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Abstract 

Due to their tunable bandgaps and strong spin-valley locking, transition metal dichalcogenides 

constitute a unique platform for hosting single-photon emitters. Here, we present a versatile 

approach for creating bright single-photon emitters in WSe2 monolayers by the deposition of gold 

nanostars. Our molecular dynamics simulations reveal that the formation of the quantum emitters 

is caused by the highly localized strain fields created by the sharp tips of the gold nanostars. The 

surface plasmon modes supported by the gold nanostars can change the local electromagnetic 

fields in the vicinity of the quantum emitters, leading to their enhanced emission intensities. 

Moreover, by correlating the emission energies and intensities of the quantum emitters, we are 

able to associate them with two types of strain fields, and derive the existence of a low-lying dark 

state in their electronic structures. Our findings are highly relevant for the development and 

understanding of single-photon emitters in transition metal dichalcogenide materials. 
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Quantum emitters in transition metal dichalcogenide (TMD) monolayers have recently been 

discovered as efficient single photon sources.1-7 Coupled with the atomic layer thickness and 

distinct mechanical and optoelectronic properties of TMDs, quantum emitters in TMDs can be 

seamlessly integrated with photonic structures8-10 and have their bandgaps modulated using 

external electric1, 11 or strain fields12 for post-creation emission tuning. Moreover, due to the strong 

spin-valley coupling in TMDs, the quantum emitters may well inherit the valley physics of the 

host bulk TMDs,13, 14 thus opening the possibility for the direct integration of valley degree of 

freedom into single photon emission. 

Although the detailed microscopic origin of the quantum emitters in TMDs is still under debate,15-

17 it is commonly observed that localized strains are associated with the physical origins of the 

quantum emitters. It has therefore been suggested that strain gradient helps funnel excitons into 

localized point defects and lead to single photon emission.18 To date, local strains have been 

engineered to deterministically create quantum emitters in TMDs. Transfer of monolayer TMD 

flakes onto lithographically patterned nanopillars or similar structures can create quantum emitters 

at highly strained locations, e.g. at the top of the nanopillars,18-20 thus enabling parallel creation of 

quantum defect arrays in relatively large scale areas. The spatial positioning accuracy of the 

quantum emitters in these systems is typically at the hundred nanometer scale. Alternatively, 

controlled ion bombardment of monolayer MoS2 has been demonstrated to create quantum 

emitters that are capable of single photon emission.21 With this approach, the positioning accuracy 

of the quantum emitters can potentially be pushed to the nanometer scales, which may enable the 
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study of coupled quantum emitters and interacting excitons.21 Compared to large scale strain 

engineering, however, spatially-resolved ion irradiation of TMDs is likely to make more impacts 

in selective creation of quantum emitters. 

Here, we present an alternative approach to create quantum emitters in WSe2 monolayers. 

Specifically, we utilize the nanometer-sized sharp tips of gold nanostars (AuNS) to create local 

strains in WSe2 monolayers (Fig. 1a) and observe single photon emission from the created quantum 

emitters. Due to the coupling between the quantum emitters created at the tip ends and the AuNS 

surface plasmons, photoluminescence (PL) enhancement and lifetime reduction could be observed. 

Moreover, by correlating the emission energies and PL intensities of the quantum emitters, we are 

able to associate them with the types of strains they experience and derive the existence of an 

intrinsic low-lying dark state in the quantum emitters. Our work may not only shed light on the 

intrinsic electronic fine structures of the quantum emitters in TMDs, but also presents an 

alternative approach that can be combined with nanopositioning techniques22-25 and an extensive 

category of synthetic colloidal nanoparticles26, 27 for creating single-photon emitters with hybrid 

properties inherited from the TMD materials and colloidal nanoparticles. 

