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Abstract 

Nanoscale strain control of exciton funneling is an increasingly critical tool for the scalable 

production of single photon emitters (SPEs) in two-dimensional materials. However, conventional 

far-field optical microscopies remain constrained in spatial resolution by the diffraction limit and 

thus can only provide a limited description of nanoscale strain localization of SPEs. Here, we 

quantify the effects of nanoscale heterogeneous strain on the energy and brightness of GaSe SPEs 

on nanopillars with correlative cathodoluminescence, photoluminescence, and atomic force 

microscopies supported by density functional theory simulations. We report the strain-localized 

SPEs have a broad range of emission wavelengths from 620 nm to 900 nm. We reveal substantial 

strain-controlled SPE wavelength tunability over a ~ 100 nm spectral range and two orders of 

magnitude enhancement in the SPE brightness at the pillar center due to Type-I exciton funneling. 

In addition, we show that radiative biexciton cascade processes contribute to the observed CL 

photon superbunching. Also, the GaSe SPEs show excellent stability where their properties remain 

unchanged after electron beam exposure. We anticipate this comprehensive study on the nanoscale 

strain control of two-dimensional SPEs will provide key insights to guide the development of truly 

deterministic quantum photonics.  
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Over the past decade, the idea of using nanoscale strain gradients to funnel energy into "artificial 

atoms" has generated substantial excitement1. Strain manipulation of electronic band energies and 

optical bandgaps in flexible two-dimensional (2D) layered materials has enabled wide tunability 

of exciton binding energies and transport dynamics2. For instance, excitons in monolayer transition 

metal dichalcogenide (TMDC) MoS2 experience a redshift of 0.09 eV under a 2.5% localized 

uniaxial tensile strain3; under biaxial tensile strain, they exhibit a linear redshift rate of 0.11 

eV/%4,5. In addition, dynamic exciton funneling induced by AFM indentation in monolayer WS2 

has resulted in strain-dependent exciton-to-trion conversion. A similar study on WSe2 

demonstrated exciton funneling with a 12 meV redshift at ~ 3% biaxial tensile strain induced by 

indentation6.  

The interest in exciton funneling has been further stimulated by the discovery of single photon 

emitters (SPEs) associated with defects and strain-confined excitons in 2D materials such as 

layered hBN7–9 and monolayer TMDCs (i.e., WSe2)10–12. Specifically, exciton funneling by 

periodically patterned nano-stressors has emerged as a powerful way to generate deterministic 

SPEs in monolayer TMDCs13–16 with controlled position, wavelength, purity, and brightness for 

widespread applications in quantum information science.  

Nonetheless, capturing fine details of exciton funneling with diffraction-limited far-field optical 

probes remains a critical challenge in studies of SPEs in 2D materials. Exciton diffusion lengths 

in unstrained monolayers17–19 have been reported to be less than 1 𝜇 m, and they can be 

substantially smaller (i.e., < 200 nm) when exciton funneling is induced by nanoscale strain14,20. 

Near-field characterization tools with spatial resolution below the diffraction limit are increasingly 

needed to understand these effects. For example, cathodoluminescence (CL)21–26 microscopy has 

been used to study defect-related SPEs in 2D hBN. Tip-enhanced PL27–29 and scanning tunneling 

luminescence30 microscopies have been used to study localized emitters in quantum dots, carbon 

nanotubes, and monolayer WSe2. Compared to the other techniques, CL microscopy provides an 

approach to performing non-contact measurements at low temperatures with exceptional 

selectivity in identifying specific areas of interest and compatibility with photon antibunching 

measurements. However, previous work on CL study of SPEs in monolayer TMDCs showed that 

the electron beam often induced damage in these materials and was detrimental to the SPE 

performance. Indeed, monolayer TMDCs must be encapsulated with hBN31–33 for CL imaging, 
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which introduces additional challenges because of the potential for electron beam-induced 

excitations in each layer of the stack34. For the reasons mentioned above, using CL to study the 

SPEs in 2D materials has been hindered. 

