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ABSTRACT 

The tightly bound biexcitons found in atomically thin semiconductors have very 

promising applications for optoelectronic and quantum devices. However, there is a 

discrepancy between theory and experiment regarding the fundamental structure of these 

biexcitons. Therefore, the exploration of biexciton formation mechanism by further 

experiments is of great importance. Here, we successfully triggered the emission of 

biexcitons in atomically thin MoSe2, via the engineering of three critical parameters: 

dielectric screening, density of trions and excitation power. The observed binding energy 
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and formation dynamics of these biexcitons strongly support the model that the biexciton 

consists of a charge attached to a trion (excited state biexciton) instead of four spatially 

symmetric particles (ground state biexciton). More importantly, we found the excited 

state biexcitons can not only exist at cryogenic temperatures, but can also be triggered at 

room temperature in a freestanding bilayer MoSe2. The demonstrated capability of 

biexciton engineering in atomically thin MoSe2 provides a route for exploring 

fundamental many-body interactions and enabling device applications, such as bright 

entangled-photon sources operating at room temperature. 

Keywords: MoSe2, biexciton, two-dimensional materials, freestanding, room temperature 

 

Atomically thin two dimensional (2D) layered transition-metal dichalcogenide (TMD) 

semiconductors have aroused particular interest because of their unique physical properties and 

promising implications in both fundamental research and optoelectronic devices.1-7 The highly 

enhanced Coulomb interactions in these atomically thin layers, arising from the reduced 

dimensionality and weak dielectric screening, allow the formation of tightly bound excitons,8 

trions9, 10 and biexcitons.11-14 Biexcitons have been of particular interest for both fundamental 

studies of the remarkable many-body interactions15-17 and investigations of novel device 

applications, such as quantum logic gates,18 biexciton lasing devices,19, 20 entangled-photon 

sources,21 etc. Recently, tightly bound biexcitons have been observed in monolayer TMDs, 

such as WSe2,
11 MoS2

12 and WS2.
13 These biexcitons in monolayer TMDs show an ultra-large 

binding energy in the range of 50-70 meV, which is more than one order of magnitude higher 

than the values found in III-V quasi-2D quantum wells.22 This unique strong binding 

necessitates the complete understanding of the structures of these biexcitons and their dynamics 

in 2D materials, as well as to characterize their properties and fully investigate their potential 

functionalities. A few theoretical models, such as the path integral Monte Carlo approach,23 



effective mass model24 and variational calculation method,11 have been used to estimate the 

binding energies of biexcitons in TMD 2D materials. These models consider a biexciton to be 

a spatially symmetric four-particle state. However, based on this symmetric four-particle model, 

the predicted binding energies of biexcitons in TMD monolayers11, 23-25 are in the range of 18-

24 meV, less than half of the values observed,11-13 suggesting a discrepancy between theory and 

experiment. Recently, Varga et al,25 using high-accuracy variational calculations, showed that 

the predicted binding energies of excited state biexcitons in TMD monolayers are in the range 

of 50-70 meV, which agrees well with the earlier experimental data.11-13 In Varga’s model,25 

the excited state biexciton corresponds to a charge attached to a trion, which is energetically 

favorable than the ground state biexciton consisting of four spatially symmetric particles. How 

to further experimentally confirm the existence of the trion-charge bound excited state 

biexcitons in the Varga’s model is extremely important. This will allow us to fully understand 

the structures and formation mechanisms of these biexcitons and will enable us to overcome 

the limitations of previous experiments by engineering the environment of these biexcitons.  

RESULTS/DISCUSSION 

Here, we successfully observed tightly bound biexcitons with a binding energy of ~60 meV in 

atomically thin MoSe2. The measured binding energy matches well with the theoretically 

predicted value of the excited state biexcitons in MoSe2.
25 We further probed the formation 

dynamics of these biexcitons and found that the density of biexcitons increases with increasing 

density of negative trions and decreases with increasing density of excitons. This finding 

suggests that the biexcitons observed here are excited state biexcitons, instead of ground state 

biexcitons. More importantly, we successfully triggered the emission of excited state biexcitons 

at room temperature in a freestanding bilayer MoSe2 by modulating three independent 

parameters: 1) dielectric screening; 2) density of trions; 3) excitation power. The implications 



of the tightly bound biexcitons at room temperature in 2D materials are far-reaching. It provides 

a room-temperature 2D platform to explore fundamental many-body interactions, which 

provides a route for quantum logical devices and entangled-photonsources operating at room 

temperature.  