AuNS used in this work were synthesized following a previously reported method (see Supporting 

Information S1 for details).28 Representative TEM images of the AuNS are shown in Fig. 1b, with 

majority of them possessing five short branches and one long branch. The core sizes of the AuNS 

are about 10 – 20 nm in diameter and the branch lengths vary from 20 to 50 nm. The branch tips 

typically taper down to 2 – 3 nm in thickness. This AuNS structure gives rise to a broad resonance 

peak centered at around 1.56 eV (Fig. 1c). The AuNS are dispersed onto monolayer WSe2 flakes 

that have been mechanically exfoliated onto silicon substrates. By doing so, the AuNS 

simultaneously serve two purposes – their sharp tips can potentially induce local strains with 
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extremely small spatial footprints; the surface plasmon hotspots at the tip ends can couple to the 

emission from the WSe2 monolayers. Fig. 1d shows the simulated local electric field enhancement 

factor distribution (|𝐄|!/|𝐄"|!) in the vicinity of a AuNS at the energy of 1.72 eV using the finite-

difference time-domain method. The field enhancement factor near the sharp tips can reach up to 

a few thousands, consistent with previous plasmon hybridization analysis carried out on similar 

Figure 1. (a) Schematics of AuNS deposited on a monolayer WSe2 flake. (b) Representative TEM 

images of the AuNS. (c) Absorbance spectrum of the AuNS solutions (black) and histogram of the 

quantum emitter spectral peaks (red). (d) Local electric field enhancement factor (|𝐄|𝟐/|𝐄𝟎|𝟐) in the 

vicinity of a AuNS at the energy of 1.72 eV simulated using the finite-difference time-domain method. 

The incident light is polarized along the long branch of the AuNS. (e) Large-scale molecular dynamics 

simulation of the strain field in a WSe2 monolayer induced by a AuNS. Top panel: the atomistic model 

consisting of a 100 nm x 100 nm WSe2 monolayer on a 3 nm thick silicon substrate and the AuNS on 

top. The insets are close-up views of the contact areas between the WSe2 monolayer and the long and 

short arms of the AuNS. Atoms in the WSe2 monolayer are colored based on their volumetric strain 

values. Bottom panel: cross-section views of the areas shown in the top panel insets, showing the 

penetration depths of the deformation field created by the AuNS. 
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structures.29 This immense field enhancement can cause large modulations to the emission 

properties of the underlying WSe2 monolayers. 

To elucidate the strain field created by the AuNS, we perform all-atom molecular dynamics 

simulations to investigate the mechanical deformation of a WSe2 monolayer upon the deposition 

of AuNS. The simulated system consists a WSe2 monolayer (~ 100 nm x 100 nm x 0.3 nm, ~ 

300,000 atoms) on a silicon substrate (~ 115 nm x 115 nm x 3 nm, 2 million atoms) and a AuNS 

positioned above the monolayer (Fig. 1e). The AuNS is modeled based on the average shape and 

size of those observed in TEM, which has a 15 nm diameter core with six protruding arms (one 50 

nm and the other five 35 nm in length, altogether 700,000 atoms). Periodic boundary conditions 

are applied along the lateral directions whereas a fixed boundary condition is applied along the 

vertical direction. In all simulations, the bottom-most 0.5 nm thick layer of the substrate atoms are 

spatially fixed to prevent vertical drift of the system. After the initial short energy minimization 

and equilibration of the components, simulations of the combined system are performed using the 

LAMMPS simulator30 at the timestep of 0.001 ps under a canonical ensemble (NVT). Atomic-

level strain tensors of the substrate and WSe2 monolayer due to the gold tips is calculated using 

the atomic strain modifier with the OVITO visualization software (see Supporting Information S1 

for further details of the simulation method).31  

Fig. 1e shows the simulated strain maps of the system. The deformation and strained regions are 

highly localized to a few nanometer areas that are in contact with the three AuNS tips and a 

maximum volumetric strain amplitude (local change in volumes before and after applying the 

strain) of around 6% can be obtained. This substantial strain field can cause modifications to the 

bandgap of the WSe2 monolayers. We would like to mention that such highly localized strain 

profiles is beneficial for creating quantum emitters with high spatial precisions, provided that the 
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AuNS can be accurately placed at designated locations using nanopositioning techniques such as 

electrohydrodynamic printing, DNA-assisted self-assembly, and dip-pen nanolithography.22-24 

