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Localized interlayer excitons (LIXs) in two-dimensional moiré superlattices exhibit sharp and dense emission peaks, 
making them promising as highly tunable single-photon sources. However, the fundamental nature of these LIXs is still 
elusive. Here, we show the donor-acceptor pair (DAP) mechanism as one of the origins of these excitonic peaks. Numerical 
simulation results of the DAP model agree with the experimental photoluminescence spectra of LIX in the moiré 
MoSe2/WSe2 heterobilayer. In particular, we find that the emission energy-lifetime correlation and the nonmonotonic 
power dependence of the lifetime agree well with the DAP IX model. Our results provide insight into the physical 
mechanism of LIX formation in moiré heterostructures and pave new directions for engineering interlayer exciton 
properties in moiré superlattices. 
 

The 2D transition metal dichalcogenide (TMD) bilayer is a promising platform for the study of strongly correlated electronic 
phenomena1-7 and quantum optoelectronics applications. The moiré superlattice, which arises from the difference in lattice 
constant or a nonzero twist angle8-10, can increase electron-electron interactions11,12. It also affects composite quasiparticles such as 
excitons (i.e., electron-hole pairs) 13-20, including interlayer excitons (IXs), where the electron and hole reside in different layers. 
The superlattice potential landscape confines IX in real space, resulting in a localized IX (LIX) with brightness that can be 
enhanced by placing the heterostructure on nanopillars21. Due to the localization effect and electron-exciton interaction, LIX is an 
excellent sensor for detecting strong electron-electron interactions22-25. Moreover, considering its large binding energy and 
nonzero out-of-plane electrical dipole26,27, LIX could be used for electrically tunable quantum emitter arrays28 operating at 
elevated temperatures. 

One of the puzzling aspects of LIX emission in TMD moiré heterobilayers is the sharp and dense peaks observed in its 
photoluminescence (PL) spectrum20,21,28-31. While magneto-optical spectroscopy measurements have shown that these peaks are 
related to band-edge excitonic states20,28,29, the number of these states predicted from theoretical calculations is only 10 states14,18 
or up to 20 states if the triplet IX state brightening32 is considered. This number is much smaller than the number of observed 
peaks (more than 50), indicating other possible mechanisms33. It is urgent to uncover this mechanism as it is the key component 
for correlated phase manipulation and single photon emitter engineering. 

Here, by analyzing the spectra and lifetimes of LIXs, we show that most of the LIX peaks in molybdenum diselenide 
(MoSe2)/tungsten diselenide (WSe2) heterobilayer on nanopillars come from donor-acceptor pair (DAP) exciton recombination. 
The DAP exciton34-37 is a bound pair of an electron trapped in the donor site and a hole trapped in the acceptor site with a narrow 
linewidth PL emission due to its localization  (see Fig. 1a). Its emission energy depends on the donor-acceptor distance34, resulting 
in multiple sharp PL peaks. The interlayer DAP exciton (DAP IX) emission can account for more than 75% of the experimentally 
observed peak positions. Similar to the emission of localized defect exciton in TMD monolayer38,39, the IX potential landscape 
created by the nanopillar-induced strain increases the coupling between the band-edge IX and localized DAP IX, enhancing the 
DAP IX emission (see Fig. 1b). By considering this coupling and the DAP exciton energy-lifetime relationship (i.e., lower energy 
DAP exciton has a longer lifetime40), we construct a DAP IX dynamic model, which fits well with the experimentally observed 
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LIX energy-lifetime correlation. Additionally, we have experimentally observed a unique nonmonotonic power dependence of the 
energy-resolved lifetime, which agrees well with the DAP IX dynamic model. The agreement between the experimental and 
theoretical results is strong evidence that the DAP IX is the primary origin of multiple sharp PL peaks in moiré heterobilayers. Our 
results reveal a novel physical mechanism behind LIX emission and open a new strategy for LIX emission modulation. 
 