It has been known that many-body effects,26, 27 which determine the behaviors of excitons, 

trions, and biexcitons, play important roles in optical transitions in low dimensional materials, 

including quantum wells, carbon nanotubes, 2D semiconductors and so on.8, 11, 26-37 Such a 

many-body effect, arising mainly from strong Coulomb interactions among charges, can be 

significantly enhanced with the reduction of dielectric screening from the environment11, 26, 27, 

38 (Figures 1a and 1b). Thus, the biexciton or even higher-order multiple-exciton states will 

typically become more pronounced in an environment with lower dielectric screening. To 

explore the dielectric screening effect on the many-body interactions in atomically thin 

semiconductors, we fabricated two types of MoSe2 samples: SiO2-supported and freestanding 

thin layers. The freestanding MoSe2 sample was fabricated by mechanically transferring the 

sample onto a pre-patterned circular hole on a SiO2/Si substrate, as illustrated in Figure 1c. The 

freestanding atomically thin layers were confirmed by the contrast difference in optical 

microscope images (Figure 1d and Figure S1a) and the photoluminescence (PL) intensity 

difference in the PL mapping images (Figure 1e and Figure S1b). The layer number was 

identified and confirmed by phase-shifting interferometry39 and PL spectroscopy 

measurements. 

We compared the PL spectra of the MoSe2 samples measured at 6 K and found that for the 

SiO2-supported bilayer (2L) and monolayer (1L) MoSe2 samples, there are only two distinct 

PL peaks at approximately 1.615 and 1.645 eV (Figure 1f and Figure S1c). These PL peaks 

can be identified as trion (T) and exciton (A) peaks, respectively, according to previous 



studies.10 Importantly, a new PL emission peak “X”, at approximately 1.585 eV was observed 

from both the freestanding 2L (Figure 1f) and 1L (Figure S1d) MoSe2 samples. We observed 

this new peak from multiple freestanding 1L and 2L MoSe2 samples (more than 3 samples for 

each type). For some freestanding 2L MoSe2 samples, this new peak became completely 

dominant in the PL spectrum, and the exciton (A) and trion (T) peaks were not pronounced at 

6 K (Figure 2 and Figure S3), possibly because these samples had slightly different sample-

dependent initial doping levels compared with the one shown in Figure 1f.  

To determine the origin of this new peak X, we carried out power-dependent PL measurements 

on one freestanding 2L MoSe2 sample at 6 K (Figure 2a). For a quantitative analysis, the 

integrated PL intensity of the X peak was plotted as a function of that of the exciton (A) peak 

(Figure 2b). By fitting the data with a power-law 𝐼𝑋 ∝ 𝐼𝐴
𝛼 , where IX is the integrated PL 

intensity of X peak and IA is the integrated PL intensity of A peak,11 it is found that peak X 

grows super-linearly with the excitation power (α~1.23). Based on the measured α value, peak 

X is attributed to the emission of biexcitons. In the ideal case, the α value of biexciton emission 

is expected to be close to 2; however, α values in the range of 1.2 to 1.9 were typically observed 

for biexciton emissions in quantum well systems40, 41 and TMD semiconductors11, 14 that might 

be due to the lack of thermal equilibrium between the states.11 

Time-resolved PL (TRPL) measurement is another useful approach to identify the emission 

features in a PL spectrum. We measured the TRPL traces for the peaks A, T, and X (Figure 2c) 

at temperature 6 K. The decay trace curves were deconvoluted with respect to the instrument 

response and then were fitted with the equation 𝐼 = 𝐴 exp (−
𝑡

𝜏1
) + 𝐵 exp (−

𝑡

𝜏2
) + 𝐶, where 𝐼 

is the PL intensity, 𝐴, B and 𝐶 are constants, 𝑡 is time, and 𝜏1 is faster decay rate and 𝜏2 is the 

slower decay rate indicating emission lifetimes for different decay processes.42 The measured 

lifetimes of exciton (A), trion (T) and biexciton (X) were on the same order and comparable 



with each other, which is consistent with what has been reported in monolayer WSe2,
11 

indicating that the peak X is indeed from biexciton rather than localized exciton, since the 

lifetime of localized exciton should be an order longer than exciton and trion.11 Moreover, the 

peaks A, T, X from the freestanding 1L MoSe2 sample (Figure S4) possess consistent lifetimes 

with the respective peaks in freestanding 2L MoSe2 (Figure 2d), which suggests the same 

emission features in both freestanding 1L and 2L MoSe2 samples. 