The study of GaSe as an SPE host is in its infancy.35,36 In our recent work, we demonstrated a 

deterministic generation of SPEs in multilayer GaSe through strain localization provided by 

lithographically patterned nanopillar arrays16. Herein, we investigate the SPE characteristics of 

locally strained multilayer GaSe using CL microscopy supported by atomic force microscopy 

(AFM), photoluminescence (PL), and photon antibunching measurements. Due to the robustness 

of the multilayer GaSe under the electron beam, comprehensive information about how nanoscale 

strain affects the formation, wavelength, and intensity of GaSe SPEs is obtained. First, we show a 

broad range of emission wavelengths from 620 nm to 900 nm of the strain-localized SPEs. With 

correlative CL and AFM measurements, we reveal that the strain plays a vital role in controlling 

the energy and brightness of localized GaSe emitters by observing a continuous redshift in 

emission wavelengths from 680 nm to 780 nm and enhancement of emitter brightness by two 

orders of magnitude with increasing strain. The spectral tuning is explained by a strain-induced 

redshift of the bandgap modeled with density functional theory (DFT) simulations. Moreover, 

strain-induced decrease in conduction band minimum (CBM) and increase in valence band 

maximum (VBM) are observed, leading to the exciton funneling effect and then the enhancement 

of the emission intensity. Photon bunching and antibunching of the same emitters on pillars are 

observed from CL and PL measurements, respectively. No beam-induced degradation of the 

photophysical properties of the emitters during the CL and PL measurements are observed, further 

showcasing the excellent stability of the GaSe SPEs. This research provides key insights on the 

origin, property, and manipulation of SPEs in multilayer GaSe, shines light on the potential for 

engineering SPEs in 2D materials using strain, and lays a crucial foundation for developing 2D 

quantum photonic devices.  
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Results and Discussion 

Hyperspectral CL mapping of multilayer GaSe on SiO2 nanopillars  

To introduce biaxial tensile strain to GaSe, we stacked 𝜀-type GaSe flakes onto the  patterned SiO2 

nanopillar arrays using the dry-transfer method as described in our previous work16.  As illustrated 

in Figure 1a, the flake pins to the upper edges of each nanopillar and forms a quasi-circular 

biaxially tented region. This circular tent forms a strain field where the biaxial tensile strain starts 

at zero outside the circle and then increases continuously until maximizing at the tent apex. Figure 

1b shows an SEM image of a thick GaSe flake (thickness ~ 150 nm) tented on SiO2 nanopillar 

arrays. Hyperspectral CL images are acquired for a variety of nanopillars and demonstrate a wide 

emission wavelength distribution spanning ~590 nm (~2.10 eV) to ~900 nm (~1.38 eV). Note 

GaSe is an indirect semiconductor with a small energy difference between its direct bandgap (2.07 

eV) and indirect bandgap (2.03 eV), resulting in the observed broadband direct, indirect, and bound 

exciton emissions between ~590 nm (~2.10 eV) and ~620 nm (~2.0 eV)37,38. Figures 1c and 1d 

highlight the large-area CL response across the inset optical image in Figure 1b. Figure 1c 

illustrates the integrated CL intensity for wavelengths between 590 nm (~ 2.10 eV) and ~ 620 nm 

(~ 2.0 eV), corresponding to the band edge emission of GaSe; in this band, most of the CL is 

observed around the circumference of the tents, with minimal CL observed at the center of the 

pillars or in the unstrained areas between pillars. Figure 1d illustrates the integrated CL intensities 

between 650 and 900 nm, which are below the indirect bandgap of unstrained GaSe. These sub-

bandgap emissions localize near the centers of the tents. The full hyperspectral CL mapping across 

these pillars is also visualized39. A statistical description of the emission wavelengths of the 

strongest emission band in each CL spectrum is summarized and shown in Supplementary Figure 

S1a.  

While the spectrum image shown in Figure 1 provides a global picture of the effect of strain on 

excitons in GaSe, it is limited to a 180 nm spatial resolution because of the 100 ms dwell time 

required to acquire a spectrum at each pixel and the size of the composite image. In the following 

sections, we investigate the strain-controlled emission properties with higher spatial resolution and 

reduced field of view. 
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Hyperspectral CL line scan and AFM measurements of multilayer GaSe on SiO2 nanopillars  

In order to better understand the effects of nanoscale strain gradients on excitons in GaSe, a high-

resolution CL line scan across two pillars with a spatial resolution of 20 nm was performed on a 

70-nm-thick flake shown in Figure 2a. Figure 2b shows an AFM height profile across pillars A 

and B. The fabricated pillars have conical frustum geometries as a result of the reactive ion etching 

process, and the full width at half maximum (FWHM) of pillars A and B are 450 nm and 410 nm, 

respectively. When GaSe is transferred on the pillars, the average height of both tents is ~ 100 nm 

while the average FWHM is ~ 1.1 𝜇m. The peak-to-peak distance of the two tents is ~2.6 𝜇m.   

