hole 

effective masses are 𝑚𝑚𝑒𝑒 ≈ 𝑚𝑚ℎ = 0.34𝑚𝑚0. At room temperature, this expression leads to 𝜏𝜏𝑟𝑟 =

4.42 ns for 1L-WS2 on SiO2 without a metal substrate. In the presence of defects, the calculated 

lifetime 𝜏𝜏0  is about 0.7 ns  using 
1𝜏𝜏0 =

1𝜏𝜏𝑟𝑟 +
1𝜏𝜏𝐷𝐷  with a typical value of 𝑛𝑛𝐷𝐷 = 5 × 1012 cm−2 

14,60,61. Note that this value is similar to the experimentally observed lifetime (𝜏𝜏𝑎𝑎𝑎𝑎𝑒𝑒) in Fig. 2c 

at low exciton densities without electric bias. In this case, 𝛾𝛾  is dominated by 𝛾𝛾𝐸𝐸𝐸𝐸𝐸𝐸 , and 

therefore, the effect of defect passivation in EEA is not significant.  

 Figures 4a and 4b show the theoretical prediction for 𝜏𝜏𝑎𝑎𝑎𝑎𝑒𝑒 obtained from Eq. (3) for 

vacuum/1L-WS2/SiO2 (Sample A) and 1L-WS2/hBN/Au (Sample B), respectively, assuming 

two different values for the fraction of passivated defects, which mimics the effect of increasing 

bias. Details of the parameters in the theoretical model are provided in the SI. Note that 𝜏𝜏𝑎𝑎𝑎𝑎𝑒𝑒is 
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a constant in the low density regime for the two sample configurations, but it undergoes gradual 

decrease as the exciton density increases. As the density of active defects 𝛼𝛼𝐷𝐷 decreases, 𝜏𝜏𝑎𝑎𝑎𝑎𝑒𝑒 

increases at low densities. In the high-density regime, however, the increase in 𝜏𝜏𝑎𝑎𝑎𝑎𝑒𝑒 is much 

less significant, which is in a qualitative agreement with Fig. 2c. In Sample B, metal screening 

lowers 𝛾𝛾𝐸𝐸𝐸𝐸𝐸𝐸  (process II) by an order of magnitude 34. In this case, the EEA rate constant is 

dominated by 𝛾𝛾𝐷𝐷−𝐸𝐸𝐸𝐸𝐸𝐸 , which depends on the bias. Indeed, Fig. 4b shows that 𝜏𝜏𝑎𝑎𝑎𝑎𝑒𝑒  is less 

dependent on the initial exciton density 𝑛𝑛𝑒𝑒𝑒𝑒(0) as compared to Fig. 4a, even at zero bias. As 

the fraction of passivated defects increases, 𝜏𝜏𝑎𝑎𝑎𝑎𝑒𝑒 becomes even less dependent on 𝑛𝑛𝑒𝑒𝑒𝑒(0), in a 

good agreement with the experimental results shown in Fig. 2d. Therefore, our theoretical 

model emphasizes that defect-assisted EEA should be suppressed using the metal substrate 

under electric bias for maximizing the QY of 1L-WS2.  

 Clearly, prolonged lifetime and reduced EEA lead to the enhancement of the QY. In 

Fig. 5, we show QY vs. exciton generation rate (𝐺𝐺) for Sample A and Sample B with and 

without NEGB: QY vs. 𝐺𝐺 and PL spectra of other samples are provided in Figs. S5b, S14, S15 

and S16: Details for the QY measurement of 1L-WS2 are described in the Supporting 

Information. At low exciton densities under NEGB, the QY of both samples showed a slight 

increase due to the depletion of excess charges 20 and electrostatic defect passivation 21,36,62, 

which is in line with our theoretical model. Upon increasing 𝐺𝐺, the threshold 𝐺𝐺 values for the 