In addition, the spectrum of this new emission feature is asymmetric and can be fitted to two 

peaks, labelled as “X” and “L”, by Lorentzian fitting (Figure S1d and Figure S2). The peak X 

is from the biexciton emission as discussed above, while the lower energy peak L could be 

from the contribution of defect states and is not the focus of this work. The measured full width 

at half maximum (FWHM) value of the biexciton peak X in both freestanding 1L and 2L MoSe2 

samples was ~46 meV, which is similar to that of the biexciton peak observed in 1L WS2.
14 

From the temperature-dependent PL measurements (Figure S3a), we can clearly see that the 

intensity of the X peak increased dramatically as the temperature decreased from 63 to 6 K 

(Figure S3c). 

Taken together, the observed power dependence and temporal dynamics properties of the X 

feature provide strong evidence for its assignment as a biexciton feature. We thus explored the 

binding energy of biexcitons and their dynamics to obtain a deeper physical insight into the 

biexcitons in atomically thin MoSe2 layers. The binding energy of biexcitons is given by the 

energy difference between the exciton and biexciton peaks, assuming that an exciton is 

produced in the radiative decay of a biexciton.11 The measured energy difference values 

between the X and A peaks in freestanding 1L and 2L MoSe2 samples are 60 meV (Fig S1d) 

and 57 meV (Fig S2), respectively, which are considered to be the biexciton binding energies 

of MoSe2. These values match very well with the calculated binding energy (58 meV) of an 



excited state biexciton in MoSe2
25 (see Table 1). Freestanding 2L MoSe2 has slightly smaller 

biexciton binding energy than 1L MoSe2, which might be due to the relatively larger screening 

in 2L MoSe2. According to the theoretical model,25 an excited state biexciton consists of a 

charge attached to a trion. The formation of an excited state biexciton state (TC) can be denoted 

as T + C → TC, where T is a trion and C is a charge. In great contrast, the calculated binding 

energy of a ground state biexciton (spatially symmetric exciton pairs, denoted as A + A → AA) 

in MoSe2 is only 18 meV (Table 1), which is much smaller than the observed biexciton binding 

energy.  

In addition to the binding energy difference, another way to differentiate the excited state and 

ground state biexcitonsis to probe the dynamic relationship between the densities of biexcitons 

and trions. Based on the different formation mechanisms of these biexcitons, the density of 

excited state biexcitons should increase with the increase of trion density, whereas the density 

of ground state biexcitons should decrease because the formation of trions can reduce the 

density of excitons. Here, we successfully used an electrostatic doping technique to control the 

trion density in a 2L MoSe2 metal-oxide-semiconductor (MOS) device (Figure S5) at 83 K, 

which leads to the dynamic modulation of biexciton emission (Figure 3). 

Firstly, we carried out the PL intensity mapping as a function of photon energy and gate voltage, 

using a relatively low excitation power of 264 μW (Figure 3a). Under a back gate voltage of 

50 V, the negative trion (T) emission peak was dominant in the PL spectrum. At the same time, 

a new PL peak (labelled as X) at the low energy side showed up. When a negative back gate 

voltage of -50 V was applied, the exciton (A) emission peak became dominant and the new PL 

peak X disappeared (Figure 3a and 3c). To obtain a better insight, we generated the PL intensity 

mapping again using a relatively high excitation power of 602 μW (Figure 3b). The intensity 

of this new PL peak X increased much faster than the intensities of the exciton and trion peaks. 