 
 

Fig. 1 | Device structure and LIX emission. a, Illustration of DAP IX. Localized DAP IX has a sharper emission than unlocalized IX. b, 
Enhancement of DAP IX emission by nanopillar. The strain-induced IX PL potential landscape enhances the coupling between band-edge IX 
and DAP IX, brightening the DAP IX emission. c, Sample structure. The sample consists of an hBN-encapsulated MoSe2/WSe2 on nanopillars. 
d, Optical microscopy image of the heterostructures fabricated by the all-dry transfer stacking method. e, Angle-dependent SHG intensity. The 
SHG shows that the twist angle is ~ 60 ± 1o. f, IX PL intensity map at 4.2 K under 765 nm (1.62 eV) laser excitation with an 850 long pass 
filter on the collection arm. Significant IX PL enhancement is observed at nanopillars, indicating LIX emission. 
 

The sample structure used for the experiment is shown in Fig. 1c, and the optical microscope image of the sample is shown in 
Fig. 1d (see Extended Data Fig. 1(a, b) for the scanning electron microscope (SEM) image and see Methods for more details on 
the fabrication procedure). It consists of an hBN-encapsulated MoSe2/WSe2 heterostructure on a nanopillar array. Based on the 
second harmonic generation (SHG, Fig. 1e), the twist angle between the layers is close to 60 ± 1o, i.e., an AB-stacking 
configuration41. This assignment of stacking configuration is also consistent with the g-factor measurement of the IX PL emission, 
showing a g-factor close to 16, expected for IX in AB stacked MoSe2/WSe2

20,42 (see Extended Data Fig. 2). As shown in Fig. 1f, 
the IX PL intensity map shows a significantly larger intensity for excitation at the nanopillar location than in the flat region, 
indicating that the LIX emission dominates the IX PL emission. 

We next measured PL spectrum from the nanopillar locations. As shown in Fig. 2(a-c), the LIX PL emission consists of sharp 
and dense peaks, with the linewidth in the order of 100 μeV (see Extended Data Fig. 3 for PL peaks Lorentzian fitting), in contrast 
with the broad PL spectrum of the WSe2 and MoSe2 intralayer exciton on a flat monolayer (Extended Data Fig. 4). The LIX peaks 
have energy close to the band-edge IX central energies (around 1.4 eV for unstrained AB-stacked MoSe2/WSe2 

42,43). PL spectra 
from other nanopillar locations also show the same behaviour (see Extended Data Fig. 5). We then extract the peak position and 
compare them with the peak position predicted by the DAP model, which can be approximated as 34 
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by the lattice constant and interlayer distance (see Fig. 2d for an illustration of 1R  and 2R ). The predicted DAP IX peak positions 
are shown as red lines in Fig. 2(a-c) and plotted together with the experimentally obtained peak positions in Figs. 2(e-g). More 
than 75% of the observed peaks match the predicted DAP IX peaks (Fig. 2h), indicating a good agreement between the DAP 
model and experimental results (see Supplementary Information Section 1 for more details on the PL peak analysis). 
 

 
 

Fig. 2 | DAP IX PL spectra. a-c, IX PL spectra. Solid black lines are the measured spectra. Red dash lines are the predicted DAP IX peaks, 
with the labels indicating the shell numbers. d, Illustration of DAP IX in the van der Waals heterobilayer. 1R  and 2R  are the first two smallest 
distances between the donor-acceptor pair. e-g, Calculated DAP IX peak positions (lines) vs. experimentally obtained peak positions 
(symbols). The red (blue) symbols are the peak positions that (do not) match the DAP IX peak positions. h, DAP model goodness of fit. The 
coincidence, defined as the number of experimentally observed peaks matching the DAP IX peaks divided by the total number of 
experimentally observed peaks, represents the goodness of fit. 

 
We found that the maximum donor-acceptor distance is ~8 nm, which agrees with the DAP IX model. In particular, due to the 

deep moiré superlattice potential in slightly twisted MoSe2/WSe2 44, it is unlikely that the donor and acceptor are located at two 
different moiré sites. Hence, the maximum donor-acceptor distance must be less than the moiré period. In our case of 60 ± 1o 
twisted MoSe2/WSe2, the moiré period is ~20 nm17, which is significantly larger than the maximum-donor acceptor distance, 
indicating the adequacy of the DAP IX model. 