QY drop are higher for Sample B than Sample A and with NEGB than without NEGB; lowest 

at 2 × 1015 cm−2s−1  for Sample A without NEGB and highest at 1 × 1017 cm−2s−1  for 

Sample B with NEGB. Furthermore, the slope of decreasing QY with increasing 𝐺𝐺 is smallest 

for Sample B with NEGB. The corresponding QY at ~2 × 1020 cm−2s−1 is calculated to 4.8 %, 

which is 30 times higher than 0.17 % for Sample A without NEGB. The PL spectra normalized 

with their respective QYs at ~ 2 × 1020 cm−2s−1  (right panels) visually manifest the 
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synergetic effect of proximate metal and NEGB. 

  

Conclusion 

In summary, we have demonstrated that combined use of hBN/Au substrate and back-

gate bias can greatly suppress exciton-exciton interactions in 1L-WS2, thereby enhancing the 

QY by 30 times and reducing the EEA rate by 80 times, compared to the samples on typical 

SiO2 substrates. Our theoretical model clarifies the roles of the metal plate and electric bias for 

screening Coulomb interactions and suppressing defect-mediated EEA, respectively. 

Consequently, the longest exciton lifetime of 1.08 ns was achieved at 𝑛𝑛𝑒𝑒𝑒𝑒 = 1.5 × 1011 cm−2 

in 1L-WS2. Our combined theoretical and experimental study provides an effective but simple 

access to greatly suppressing the QY-deteriorating exciton-exciton interactions in 1L-TMDs 

through the synergetic solution for high-performance 2D light-emitters based on TMDs and 

potentially other emerging 2D semiconducting materials. 
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Experimental Methods 

Sample preparation 

The fabrication process was started with mechanical exfoliation of bulk WS2 (HQ Graphene) 

and hBNs (National Institute for Materials Science, Japan) on top of polydimethylsiloxane 

(PDMS). Monolayer samples were identified by optical contrast. The thickness of hBN was 

about from 5 to 20 nm, which was first verified by optical microscope and then confirmed 

using atomic force microscopy (XE-120, Park Systems). E-beam lithography was used to 

define the contact pattern on the Si substrate covered by 300-nm-thick SiO2. The top contact 

metal Au (50 nm) was deposited immediately after e-beam lithography. Heterostructures were 

assembled via a dry peel/lift technique on gold contacts 34,63,64. For samples on the hBN/Au, 

the top hBN layer (9 nm thickness) was capped to prevent sample degradation by ambient 

oxidation, which was found to be more severe than Sample A, probably due to the higher 

electrostatic attraction of Au toward ambient air molecules such as oxygen and water. For each 

transferred layer, samples were annealed at 80𝑜𝑜𝐶𝐶 in the vacuum oven for 2 hours, because this 

process helps to remove the possible residue from PDMS and increases interlayer binding 

between WS2 and hBN in the heterostructures. The monolayers were electrically grounded by 

the Au source contact, and the back-gate voltage was applied to the Si substrate or hBN/Au.  

Electrical and Optical Measurement 

Electric bias was applied to the device by a source measurement unit (Keithley 6487), while 

the Au source contact was grounded. For PL measurements, confocal microscope (Alpha-300S, 

WITec Instrument GmbH) with a 100x objective lens (𝑁𝑁.𝐴𝐴. = 0.9) and a frequency-doubled 

neodymium-doped yttrium aluminum garnet laser (532 nm CW excitation) was used. TRPL 

measurements were performed using the same microscope using a pulsed laser with an 

excitation wavelength of 488 nm (BDL-488, Becker & Hickl GmbH) and a repetition rate of 
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80 MHz, a high-speed hybrid detector (HPM-100-40, Becker & Hickl GmbH) and a time-

correlated single-photon counting module (TCSPC, Becker & Hickl GmbH). All measurements 

reported were conducted at room temperature under an ambient environment. 

Supporting Information 

The Supporting Information is available free of charge. 