More quantitative analysis of the strain profiles caused by the AuNS show that both compressive 

and tensile strains exist, with the former being stronger than the latter (see Supporting Information 

S2 for details). Although a maximum strain amplitude of around 6% is obtained, most of the atoms 

experience weaker strain fields with only 2.4% of them having strain fields larger than 1.0%. 

Our spectroscopic studies of WSe2 monolayers with AuNS deposited on top show strikingly 

different spectral features compared to those monolayers without AuNS. To perform the optical 

measurements, the samples were loaded into a continuous-flow liquid He cryostat on a home-built 

confocal laser microscope. A diode laser with a wavelength of 400 nm was used to excite the 

samples. WSe2 monolayers used in this study were prepared by mechanical exfoliation of bulk 

materials. Fig. 2a and 2b show optical micrographs of representative WSe2 monolayers. The as-

 

Figure 2. (a, c) Optical micrograph of a monolayer WSe2 flake and the corresponding 

photoluminescence image. (b, d) Optical micrograph of a monolayer WSe2 flake and the corresponding 

photoluminescence image with AuNS deposited on top. (e) Photoluminescence spectrum taken from 

the areas with relatively weak and homogeneous emission in (d). (f, g) Examples of photoluminescence 

spectra taken from the bright spots in (d). 
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exfoliated monolayers typically present homogeneous PL emission over the entire flake (see e.g. 

Fig. 2c). For those WSe2 monolayers deposited with AuNS, spatial mapping of their PL intensities 

shows distinct localized bright spots superimposed on an apparently weaker and homogeneous PL 

background (Fig. 2d and Fig. S2). The PL spectra at the homogeneous background area show a 

rather broad peak centered at around 1.65 eV (Fig. 2e), characteristic of emission from excitons at 

defects sites in WSe2 monolayers.32 The bright spots, in contrast, present sharp PL peaks 

superposed on the relatively broad defect emission peaks. Two such examples are shown in Fig. 

2f and 2g, where distinct sharp peaks can be observed. Fig. 1c presents a histogram of the peak 

distributions constructed from such sharp PL spectral features. 

To identify the quantum nature of the emitters giving rise to the sharp spectral features, we 

spectrally isolate the individual peak emission and perform second-order photon correlation 

spectroscopy measurements. Fig. 3a shows one such example, where an area ratio, defined as the 

ratio between the center peak area and the side peak average area, of 0.14 ± 0.03 is obtained, 

indicating the single photon nature of the corresponding quantum emitter. Of the 30 quantum 

emitters we studied, an average area ratio of 0.23 ± 0.021 can be derived (see Fig. 3b top for a 

histogram). We note that the non-zero area ratio is likely caused by imperfect blockage of 

backgrounds including residual emission from the defect sites and crosstalk between the two single 

photon detectors. This average area ratio value is very close to the value we obtained from quantum 

emitters created by dielectric nanopillars using a previously reported method18, 19 (0.23 ± 0.032, 

Fig. 3b bottom). In this approach, dielectric nanopillars with a height of around 85 nm and a 

diameter of around 200 nm were fabricated by electron-beam lithography (see Supporting 

Information S1). When the WSe2 monolayers are transferred onto the dielectric nanopillars, the 

2D flakes conform to the contours of the nanopillars. The induced strains in the WSe2 monolayers 
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can generate quantum defects (see Supporting Information S4 for exemplary data of the quantum 

emitters created by the dielectric nanopillars). Because of their relatively low refractive index, the 

dielectric nanopillars do not support apparent resonance modes at the relevant wavelengths. 