Further evidence for the DAP model is obtained from energy- and time-resolved PL measurements of the LIXs. The IX PL 
spectrum time trace under pulsed 726-nm diode laser excitation shows no jittering behaviour (Fig. 3a), allowing a reliable time-
resolved PL measurement of an emission peak. A homemade spectrometer (Fig. 3b) was used to filter the emission of a chosen 
peak for the time-resolved PL measurement (see Extended Data Fig. 6 for filtered PL emission spectra). Typical time-resolved PL 
of different emission peaks are shown in Fig. 3c. The experimental data fit well with the double exponential decay function, 
indicating that at least two different states are involved. We attribute these two states to DAP IX and band-edge IX states. 

The extracted decay rate constants are plotted in Fig. 3d. Instead of a monotonous change, fast ( 1k ) and slow ( 2k )  decay rates 
reach maximum values at particular energy values.  This observation can be explained by considering the dynamics of DAP IX 
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and its coupling to the band-edge IX (see inset in Fig. 1d), where DAP IX decays faster than band-edge IX. For the case where 
1 2k k>> , the decay rates can be approximated as 
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where DAPk  is the DAP IX total decay rate, nrk  is the DAP IX nonradiative decay rate, r0k  is the DAP IX maximum radiative 
decay rate, BR  is the donor (acceptor) Bohr radius (whichever is largest), IXk  is the band-edge IX decay rate, D  is the coupling 
rate between the band-edge and DAP IX, and other parameters are the same as in Eq. (1). Considering the coupling between the 
DAP and band-edge IX, the values of BR  and D  depend on the energy difference between these two IX states. The coupling rate 
between the DAP and band-edge IX is maximum when their energy is the same. Due to this coupling, the DAP IX state is a 
combination of the uncoupled DAP IX and band-edge IX states. Since the band-edge carrier has a larger Bohr radius than the 
donor (acceptor) one, the coupling also increases the value of DAP IX’s BR . Hence, both BR  and D  reach maximum values for 
the peak energy equal to the band-edge IX central energy, which results in the maximum values for both fast and slow decay rates 
according to Eqs. (2) and (3). As shown in Fig. 3d, there is an excellent agreement between this model and the data, further 
confirming the DAP IX mechanism (see Supplementary Information Section 2 for more details on the calculation of DAP IX 
energy-lifetime correlation). Two band-edge IX peaks were detected (labelled as IX1E and IX2E ), with ~7 meV peak separation. This 
peak separation value agrees with the IX trion binding energy in MoSe2/WSe2

23,45, indicating that these two peaks are neutral and 
charged band-edge IX peaks. Similar behaviour is also observed for other dots (see Fig. 3(e,f) for the results for dot 3). 
 

 
 

Fig. 3 | Lifetime-energy correlation of LIX emission. a, IX PL spectrum time trace. b, Experimental setup. A high transmittance grating was 
used to spatially separate emissions from different peaks. c, Energy- and time-resolved PL of LIX emission. Data (shown as symbols) was 
obtained with excitation location at dot 2 (as in Fig. 1c) under a 6 nW excitation. The lines are double exponential decay fitting results. d, 
Decay rates vs. emission energy for dot 2. The lines are the fitting results using the DAP IX dynamic model. The dashed lines mark the central 
energies of band-edge IXs used for the fitting. Inset: DAP-band edge IX coupling model. The downward straight arrows represent decay rates, 
while the curved arrows represent coupling rates. e, f, Like c and d but for dot 3 under a 2 nW excitation. 
 

The dependence of the decay rate on the coupling between the DAP IX and band-edge IX suggests that the power dependence 
of the decay rates should also show a nonmonotonous trend. In general, IX decay rates increase with increasing power due to the 
increase in the nonradiative decay rate46. However, an increase in power also causes a power-induced blue shift in IX energy due 
to dipole-dipole repulsion47,48, which can have different magnitudes for localized DAP IX and band-edge IX31. As illustrated in 
Fig. 4a, a DAP IX peak which is initially resonant with the band-edge IX at low power, becomes less resonant as power increases. 
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The increased energy gap between the band-edge and DAP IX results in the decoupling between the two IX states, reducing the 
Bohr radius. Consequently, the fast decay rate decreases when the power is increased (see Eq. (2)). Further increasing the power 
does not result in significant decoupling, and the usual power-induced increase in decay rate is observed. Hence, in addition to the 
general density-dependent increase, decay rates, especially the fast decay rate, should exhibit nonmonotonous energy-dependent 
change. 