Based on the super-linear increasing manner, this new PL peak X is assigned to the emission 

of biexcitons. From Figures 3b and 3d, we can clearly see that the density of biexcitons 

increases with increasing density of negative trions and decreases with increasing density of 

excitons. This further confirms that biexcitons observed here are excited state biexcitons 

(Figure 3e), instead of ground state biexcitons (Figure 3f). According to the calculation results 

by Varga et al,25 the binding energy of ground state biexcitons is only 18 meV, very close to 

the binding energy of trions. Therefore, it might not be possible to distinguish the ground state 

biexcitions and trions in experiments.25 Also, excited state biexcitons are more likely to be 

observed in experiments than ground state biexctions, since excited state biexcitons are 

energetically favorable and are spatially extended.25 In addition, we only observed the 

emissions of excitons and trions, but no emission of biexcitons, in 1L MoSe2 MOS devices at 

83 K (Figure S6), which is consistent with previous report.10 The different PL behaviors in 2L 

and 1L MoSe2 MOS devices are likely caused by the different trion densities in 2L and 1L 

MoSe2 samples (as will be discussed later).  

Due to thermally activated dissociation, biexcitons in both the freestanding MoSe2 samples 

(Figure 1) and the 2L MoSe2 MOS device (Figure 3) could only be observed at cryogenic 

temperatures (T < 100 K), which is similar to previously reported biexcitons in other TMD 

semiconductors.11-14 The requirement of cryogenic temperature would significantly limit the 

potential applications of biexcitons. Fortunately, our experimental data (Figure 1-3) have 

shown that the probability of biexciton emissions in atomically thin MoSe2 can be enhanced 

under the following three conditions (Figure 4a): 1) reduced dielectric screening; 2) enhanced 

density of trion states; 3) high excitation laser power. 

Here, we successfully demonstrated the emission of excited state biexcitons at room 

temperature in freestanding 2L MoSe2 samples, in which those three parameters were all well 



optimized (Figure 4). To achieve a clear comparison, we measured PL intensity mapping plots 

at room temperature as a function of photon energy and excitation power for four types of 

MoSe2 systems (Figure 4b-e): freestanding 2L, freestanding 1L, SiO2-supported 2L and SiO2-

supported 1L. A biexciton emission feature at ~1.490 eV was observed only in the freestanding 

2L MoSe2 sample under relatively high excitation power at room temperature. To confirm the 

assignment of the biexciton peak in Figure 4b, we fitted the PL spectra and plotted the 

integrated intensities of the trion and biexciton peaks as a function of excitation power, as 

shown in Figure S7. At low excitation power, the trion peak (T) was dominant in the PL 

spectrum. With the growth of excitation power, however the intensity of the X peak increased 

much faster than that of the trion peak. Particularly, when the excitation power was lower than 

50 μW, the integrated intensity of the trion and biexciton peaks increased as a function of power 

with exponent (α) values of ~0.85 and ~1.01, respectively. When the excitation power was 

higher than 50 μW, the X peak became dominant in the PL spectrum, and the α-values of the 

trion and biexciton peaks became ~0.55 and ~1.41, respectively. The super-linear power 

dependence of this X peak further confirms its biexciton assignment. At high excitation power, 

the α-value of the trion peak decreases, while that of the biexciton peak increases, which 

suggests the conversion of the trions to excited state biexcitons. In addition, the α value of the 

trion peak at room temperature was slightly less than 1, similar to the situation observed in 

other TMD semiconductors11, 14 due to the lack of full equilibrium.8 On the other hand, the ratio 

of α values between biexciton and trion (1.41/0.55) increases dramatically when the excitation 

power is higher than 50  μW, suggesting that there might be a threshold value of trion density. 

Before the threshold, the transformation from trion to biexciton is restrained to some extent; 

beyond the threshold, the transformation from trion to biexciton start to dominate. In the power-

dependent PL measurements, we used relatively low pumping power and the power-induced 

spectral shifts of the exciton peaks in all freestanding and SiO2-supported samples were less 



than 2.9 meV (Figures 4c, 4e, 3c and 3d), similar to the situation in a previous report.11 This 

suggests that our pump laser has negligible heating effect on all the samples. The band gap 

renormalization effect can be ignored in Figure 4b, owing to the relatively low photo-doping 

level (Supplementary Information).  