The dashed white arrow in the SEM image in the left panel of Figure 2c illustrates the CL line-

scan path from the region slightly above tent A (position 1), across the apex of tent A (position 2), 

the flat region between tent A and B (position 3), and the apex of tent B (position 4), to the flat 

region below tent B (position 5). The right panel of Figure 2c shows the position-dependent CL 

spectra acquired by the CL line scan. As the electron beam approaches the apex of tents A and B, 

the broad band-edge emission between 590 nm (~ 2.10 eV) and 620 nm (~2.0 eV) experiences a 

slight redshift (up to ~ 20 nm), and its intensity decreases gradually. This observation of decreasing 

indirect-exciton emission intensity with increasing strain is common in 2D layered materials40,41. 

At the tent apex, the band edge emission almost vanishes. Meanwhile, sub-bandgap CL bands near 

700 nm (~1.77 eV) and 750 nm (~1.65 eV) are strongly enhanced and redshifted with increasing 

strain. We attribute these bands to the localized excitons that are associated with trap states in 

GaSe35,37,38,42,43. In addition, as shown in Figure S2a, the sub-bandgap CL enhancement was 

quantified through the position-dependent integrated CL intensity ratio 
𝐼𝑋𝑆

𝐼𝐸𝑔

 , which is the ratio of 

the integrated sub-bandgap CL intensity (𝐼𝑋𝑆
, between 650 nm and 800 nm) over the band-edge 

CL intensity (𝐼𝐸𝑔
, between 590 nm and 650 nm). The sub-bandgap CL is two orders (

𝐼𝑋𝑆

𝐼𝐸𝑔

 = 184) 

and one order (
𝐼𝑋𝑆

𝐼𝐸𝑔

 = 16) of magnitude stronger than the band-edge CL on tents A and B. The CL 

results for tents A and B show strong consistency, with the only exception being the sub-bandgap 

emission intensity. This suggests that the sub-bandgap CL bands on each pillar arise from the same 

type of defect-induced trap states. However, the difference in radiative efficiency between tents A 

and B could be attributed to inhomogeneous defects with varying carrier concentrations. This 
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variation was the primary reason for the differences in the intensity of single photon emitters across 

sites in 2D hBN and WSe2
15,44,45. 

Compared to the band-edge emission centered at 610 nm in the unstrained area, the sub-bandgap 

CL bands on the pillar apexes are significantly redshifted (up to ~ 100 nm). Similar strain-induced 

redshifts and enhancement of emission intensities have been reported for SPEs in strained 

monolayer WSe2 13,14. The increasing strain from the pillar edge to pillar apex results in a 

continuous decrease in the bandgap and tuning of the bandgap across randomly distributed trap 

states, resulting in significantly improved radiative efficiency14,15. Moreover, a previous study on 

PL emission of unstrained GaSe flakes46 suggests that the prevalence of non-radiative decay 

pathways due to surface traps causes the low quantum efficiency of the sub-bandgap luminescence. 

Five CL spectra collected at positions 1 – 5 are presented in Figure 2d: spectra 1 and 3 (collected 

at the edges of tents A and B) show weak band edge CL centered at 610 nm (~ 2.03 eV) and even 

weaker sub-bandgap CL bands near 700 nm (1.77 eV); spectra 2 and 4 are collected at the apexes 

of tents A and B, where the sub-bandgap emission at ~ 780 nm dominates the CL spectrum; 

spectrum 5 is collected away from tents A and B and only shows weak band-edge CL centered at 

605 nm (2.05 eV) and 610 nm (~ 2.03 eV) without any sub-bandgap CL observed.  