 

 
 

Fig. 4 | Power dependence of the LIX lifetime. a, Schematic of power-dependent decay rate mechanism. The downward straight arrows 
represent decay rates with solid (dashed) lines indicating (non)radiative decay rates, and darker colour means faster decay rates. The curved 
arrows represent coupling rates. With increasing power, the nonradiative rate increases. Additionally, the energy spacing of the DAP-band 
edge IX increases, reducing the coupling and narrowing the Bohr radius, resulting in a decrease in the DAP IX radiative decay rate. b, 
Normalized time-resolved photoluminescence of LIX with the same photon energy (1.3769 eV) under different laser powers. The data (shown 
as symbols) are obtained with the excitation location at dot 3 (as in Fig. 1c and Fig. 3(e,f)). The inset shows measured data for 2, 10, and 20 
nW at the 0 – 7 ns time range, exhibiting the nonmonotonous power dependence of the fast decay rate. The lines are the results of double 
exponential decay fitting. c, Experimental and simulated fast decay rate vs excitation power. 
 

To verify this, we measured the power dependence of the energy- and time-resolved PL for power from 2 nW to 40 nW. 
Power-dependent PL spectra (Extended Data Fig. 7) can be fitted with multiple Lorentzians, indicating that the emission in this 
power range is still dominated by LIX emission. Individual peak positions do not show a power-dependent blueshift, agreeable 
with previous reports31. The measured power-dependent time-resolved PLs for the peak with an energy of 1.3769 eV are shown in 
Fig. 4b, together with the double exponential fitting. As predicted, the extracted fast ( 1k ) decay rate, shown in Fig. 4c, exhibits a 
nonmonotonous power dependence. We simulate power-dependent decay rates following the DAP IX dynamic model. Simulation 
results show similar trends to experimental results, supporting the DAP IX hypothesis. The simulated results for other peaks, 
including the fast and slow decay rates, are also consistent with the experimental result (see Extended Data Fig. 8 and 
Supplementary Information Section 3). 

In summary, we have theoretically proposed and experimentally confirmed a novel DAP IX mechanism as the origin of the 
dense and sharp IX emissions from MoSe2/WSe2 on nanopillars. Our experimental results, including energy- and time-resolved PL 
measurements and the lifetime’s power dependence, provide strong evidence for the DAP IX model. Our work renders novel 
insight into the nature of LIX emission in 2D heterostructures and highlights the interplay between the disorder (represented by 
the DAP IX) and superlattice potential (represented by the band-edge IX) in the correlated moiré material. Further development of 
our results includes the demonstration of an atomic position-controlled method to generate and manipulate interlayer exciton 
emission on-demand, which is crucial for quantum information and simulators49 based on 2D semiconductors. 
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Methods 
Sample fabrications. A standard electron beam lithography (EBL) process was carried out on an FEI system (Helios 600 
NanoLab, FEI) to fabricate the nanopillars. Negative e-beam HSQ (6%) resist was spin-coated on a Si/SiO2 substrate at 4000 rpm 
to form a 150 nm thick resist film and baked on a hotplate at 150 oC for 5 min. The electron high tension (EHT) of the EBL 
system was set to be 30 kV with a beam current of 30 pA. The line dose used was 1.2 μC/cm. A 1 % NaOH solution was used as 
the developer, and DI water was used as the stopper. Nanopillars fabricated on a Si/SiO2 substrate have diameters ranging from 
100 to 300 nm, and a height of 130 nm (see Extended Data Fig. 1).  

WSe2 and MoSe2 monolayers were mechanically exfoliated from bulk materials (2D Semi) and transferred onto SiO2 
nanopillars using a standard method. The WSe2 and MoSe2 monolayers were first prepared and characterized on PDMS and then 
transferred onto the nanopillar array using the transfer stage (Meta Inc.) with an alignment resolution of less than 1 μm and an 
angle controllability of smaller than 1o. The heterostructures were encapsulated between two thin layers of h-BN with a thickness 
of several nanometers. The whole sample was then annealed in a high vacuum (10-7 mBar) at 200 °C for 2 hours. 