The reason why biexciton is observed in freestanding 2L instead of 1L MoSe2 at room 

temperature could be explained as follows. 1L MoSe2 gives only one PL peak at ~1.562 eV 

from the emission of excitons at room temperature, while 2L MoSe2 gives only one PL peak at 

~1.520 eV from the emission of trions, which can be clearly observed from their temperature-

dependent PL measurements (Figure S8a and S8b). This difference might be caused by the 

relatively low initial doping levels in MoSe2 crystals10 and the different band gap natures in 1L 

and 2L MoSe2 samples. 1L MoSe2 possesses a direct band gap, and thus a relatively balanced 

distribution of thermal charges in the K-K valleys of the band structure, where the PL 

transitions occur. In contrast, 2L MoSe2 possesses an indirect band gap and thus an un-balanced 

thermal charge distribution in the K-K valleys, which leads to a higher trion density (Figure 

S8c and S8d). Therefore, at room temperature, a freestanding 2L MoSe2 sample possesses low 

dielectric screening and high trion density, which leads to the emission of excited state 

biexcitons under a relatively high excitation power. The demonstrated capability of biexciton 

engineering at room temperature in MoSe2 will allow us to explore fundamental many-body 

interactions in a simplified room-temperature 2D platform, which will enable a class of 

quantum devices, such as bright entangled and correlated photon sources operating at room 

temperature.21 In addition, based on theoretical calculations, biexitons have larger radius than 

excitons and trions in 2D TMDs (Supplementary Information). Because of the larger separation 

between charges in biexcitons, the Coulomb interactions of biexcitons are more likely to be 

influenced by dielectric screening of the external media than those of trions in TMDs.11 



CONCLUSIONS 

In conclusion, we observed tightly bound excited state biexcitons with a binding energy of ~60 

meV in atomically thin MoSe2, which was confirmed by both the agreement of experimental 

and theoretical values of the binding energy and the observed formation dynamics of these 

excited state biexcitons. We also found that the emission from these excited state biexcitons in 

atomically thin MoSe2 strongly relies on three important conditions: reduced dielectric 

screening, high density of trions and high excitation power. By optimizing those three 

conditions, we successfully triggered the emission of excited state biexcitons in freestanding 

2L MoSe2 samples at room temperature. Our findings will provide a platform to explore 

fundamental many-body interactions in atomically thin semiconductors. We envisage that such 

2D platform can form the bases of bright quantum sources of entangled and correlated photons, 

thus enabling a class of ultrafast optoelectronics and quantum devices with applications in 

quantum communications and cryptography.  



METHODS/EXPERIMENTAL  

Device Fabrication and Characterization. Mechanical exfoliation was used to drily transfer 

1L and 2L MoSe2 flakes onto the SiO2/Si substrate (a 275-nm layer of thermal oxide on n+-

doped silicon), near the pre-patterned Au electrode for those MOS devices. The Au electrodes 

were patterned by conventional photolithography, metal deposition, and lift-off processes. 

Another thick graphite flake was similarly transferred to electrically bridge the MoSe2 flake 

and the Au electrode, forming a MOS device. For the suspended samples, 1L and 2L MoSe2 

samples were drily transferred onto a 275 nm SiO2/Si substrate with pre-etched 3 μm-deep 

holes.  

Optical Characterizations. PL measurements at room temperature and 83 K were conducted 

using a Horiba JobinYvon T64000 micro-Raman system equipped with charge-coupled device 

(CCD) and InGaAs detectors, along with a 532 nm Nd:YAG laser as the excitation source. For 

low temperature (down to 83 K) measurements, the sample was placed into a microscope-

compatible chamber with a low temperature controller (using liquid nitrogen as the coolant). 

Micro-PL spatial mapping was performed using a commercial WiTec alpha300S system in the 

scanning confocal microscope configuration. The power-dependent PL measurements at 6 K 

and TRPL measurements were conducted in a setup that incorporates micro-PL spectroscopy 

with a time-correlated single photon counting (TCSPC) system and uses liquid helium as the 

coolant. A linearly polarized pulsed laser (frequency doubled to 522 nm, with a 300 fs pulse 

width and a 20.8 MHz repetition rate) was directed to a high numerical aperture (NA = 0.7) 

objective (Nikon S Plan 60x). The PL signal was collected by a grating spectrometer, thereby 

either recording the PL spectrum through the CCD (Princeton Instruments, PIXIS) or detecting 

the PL intensity decay by a Si single photon avalanche diode (SPAD) and the TCSPC 

(PicoHarp 300) system with a resolution of 20 ps. All the PL spectra were corrected for the 



instrument response. Electrical bias was applied using a Keithley 4200 semiconductor analyzer. 