Correlative microscopy and strain simulations of a single tent   

To understand the spatial correlation between nanoscale biaxial strain and excitonic luminescence 

in a quantitative fashion, we perform hyperspectral CL mapping of a single tent with ~40 nm 

spatial resolution and reveal its correlation with the biaxial strain within that tent based on Landau 

continuum theory20,47. Figure 3a shows an SEM image of tent A (highlighted in the optical image 

of Figure 2a), where the dark square indicates the CL mapping area. No obvious beam-induced 

damage was observed within this area, but a higher pixel density was used within the CL mapping 

area, causing the change in contrast. Figure 3b shows an AFM image of the same area. The area 

in the dashed circle is the tent area, which is ~ 1.3 𝜇m in diameter. Figure 3c illustrates the 

simulated strain divided into three regions by the two dashed circles: 1. high-strain area (1.0% - 

2.6%); 2. low-strain area (0% - 1.0%); 3. strain-free area (0%). The strain-free region is more than 

~ 1.4 𝜇m away from the center of tent A; the high-strain area (1.0% - 2.6%) is less than ~ 0.6 𝜇m 
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from the center of tent A; the low-strain area lies in the annulus between the strain-free and high-

strain areas.  

This delineation of distinct strain regions is enabled by the analysis of the principal components 

of the spectrum image via non-negative matrix factorization (NMF). NMF is a powerful linear 

algebra algorithm for multivariate analysis that has been widely used for modeling spatial and 

temporal variation and evolution of principal spectral components in spectroscopic studies, 

including fluorescence images48,49 and CL microscopy24,50. NMF treats a spectrum image as a 

product matrix M of two matrices W (weight) and P (principal component): M = W×P. Therefore, 

a CL hyperspectral map can be interpreted as the spatially weighted sum of its spectral components 

(emission wavelengths). For the CL spectrum image of tent A, ten principal emission lines are 

identified (see more details in Table S1 in Supplementary information). Here, because initial 

analysis indicated no strong correlations between distinct spectral lines, the ten spectral 

components from the CL mapping of pillar A were fit to Voigt functions and used as priors for 

NMF analysis (see more details in Section 2 of Supplementary Information). The spatial 

distribution of the three most prominent components centered at 610 nm, 703 nm, and 760 nm are 

illustrated in Figure 3d-f. Other spectral lines with lower intensity are described in supplementary 

Figure S4. Figure 3d shows that the band-edge emission centered at 610 nm emerges in the low-

strain area between the outer and inner dashed circles. In contrast, sub-bandgap CL at 703 nm and 

760 nm is observed primarily in the high-strain area inside the inner circle (Figures 3e and 3f). 

The intensities of the sub-bandgap CL bands in the high-strain area are one order of magnitude 

stronger than the band edge CL observed in the low-strain area, which is supported by the mapping 

results of the position-dependent integrated CL intensity ratio 
𝐼𝑋𝑆

𝐼𝐸𝑔

 shown in Figure S2b.  

Similar analyses for all ten CL spectral components are shown in supplementary Figure S4, clearly 

illustrating the CL redshift with increasing strain. We also performed PL mapping and NMF 

analysis over pillar A with an incident power density of 15 nW/𝜇𝑚2. The result is summarized in 

Figures S5, S6, and S7 and is roughly consistent with the CL results despite the relatively coarse 

spatial resolution of PL microscopy. In short, the CL mapping results clearly show a strong 

correlation between the strain and the emission in GaSe, where the band edge emission and sub-

bandgap emission wavelengths can be tuned in a large range from 590 nm (2.10 eV) to 630 nm 
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(1.97 eV) and 680 nm (1.82 eV) to 780 nm (1.59 eV), respectively. Moreover, the tensile strain-

controlled redshift rate of sub-bandgap emission energy is calculated as ~100 meV/%, which is 

much larger than that of 51 meV/% for strain-localized WSe2 SPEs14. 

DFT calculations of band structures of biaxially tensile-strained GaSe  

To better understand the origins of the strain-induced redshifts and changes in the intensities of 

both band-edge and sub-bandgap CL, we simulate the band structure of bulk GaSe under the 

biaxial tensile strain of 0% to 6% with DFT using the PBE functional. As shown in Figure 4a, 

under increasing biaxial tensile strain, the conduction band energies continuously decrease while 

the valence band energies increase (Supplementary Figure S10a), resulting in a bandgap redshift 

rate of -0.16 eV/% (Figure 4b). While DFT calculations with PBE functionals usually 

underestimate bandgaps, our focus here is on the change in bandgap with increasing strain rather 

than on quantitative models of the actual bandgap. Thus, the observed redshift of band-edge CL is 

consistent with the strain-induced bandgap redshift from the simulation results.  