 
Photoluminescence spectroscopy. Low-temperature (4.2 K) photoluminescence spectroscopy was carried out in home-built 
spectroscopy setups loaded into a cryostat. (AttoDry 1000). All low-temperature PL spectra were obtained using a 100× objective 
(NA=0.8) with a spot size of about 500 nm in the cryostat at 4 K. PL spectra were collected with a high-resolution spectrometer 
(Princeton Instrument, PyLoN CCD). The gratings used in the spectrometers were 300 g/mm and 1200 g/mm, both blazed at 750 
nm. The excitation laser was an energy-tunable continuous-wave laser (M squared) coupled to a single-mode fibre. For lifetime 
experiments, a pulsed 726-nm diode laser (maximum repetition rate of 80 MHz with a full width at half maximum of <80 ps) was 
used to excite the sample. The intensity map was obtained by detecting the emission using a superconducting single-photon 
detector (Gifford-McMahon cycle SSPD from SCONTEL) while scanning the sample using a pair of high-resolution stages 
(ANSx150/LT). To filter the single sharp peak from the dense and discrete emission lines, high transparency gratings (IBSNE 
Photonics, FSTG-SNIR966-915) were used after the PL collection side from the sample and then sent to the spectrometer or 
avalanche photodiodes (APDs). A time-correlated photon counting card (Picoharp, PH300) was used to obtain the time-resolved 
PL data. 

 
Author contributions H.C. and W.-b.G. conceived the project. H.C., Q.T., D.C., Z.M, Z.H, Z.Z, and J.J.H.E performed the measurements. H.C., 
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Extended Data Fig. 1 | SEM image of the sample. a, b SEM image of the sample showing the nanopillar array and the heterostructure laid on 
top of it. 
 

 

Extended Data Fig. 2 | Magnetic field dependence of LIX PL spectrum. a, LIX PL spectrum as a function of the applied out-of-plane 
magnetic fields at 4.2 K under 765 nm (1.62 eV) laser excitation. Circular polarization filters were not used in the collection and excitation 
part. An 850 nm long pass filter is used in the collection arm. b, Magnetic field dependence of the Zeeman splitting for one of the LIX peaks 
(with emission energy of 1.379 eV @ 0 T peak). The linear fitting shows an effective g-factors of 16.34±0.76. 
  

 

Extended Data Fig. 3 | Typical linewidths of LIX peaks. Lorentzian fittings of LIX peaks show FWHM of 210 μeV (for the 1.377 eV peak) 
and 98 μeV (for the 1.389 eV peak). The experimental condition is the same as in Extended Data Fig. 2. 
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Extended Data Fig. 4 | Typical PL spectrum under a 532 nm laser excitation at flat monolayer MoSe2, flat monolayer WSe2, and the 
heterobilayer on nanopillar area. 
 

 

Extended Data Fig. 5 | LIX PL spectra from various nanopillars. Middle: PL intensity map. The IX PL intensity map shows a significant 
intensity enhancement at nanopillars. Around: PL spectra at various excitation locations (labelled as Dot 1 to Dot 12 on the map). The IX PL 
spectra show multi peaks with the FWHMs ranging from 100 to 800 μeV. The experimental condition is the same as in Extended Data Fig. 2. 
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Extended Data Fig. 6 | Grating-filtered LIX PL spectrum. The blue line is the IX PL before the filtering by the grating. Two typical LIX 
PLs after filtering are shown as red and black lines, showing an FWHM of around 700 μeV. 
 

 

Extended Data Fig. 7 | Lorentzian fitting of IX emission at various powers. Solid black lines are multiple Lorentzian fittings. The dashed 
lines indicate the tracking of some peaks. There is no clear power-dependent blue shift observed. 
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Extended Data Fig. 8 | Power dependence of decay rates. a, Experimental and b, simulated fast decay rates vs excitation power. c, 
Experimental and d, simulated slow decay rates vs excitation power. 
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Supplementary information: 

Interlayer donor-acceptor pair excitons in MoSe2/WSe2 moiré heterobilayer 

 

Section 1. PL spectrum peak analysis 

This section discusses how we estimate the band-edge IX and DAP IX peak positions. 