Therefore, they can create local strain fields in the WSe2 monolayers without introducing extra 

influence from surface plasmons. We use these quantum emitters created by the dielectric 

nanopillars, which for clarity will be referred to as “uncoupled” quantum emitters, as references 

to study the influence of the AuNS surface plasmons. For the bright PL spots created by the AuNS, 

we obtain 3.4 ± 0.28 quantum emitters per site on average (Fig. 3e), close to the number of contact 

tips for each AuNS (Fig. 1e). These findings are consistent with our molecular dynamics 

simulations and suggest that the sharp tips of the AuNS can induce large enough local strains to 

enable the localization of excitons. Previous studies on local strain engineering have focused on 

WSe2 monolayers mechanically draped over pillar structures or alike to create strain fields in the 

monolayers at the pillar top.18-20 In an alternative approach, atomic force microscope tips have 

been successfully utilized to create indentation in WSe2 monolayers on deformable substrates.33 

Due to the atomic thickness of the TMD monolayers, the creation of quantum emitters is extremely 

sensitive to the relative deformation of the TMD monolayers, with sharp pillars or tips only being 

able to create quantum defects with moderate spatial precision due to the potential risk of piercing 

the TMD layers. In our case, despite the extreme sharpness of the gold tips, the direct contact of 

the TMD monolayers with the underlying substrates avoids this issue and allows the creation of 

highly confined strain profiles. 

A closer interrogation of the quantum emitter PL spectra further reveals their quantum nature. 

While stable PL spectra can be observed in some quantum emitters (Fig. 3c and the spectra at 1.67 

eV in Fig. 3d), PL blinking and spectral diffusion can be observed in some other quantum emitters 
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(Fig. 3d, the bottom spectra at 1.65 eV), which are related to local field fluctuations caused by 

environmental perturbations.34-38 In rare occasions, such as in the specific case of the quantum 

emitter at ~ 1.65 eV shown in Fig. 3d, a spectral jump potentially correlated with the switching of 

the quantum emitter between its neutral exciton and multiexciton states (such as trions or 

biexcitons) can be observed. This kind of switching behavior has previously been observed in 

semiconductor quantum dots and quantum rings,38-42 and can be controlled by the injection or 

extraction of charge carriers to the localized quantum emitters.43 Our PL intensity dependent 

lifetime analysis of the quantum emitters (see Supporting Information S5 for details) shows that 

higher PL intensities are correlated with longer lifetimes, an effect that has previously been used 

 

Figure 3. (a) A second-order photo-correlation trace of a quantum emitter. The corresponding PL peak 

is centered at 1.64 eV and the collection range is selected to be around 8 meV. An area ratio of 0.14 ± 

0.03 is observed. (b) Histograms of the area ratios of quantum emitters created by the Au nanostars 

(top) and the dielectric nanopillars (bottom). (c, d) Representative time-dependent photoluminescence 

spectra of quantum emitters created by Au nanostars. In (c), the photoluminescence spectra stay 

constant without spectral shift and blinking. In (d), a spectral jump between two states can be observed 

for one of the quantum emitters. (e) Histogram of the number of quantum emitters per site created by 

the Au nanostars.  
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to assign neutral exciton and multiexciton states.44 This observation further supports our 

assumption of the occasional switching between the neutral and multiexciton states in the quantum 

emitters. We note that the PL blinking and spectral diffusion behavior can be observed in quantum 

emitters created by both AuNS and dielectric nanopillars. Likely, any carrier dynamics changes in 

the quantum emitters caused by coupling to the AuNS is not sufficient to suppress PL blinking and 

spectral diffusion, which has previously been observed in some quantum dot-surface plasmon 

systems.45, 46 

The influence of the surface plasmons on the emission properties of the nearby quantum emitters 

is further investigated by using the quantum emitters created by the dielectric nanopillars as the 

references. The effect of the surface plasmons is reflected in the PL decay dynamics of the quantum 

emitters. Fig. 4a shows representative PL decay curves collected from individual quantum emitters 