GaSe retains its indirect gap across the full range of modeled strain; no strain-induced indirect-to-

direct transitions are observed from the simulation results. However, the DFT model does show 

that the momentum difference between the CBM and VBM for the strained GaSe is larger than 

that of unstrained GaSe (Supplementary Figure S10b), which might explain the strain-induced 

decrease in band edge CL intensity. In addition, the decreasing emission intensities of indirect 

excitons with increasing strain are common in 2D layered materials40,41.  

Moreover, the strain-induced redshift of bandgaps also contributes to the observed redshift in the 

sub-bandgap CL. Based on the modeled redshift rate of -0.16 eV/%, the strain map in Figure 3d 

can be replotted as the strain-redshift map shown in Figure 4c. The increasing strain from the edge 

to the apex of the tent results in decreasing bandgaps, and the maximum amount of biaxial tensile 

strain of ~ 2.6% at the apex of the tent corresponds to a CL redshift to ~770 nm, consistent with 

the maximum observed CL emission wavelength of 780 nm. Figure 4d further illustrates the 

strain-dependent energies of the CBM and VBM, where the position-dependent energy states of 

the CBM and VBM exhibit funnel shapes consistent with the “Type-I” funneling1.  

“Type-I” funneling yields bandgap gradients that result in the aggregation of excitons approaching 

the funnel center51 and the formation of a “2D exciton reservoir”52. The exciton drift length is a 
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critical metric of the effective formation of a 2D exciton reservoir. The effect of the exciton drift 

length on the number of excitons collected at the funnel center has been extensively studied in 2D 

materials1,4,52–54. In order to realize efficient exciton funneling to the center, the exciton drift length 

𝑙𝑑𝑟𝑖𝑓𝑡 should be set at least the funnel radius R (defined as the distance from the unstrained area to 

the center), 𝑙𝑑𝑟𝑖𝑓𝑡=R. The exciton drift lengths of GaSe excitons confined by nanoscale strain can 

be described as1: 

𝑙𝑑𝑟𝑖𝑓𝑡 = 〈𝜈〉𝑑𝑟𝑖𝑓𝑡𝜏1/2 = 
𝛻𝐸𝑒𝑥𝑐

𝑚𝑒𝑥𝑐
𝜏𝑑𝑒𝑝ℎ𝑎𝑠𝑒𝜏1/2 

Where 𝜏1/2 is the exciton lifetime, 𝜏𝑑𝑒𝑝ℎ𝑎𝑠𝑒 is the phase relaxation time, and 〈𝜈〉𝑑𝑟𝑖𝑓𝑡 is the average 

drift velocity. 𝛻𝐸𝑒𝑥𝑐 is the spatial exciton energy gradient and 𝑚𝑒𝑥𝑐 is the exciton mass. Therefore, 

𝛻𝐸𝑒𝑥𝑐 can be approximated by 
∆𝐸𝑒𝑥𝑐

𝑅
, leading to the radius of the funnel R: 

R = √𝑚𝑒𝑥𝑐
−1 ∆𝐸𝑒𝑥𝑐𝜏𝑑𝑒𝑝ℎ𝑎𝑠𝑒𝜏1/2 

In the unstrained region, the energy variation ∆𝐸𝑒𝑥𝑐 of GaSe excitons is ~50 meV37. We use the 

reported translational exciton mass (sum of the effective masses of electron and hole) of GaSe 

2.5𝑚0 (𝑚0 is the electron rest mass: 0.511× 106 eV) obtained from DFT simulation (see more 

details in Figure S11 of the supporting information), and the dephasing time 𝜏𝑑𝑒𝑝ℎ𝑎𝑠𝑒 of GaSe 

exciton of  ~11 ps55–57. The lifetime 𝜏1/2 of GaSe direct excitons has been reported as ~40-200 ps 

at 4.2 K46,58. Then, the exciton drift length in the unstrained region is calculated as ~1.2–2.8 𝜇𝑚, 

which is larger than the tent radius of ~1.4 𝜇𝑚. Thus, excitons can be efficiently funneled to the 

center of the pillar tent. 