We first discuss the band-edge IX peak determination. Using the band-edge IX peak 

energy and considering the DAP IX peak linewidth, we then determine the minimum 

energy of DAP IX. Finally, we discuss how we use the DAP peak formula to obtain 

the predicted DAP IX peaks. 

 

For the band-edge IX, considering the coupling between band-edge and DAP IXs, its 

peak energy ( IXE ) should be close to the dominant DAP IX peak (i.e., the IX energy 

with the brightest PL emission). Additionally, due to the non-uniform energy 

distribution of the donor-acceptor pair (i.e., there are more donor-acceptor pairs with 

lower energy), IXE  should be larger than the dominant DAP IX peak. Hence, we 

perform the following procedure to obtain IXE . We first perform a single Gaussian 

fitting on the IX PL spectrum to get the position of the dominant DAP IX peak. Then 

we fit the PL spectra with multiple Lorentzians (representing the DAP IX) plus a 

single Gaussian (representing the band-edge IX), imposing that the Gaussian peak 

energy must be larger than the dominant DAP IX peak. We take the resulting 

Gaussian peak energy as IXE . We obtain IXE  equal to 1.384 eV, 1.387 eV, and 1.378 
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eV for dot 1, dot 2, and dot 3 in the main text, respectively. We note that this is the 

neutral band-edge IX. As described in the main text, from the energy dependence of 

the lifetime, we found another band-edge IX at lower energy, attributed to the trion 

peak. 

 

To get the minimum energy of DAP IX ( 0E ), we consider both the DAP IX linewidth 

and the band-edge IX. The distance between two adjacent separable Lorentzian peaks 

should be larger than 60% of their full-width-at-half-maximum (FWHM). ). Using 

this criterion, we obtain 1.33 eV0E ≤ . Next, we assume that the difference between 

0E  at two different dots should be similar to the difference between the corresponding 

IXE  since, like the IXE , the value of 0E  is also affected by the local strain. We chose 

the highest 0E  possible for all the dots fulfilling the criteria explained above, 

obtaining the following 0E : 1.327 eV (dot 1), 1.33 eV (dot 2), and 1.32 (dot 3)).  

 

For determining the peak position of DAP IX, we need to obtain the value of the 

following parameters beside 0E  (see Eq. (1) in the main text): dielectric constant (ε ) 

and donor-acceptor distance ( mR ). We used 7.55 0ε ε=  based on the MoSe2 and WSe2 

out-of-plane dielectric constant1. For mR , since the lattice constant of MoSe2 is 

approximately the same as WSe2, it can be expressed as  

2
2

2 22
0

1
31 2 1 2 1 2( , )mR m a m mR m m m mδ  = = + + + + + 

 
,     (S1) 
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where m  is the shell number (with mR  is larger for larger value of m ), 1m  and 2m  

are integers, δ  is the interlayer distance, and 0 0.33 nma =  is the lattice constant of 

MoSe2 (WSe2). 

 

However, Eq. (S1) is only correct if there is no strain variation in the sample, which is 

not the case for the moiré heterobilayer. For MoSe2/WSe2 heterobilayer, the strain 

variation ( Sσ ) can reach ±1.5%2, resulting in the uncertainty in mR  and, thus, in 

calculated DAP IX peak energy. Based on Eq. (1) in the main text, the uncertainty in 

DAP IX peak energy due to strain variation can be expressed as 

( ) ( ) ( )1E 0 S S 0 SE E E Eσ σ σ σ≈= − + − ,        (S2) 

where E  is the DAP IX peak energy calculated using Eq. (1) and (S1). From the 

experimental results, we know that ( ) 20 meV0E E ≥− . Hence, using 1%Sσ = , we 

obtain 0.2 meVEσ ≥ . Considering this Eσ , the predicted DAP IX peaks (red lines in 

Fig. 2(a-c) in the main text) are taken to be the observed peaks that are within ±0.2 

meV of the calculated DAP IX peaks (using Eq. (1) and (S1)). Similarly, an observed 

peak matches the DAP IX peaks if its energy is within ±0.2 meV from the calculated 

DAP IX peaks. 