• Optical microscope views and PL immensity maps of samples; plots of PL lifetime and 

QY for additional sample sets; spatial profiles of PL with focused excitation depending 

on the substrate configuration; Comparison of PL lifetimes of 1L-WS2 reported from 

previous works and this work; TRPL curves and EEA rate constants of additional 

sample sets; PL spectra with varying excitation powers and plot of QY vs. exciton 

generation rate for 1L-WS2 on 17 nm hBN/Au and 11 hm hBN/Au substrates; electric 

transfer curves and microscope view for FET device on SiO2 substrate; calibration of 

optical interference on the absorption and the PL intensity of 1L-WS2 by multilayer 

substrates; Estimation details of the generation rate and the exciton density; details of 

theoretical approach for the density dependence of exciton lifetime; estimation details 

of absolute QY of 1L-WS2 
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Figure 1. Sample configurations and normalized PL of 1L-WS2 under NEGB (𝑉𝑉𝑔𝑔 ). (a) 

Schematics for the device structures of Sample A (left panel) and Sample B (right panel). 𝑉𝑉𝑔𝑔 is −20 V and−5 V for the former and the latter, respectively. Normalized (Nor.) PL spectra of 1L-

WS2 under varying excitation powers from 0.27  to 14900 nW  for (b) Sample A and (c) 

Sample B. Deconvolution of the PL peaks into excitons and trions are indicated with the 

shadows in pink and orange, respectively. Excitation powers are indicated in the legend, and 

the right panel and the left panel are with and without 𝑉𝑉𝑔𝑔, respectively. 
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Figure 2. Variation of PL lifetimes of 1L-WS2 at different initial exciton densities from (a) 

Sample A and (b) Sample B. The initial exciton density, 𝑛𝑛𝑒𝑒𝑒𝑒(0), is indicated in the legend. The 

right (left) panel is with (without) NEGB. The IRF is shown as the grey shaded curve in the 

left panel in (a) and is identical for other sample configurations. Plots of PL lifetime (𝜏𝜏𝑎𝑎𝑎𝑎𝑒𝑒 vs. 

exciton density of (c) Sample A and (d) Sample B with (solid dots) and without (open circles) 𝑉𝑉𝑔𝑔. 
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Figure 3. Estimated EEA rate constants of 1L-WS2 in various sample configurations. (a) EEA 

rates of Sample A (black) and Sample B (red) without (open circles) and with bias (solid dots). 

Error bars represent the standard deviations from the measurements of multiple samples. (b) 

Transfer characteristics (𝐼𝐼𝑑𝑑𝑠𝑠𝑣𝑣𝑣𝑣.𝑉𝑉𝑔𝑔) of the 1L-WS2 FET on the hBN/Au substrate. Inset is the 

schematic of the FET device. (c) Nonradiative decay channels for excitons; process I is defect-

assisted exciton recombination, process II is EEA, and process III is defect-assisted EEA, 

respectively. 
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Figure 4. Theoretical estimation of the average PL lifetime 𝜏𝜏𝑎𝑎𝑎𝑎𝑒𝑒 as a function of the initial 

exciton density 𝑛𝑛𝑒𝑒𝑒𝑒(0) of 1L-WS2 on (a) SiO2, and (b) 8-nm-thick hBN on the Au substrate, 

assuming two fractional values of active defects 𝛼𝛼𝐷𝐷. The defect density is assumed to be 𝑛𝑛𝐷𝐷 =

5 × 1012 cm−2. 
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Figure 5. Left panels: Plot of PL QY vs. exciton generation rate from (a) Sample A and (b) 

Sample B. Open circles and solid dots represent the data obtained without and with NEGB. 

Insets are schematics of sample configurations. Right panels: Selected PL spectra (dotted 

ellipsoids in PL QY plots) with the relative peak intensities normalized to the PL QY values of 

Sample B with NEGB. 
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