created by AuNS (red) and dielectric nanopillars (blue). Fitting the decay curves with single-

exponential functions by deconvoluting the instrument response function gives rise to a PL lifetime 

of 𝜏#$= 4.5 ± 0.21 ns for the former and 𝜏%&'(')*+&)= 11.2 ± 0.64 ns for the latter. This trend is held 

true in our measurements of 82 quantum emitters created by AuNS and 29 emitters by dielectric 

nanopillars, with the former yielding an average decay lifetime of 5.5 ± 0.66 ns, and the latter an 

average of 15.1 ± 1.67 ns (Fig. 4b). If we assume the lifetimes of the quantum emitters created by 

the dielectric nanopillars to be their uncoupled lifetimes, we obtain an average Purcell factor of 

𝜏%&'(')*+&) 𝜏#$⁄  = 2.7 for the AuNS. Previous studies have revealed that the Purcell factor of 

imperfect quantum emitters is typically larger than the measured decay rate enhancement.9 We 

expect a similar trend to exist in our system, that is, the exact Purcell factor of the AuNS-induced 

quantum emitters to be larger than 2.7 (see Supporting Information S6 for detailed discussions). 

Moreover, as can be seen from Fig. 1c, the coupling between the quantum emitter PL and the 
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AuNS surface plasmons can be further optimized by overlapping the two peaks. This can be 

achieved by selective separation of AuNS47 and utilizing those with maximum absorbance at 

around 1.65 eV. The coupling to the surface plasmons also leads to an increase in the PL intensity 

of the quantum emitters. On average, we observe a factor of 1.4 increase in the PL intensities of 

the quantum emitters created by AuNS compared to those created by the dielectric nanopillars 

(Fig. S5). We note here that the AuNS are covered by a self-assembled bilayer of buffer molecules 

(4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid, HEPES), which is around 2 nm in total 

length in the aqueous solution.28, 48 This value gives an estimation of the distance between the Au 

nanotips and the underlying WSe2 monolayers, although the real distance may vary due to reasons 

such as collapse of the bilayer molecules during the deposition process. 

More interestingly, we observe two general categories of quantum emitters that show notably 

different PL behavior. In the coarsely defined first type of quantum emitters, those with high PL 

intensities are clearly associated with long emission wavelengths (Fig. 4c, green), whereas in the 

second type of quantum emitters, the emission wavelength-PL intensity dependence is almost 

obscure (Fig. 4c, orange) and the PL intensities of the quantum emitters are much weaker than the 

intensities of the first type. A similar effect is also observed in the quantum emitters created by the 

dielectric nanopillars (Fig. 4d), indicating that this effect is general and not related to the strain 

source. Local strain fields can modulate the bandgaps of TMD materials and induce spectral shifts 

in their PL emission.49, 50 Moreover, recent theoretical calculations have predicted that the dark-

bright excitonic energy separation in TMDs is dependent on local strains, with the two showing 

opposite strain-induced energy shifts.51 Building on these understandings, we propose a possible 

mechanism that explains the very different PL behavior of the two groups of quantum emitters, as 

we explain below.  
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The lowest energy state in WSe2 monolayers is an optically forbidden dark state that lies tens of 

meV below the lowest optically bright state.52 Our analysis of the second-order photon-correlation 

data of the quantum emitters in a timescale up to 15 µs shows a slight bunching superimposed on 

the antibunching signal (Supporting Information S8). This kind of long-term bunching in the 

photon correlation profile has been observed in other types of quantum emitters and is indicative 

of the existence of a dark trap state lying below the bright state.53-55 We believe that similar long-

lived dark states also exist in our quantum emitters (Fig. 4e, left), consistent with previous studies 

predicting a lowest lying dark state56 at around 10 meV below the lowest bright state.57 At the 

experimental temperature used in our study, this means that majority of the photo-generated 

Figure 4. (a) Representative PL decay curves of individual quantum emitters created by Au nanostars 