 

Section 2. DAP IX energy-lifetime correlation 

The fast ( 1k ) and slow ( 2k ) decay rates solution for the coupled DAP-band edge IX 

model (inset of Fig. 3d in the main text) can be expressed as 
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( ) ( )( )2 22 4 21 DAP IX DAP IXk k k D k k D= + + + − + ,    (S3) 

( ) ( )( )2 22 4 22 DAP IX DAP IXk k k D k k D= + + − − + ,    (S4) 

where p 2ex
( )DA n r0

B 0
P rk k k

R E E
α 

= + − − 
 is the DAP IX total decay rate with nrk  is the 

DAP IX nonradiative decay rate, r0k  is the DAP IX maximum radiative decay rate, 

BR  is the largest Bohr radius between the donor and acceptor, E  is the DAP IX 

energy, 0E  is the minimum DAP IX energy, and 
2

4
eα
πε

=  with e  is the electron 

charge and ε  is the effective permittivity,  IXk  is the band-edge IX decay rate, and D  

is the coupling rate between band-edge and DAP IX. While nrk  and IXk  depends on 

the DAP IX energy (see Section S3), it can be assumed to be constant at low power 

(as in the case of Fig. 3 in the main text). 

 

The fast and slow decay rates are obtained using Eqs. (S3) and (S4). The maximum 

radiative decay rate of DAP IX ( r0k ) is set to be the same as the maximum radiative 

decay rate of exciton in TMD ~ 250 GHz3. The energy dependence of D  and BR can 

be expressed as 

( )(

2
(

2
)

( )

) ( )
2 4

D
0

D IX

i
i

i ii

w
D D

w E E
=

+ −
∑ ,                              (S5) 

( )
( )

( )

( ) (

2

)

2 2
22 4

R
B B0 R

R IXi

i
i

i i

w
R R

w E E
∆= +

+ −
∑ ,                     (S6) 

where IXE  is the band-edge IX central energy and the index i  is the band-edge IX 

index. The values of Dw  and Rw  (ranging from 2 to 16 meV) are proportional to the 

band-edge IX linewidth. When there is no coupling, the Bohr radius is B0R ~0.5 nm, 
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comparable to the calculated Bohr radius for some impurity states in monolayer 

TMD4. At maximum coupling, the Bohr radius is increased to ~0.9 nm, which is 

reasonable given that the radius of the electron (hole) wavefunction in a band-edge IX 

is ~ 2.4 nm5.  

 

Section 3. Power dependence of DAP IX lifetime 

To capture the power dependence, the following power saturation relations were used: 

DAP(IX) DAP(IX)
nr nr-max DAP(IX)

sat

Pk k
P P

=
+

,                        (S7) 

( ( )) ( ) IX
s t

IX ax
a

mi i i

P
P P

E E∆ ∆=
+

,                          (S8) 

where DAP(IX)
nrk  is the nonradiative rate of the DAP (band-edge) IX, DAP(IX)

nr-maxk  is the 

maximum nonradiative rate of the DAP (band-edge) IX, DAP(IX)
satP  is the saturation 

power for the DAP (band-edge) IX nonradiative decay, ( )max iE∆  is the (maximum) 

band-edge IX energy shift, ( )IX
sat

iP  is the saturation power for the band-edge IX energy 

shift, and the index i  is the band-edge IX index.  

 

The DAP IX nonradiative recombination is mainly attributed to the Auger process. 

The power dependence is due to excitation-induced doping. The higher-energy DAP 

IX has a higher Auger coefficient6, resulting in the energy-dependent DAP
nr-maxk . Both the 

Auger process and exciton-exciton annihilation contribute to the nonradiative rate of 

band-edge IX. Considering that the band-edge exciton and trion can have different 

nonradiative rates, the value of IX
nr-maxk  depends on whether the DAP IX is closer to the 
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band-edge exciton or trion. The energy shift of band-edge IX is mainly attributed to 

the dipole-dipole interaction.  

 

Considering that different processes involved can have different saturation power, we 

cannot use one value of saturation power for all processes. In the fitting of dot 3 data 

(Fig. 4 and Extended Data Fig. 8 in the main text), the values of saturation power used 

are 12 meVDAP
satP = , 28 meVIX

satP = , ( ) 6 meVIX 1
satP = for exciton, and ( ) 18 meVIX 2

satP = for 

trion. The maximum energy shift is ( ) 8 meVmax iE∆ ≈  for both exciton and trion.  
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