Besides, the defect and impurity59,60 existing in GaSe introduce trap states46 lying below the band 

gap. Bound excitons associated with these trapped states overlap in the emission spectrum and 

exhibit as broad peaks35,38. Previous work has demonstrated that pressure61 and  strain gradients14,15 

can cause the shift of these trap states and isolate these discrete energy levels from the continuous 

energy bands. Intriguingly, these discrete energy states residing in the strain-induced energy funnel 

show discrete lines, leading to high-intensity counts on the emission spectrum similar to those of 

quantum wells and quantum dots62. Thus, the probability of exciton formation is increased while 

the non-radiative recombination pathways63 are decreased, resulting in a higher probability of 
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emitting photons upon excitation. To summarize, the increasing strain not only creates a "Type-I" 

funnel by red-shifting the bandgaps but also introduces discrete trap states. The combined effect 

leads to the observation of enhanced and well-isolated sub-bandgap emission peaks. 

Photon statistics of SPEs under electron-beam and optical excitation   

Finally, we performed Hanbury Brown–Twiss (HBT) measurements on the CL and PL from the 

same pillar region in order to understand the photon correlations associated with the strain 

localized exciton manifold. Figure 5a illustrates the CL spectrum of an emitter at 627 nm on pillar 

A. The CL and PL spectral components are not identical to one another as discussed in section 1 

of the supplemental information, but based on the NMF decompositions shown in Figures S4c and 

S6e, we anticipate that the emitter seen here is the same as the emitter seen at 627 nm in Figure 

S6e. Figure 5b shows the associated photon correlation function with 𝑔(2)(0) = 2.92±0.03 with 

a time constant of 4.2 ns (fitting details are discussed in Supplementary Section 8). The observed 

CL bunching is consistent with previous reports of the impulsive high-energy electron excitation 

of ensembles of emitters21,25,26. Figure 5c shows a PL spectrum acquired on pillar A after the CL 

measurements with an incident power density of 1 nW/𝜇𝑚2, where this 627 nm emitter is also 

observed. However, the PL emission shows weak antibunching with g(2)(0) = 0.59 ± 0.06, and 

a time constant of 0.48 ns (Figure 5d) in contrast to the bunching and slower dynamics observed 

in CL. This 627 nm emission from the PL measurement can be deconvolved into an exciton peak 

at 1.980 eV (626.2 nm) and two biexciton peaks at 1.979 eV (626.6 nm) and 1.981 eV (625.9 nm) 

according to the high-resolution PL spectrum shown in Figure S12a. The spectral overlap between 

the exciton and biexciton features is clearly detrimental to the GaSe exciton SPE purity16. Indeed, 

as shown in Figure S12c, given a larger incident power density of 10 nW/𝜇𝑚2, the purity of this 

SPE continues to degrade to g(2)(0) = 0.72 ± 0.07 , and a shelving state64,65 related to the 

interaction between exciton and biexciton states emerges with 𝑔(2)(𝜏)>1 for small |𝜏| > 0. The 

appearance of the shelving state is a result of the increasing impact of radiative biexcitons on the 

photon statistics with growing incident power density. With this framework in mind, the CL 

bunching observed here can be explained as a result of a radiative biexciton cascade66–69.  

Moreover, we characterized another SPE on pillar A at 694 nm (as shown in Figures 5e and 5f) 

by PL excitation and observed g(2)(0) = 0.43 ± 0.04 and a decay time-constant of ~ 0.2±0.02 ns 



12 

 

(using a 128 ps time bin). We anticipate that the 694 nm PL observed here originates from the 

same emitter seen in the 703 nm CL component shown in Figure S5e and the 694 nm PL  

component shown in Figure S6h. This emitter can also be deconvolved into an exciton peak at 

1.792 eV (692 nm) and a biexciton peak at 1.787 eV (694 nm), as described and identified by 

power-dependent measurements shown in supplementary Figure S13. Also, the power-dependent 

PL antibunching of this SPE is summarized in Figures S14a and S14b. Notably, neither emitter 

exhibited any changes in photophysics induced by the electron-beam. 