Simulations. First-principle calculations based on the density functional theory (DFT) were 

used to calculate band diagrams of 1L and 2L MoSe2. The scissor operator was used to correct 

the band gaps to GW approximation (GWA) values. 
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FIGURE CAPTIONS 

Figure 1. Photoluminescence (PL) of freestanding and dielectric-supported atomically 

thin MoSe2. (a-b), Schematic representation of excitons (bound electron-hole pairs) for the 

freestanding (a) and dielectric-supported (b) monolayers. (c), Schematic cross section view of 

the device with freestanding MoSe2. The MoSe2 sample was mechanically transferred across 

circular holes that were pre-patterned on a SiO2 (275 nm)/Si substrate. The depth of the holes 

is 3 μm. (d), Optical microscope image of the freestanding bilayer (2L) MoSe2 samples across 

6 μm-diameter holes. (e), PL mapping image of the region marked by the dashed square in (d). 

The holes covered by the freestanding sample are bright, while the holes without samples are 

dark. (f), Measured PL spectra from freestanding (red line) and SiO2-supported (black line) 2L 

MoSe2 at 6 K. The labels “A,” “T” and “X” represent the emissions from excitons, trions and 

a new emission peak, respectively.  

Figure 2. Power-dependent and time-resolved PL characterization. (a), Measured PL 

spectra from freestanding area (red lines) and SiO2 supported area (black lines) under various 

excitation powers. (b), Log-log plot of integrated PL intensity of the peak X as a function of 

that of peak A. From the fitting curve, integrated PL intensity of the X peak grows super-

linearly (α~1.23), with the increase of excitation power. (c), Measured time-resolved PL traces 

for A, T, and X peaks at temperature of 6 K. IR represents instrument response curve. Based 

on the deconvolution with respect to the instrument response and a double exponential fit using 

the equation 𝐼 = 𝐴 exp (−
𝑡

𝜏1
) + 𝐵 exp (−

𝑡

𝜏2
) + 𝐶 , the fast decay lifetime 𝜏1  (and the 

corresponding amplitude A) values of exciton (A), trion (T), and biexciton (X) were extracted 

to be 8.7 (0.992), 9.8 (0.992), and 9.1 (0.988) ps, respectively; the slow decay lifetime 𝜏2 (and 

the corresponding amplitude B) values of exciton (A), trion (T), and biexciton (X) were 

extracted to be 292.8 (0.008), 322.6 (0.008), and 477.5 (0.012) ps, respectively. 

Figure 3. Electrostatic control of biexciton emissions. (a-b), PL intensity mapping as a 

function of photon energy and gate voltage from a 2L MoSe2 metal-oxide-semiconductor 

(MOS) device measured at 83 K under different excitation power values of 264 (a) and 602 

μW (b). Distinct exciton peaks show up as the back gate voltage goes from +50 V to -50 V, 

indicating trions in the bilayer MoSe2 sample are negatively charged. (c-d), Measured PL 

spectra (gray lines) from the 2L MoSe2 MOS device shown in a and b, respectively, under gate 

voltages of 50 and -50 V. The PL spectra are fitted to Lorentzian peaks, labeled as “X,” (red 



line) “T” (blue line) and “A” (black line). Purple lines are the cumulative fitting results. (e-f), 

Schematic plots showing the formation process of excited state (e) and ground state biexcitons 

(f). 

Figure 4. Excited state biexciton engineering at room temperature in atomically thin 

MoSe2. (a), Schematic plots showing that the density of excited state biexciton will be 

enhanced with lower dielectric screening, higher density of trions, and higher excitation power. 

(b-e), Measured PL intensity mapping plots at room temperature as a function of photon energy 

and excitation power for four types of MoSe2 samples: freestanding 2L (b), freestanding 1L (c), 

SiO2-supported 2L and (d), SiO2-supported 1L.  
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Table1. Measured and theoretically calculated binding  

energies of biexcitons in TMDs (meV). 

 MoS2 MoSe2 WS2 WSe2 

Theory(A+A) [25] 22 18 24 20 

Theory(T+C) [25] 69 58 67 59 

Experiments 70 [12] 60our 65 [13] 52 [11] 

 

Note: T is a trion, C is a charge and A is an exciton.  
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