(red) and dielectric nanopillars (blue). The corresponding instrument response function is also plotted 

(gray). (b) Histograms of the PL lifetimes of quantum emitters created by Au nanostars (top) and 

dielectric nanopillars (bottom). (c, d) Emission energy-dependent PL intensities of quantum emitters 

created by Au nanostars (c) and dielectric nanopillars (d). (e) Schematics of the corresponding electronic 

state shift and exciton population change when monolayer WSe2 experiences tensile (top) and 

compressive (bottom) strains. 
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excitons would populate the low-lying dark state if we assume that the exciton population follows 

the Boltzmann distribution, i.e. 𝑁 ∝ 1/[exp - ∆-
.!/

.], where ∆𝐸 is the dark-bright energy 

separation.58 When a quantum emitter experiences a local tensile strain, its lowest dark state shifts 

up in energy and the bright state shifts down, leading to a reduced dark-bright separation (Fig. 4e, 

upper panel).51 This, as a result, leads to an increased population of excitons in the bright state and 

increased PL intensity accompanying a red-shift in the PL emission. On the contrary, when a 

quantum emitter is subjected to a compressive strain, the up-shift of the bright state and down-

shift of the dark state leads to a larger dark-bright separation, and hence reduced exciton 

populations in the bright state, reduced PL intensities, and blue-shifted PL emission (Fig. 4e, lower 

panel). In principle, both types of strains would lead to higher PL intensities at lower emission 

energies. However, due to the very low measurement temperature, small variations in the dark-

bright energy separation could have profound effects on the exciton population distributions, and 

the quantum emitters modulated by tensile strains are likely to be much brighter than those by 

compressive strains. Specifically, assume the tensile and compressive strains cause changes to the 

dark-bright energy splitting by ∆𝐸/ and ∆𝐸0 , respectively. The PL intensity ratio between a 

quantum emitter subject to the tensile and compressive strains can then be represented by 𝜂 =

𝑒(∆-"2∆-#)/.!/ (see Supporting Information S9 for details). This indicates that a quantum emitter 

would be brighter when it experiences tensile strains compared to when it experiences compressive 

strains. The clear distinction between the two groups of quantum emitters in Fig. 4c and 4d 

suggests the different natures of strains they experience. From the average PL intensity ratios 

between the two groups of quantum emitters, we obtain ∆𝐸/ + ∆𝐸0  of around 0.55 meV and 0.57 

meV for the AuNS- and nanopillar-induced quantum emitters, respectively. These values are in a 

good agreement with the strains we obtained from the molecular dynamics simulations and 
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previously reported strain values induced by the nanopillars.9, 18, 59 Accordingly, we assign the 

groups of quantum emitters with higher PL intensities (highlighted by green in Fig. 4c and 4d) to 

those modulated by tensile strains, and those with lower PL intensities (highlighted by orange in 

Fig. 4c and 4d) modulated by compressive strains.  

In summary, we investigate the influence of AuNS on the emission properties of WSe2 

monolayers. By depositing AuNS on WSe2 monolayers, localized bright spots with sharp emission 

peaks emerge. Photon-antibunching, which is a hallmark of single photon emission, can be 

observed from the sharp emission peaks, indicating their quantum nature. Our molecular dynamics 

simulations identify the origins of the quantum emitters to be the highly localized strain fields 

created by the tip ends of the AuNS. Moreover, due to the coupling of the quantum emitters to the 

surface plasmon modes in the AuNS, a reduction in the PL lifetime and an increase in the PL 

intensity can be observed for the quantum emitters. We also observe two types of PL intensity – 

emission energy correlation in the quantum emitters, which we attribute to the distinct strain fields 

they experience and the existence of a low-lying dark state in their electronic structures. Our study 

presents an alternative “bottom-up” approach for creating bright single-photon emitters in TMDs 

from colloidal systems. The findings from this study may also deepen our understanding of the 

electronic fine structures of the quantum defects and their precise control using external strain 

fields. 
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