 

Conclusion 

In conclusion, correlative cathodoluminescence, photoluminescence, and atomic force 

microscopies complemented by DFT modeling provide a true nanoscale picture of strain-localized 

SPEs in GaSe. The strain-localized SPEs are with a broad range of emission wavelengths from 

620 nm to 900 nm. We show substantial strain-controlled tuning of localized excitons across a ~ 

100 nm bandwidth. A “Type-I” energy funneling effect leads to luminescence enhancement and 

redshift with increasing strain. With higher exciton densities at the funnel center, radiative 

recombination from exciton complexes (excitons and biexcitons) that are associated with trap 

states are significantly enhanced compared to those in the unstrained area. CL photon bunching 

with a 4.2 ns time constant was observed and attributed to radiative biexciton cascade processes. 

Despite the challenge of probing CL antibunching in excitonic complexes, our PL measurements 

on the same pillar confirm the presence of isolated SPEs. The observation of PL antibunching after 

CL measurements also highlight the stability of these GaSe SPEs. The combined nanoscale 

understanding of strain-induced SPE dynamics and energetics provided by these correlative 

microscopies provides a framework for the deterministic generation of bright and robust GaSe 

SPEs with highly controllable and tunable wavelengths. More broadly, a nanoscale understanding 

of strain and exciton funneling should translate to many other classes of SPEs in 2D materials and 

provide critical insights for other photonic applications such as lasing, photovoltaic conversion, 

and optical detection.  
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Methods. Preparation of GaSe samples. Bulk GaSe was synthesized using the chemical vapor 

transport (CVT) method70 as described in our previous work16. The GaSe flakes with various 

thicknesses are obtained through mechanical exfoliation of the high-quality bulk crystals. 

Fabrication of SiO2 nanopillars and dry transfer of GaSe flakes: Nanopillar (150 nm, 200 nm, and 

250 nm in diameter) arrays were fabricated via electron beam lithography. The GaSe flakes with 

various thicknesses are obtained through mechanical exfoliation of the high-quality bulk crystals 

and then transferred to the nanopillars. The details could be referred to in our previous work16.  

Photoluminescence spectroscopy. The cryo-PL and associated photon statistics measurements 

were performed in a home-built confocal PL microscope in a backscattering configuration. A 

Princeton Instruments Isoplane SCT-320 spectrograph with a PIXIS 400BR Excelon camera and 

a grating turret with 150 g/mm, 600 g/mm, and 2400 g/mm gratings were used to measure PL 

spectra with spectral resolutions of ~ 3.25 meV, ~ 300 𝜇eV, and ~ 30 𝜇eV, respectively. A 532 nm 

diode laser (Cobolt) was used for excitation. A 100x in-vacuum objective (Zeiss, NA = 0.85) was 

integrated with the Montana S100 closed-cycle cryostat. The PL mapping was controlled by 2-

axis galvo scanning. The photon-antibunching measurements utilized a pair of large-area 

superconducting nanowire single-photon detectors (SNSPDs, Quantum Opus) and a Swabian 

Time Tagger 20 time-correlated single photon counting (TCSPC) system. A 90:10 non-polarizing 

beam splitter was used to allow for PL (10% coupling efficiency) and photon correlation functions 

(90% coupling efficiency) to be acquired in parallel.  

Cathodoluminescence microscopy. The cathodoluminescence microscopies were performed in an 

FEI Quattro SEM with a Gatan dual fuel cryostage and a Delmic Sparc cathodoluminescence 

module. The sample was cooled to 9 K with liquid helium, and all spectra were acquired on an 

Andor Kymera spectrograph with an Andor Newton CCD camera. All CL photon statistics 

measurements were performed by fiber coupling the CL into the same SNSPDs used for the 

photoluminescence measurements. 

Monte Carlo simulations of electron interaction volume in GaSe: Monte Carlo simulations were 

performed to calculate the electron interaction volume in GaSe by the CASINO program13,14.  

More details can be referred to Section S11, Figures S15 and S16 of supporting information.  
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DFT simulations. Plane-wave DFT calculations were carried out using the Vienna Ab initio 

Simulation Package28,29 (VASP) with projector augmented wave (PAW) pseudopotentials28,30,31 

for electron-ion interactions, and the generalized gradient approximation (GGA) functional of 

Perdew, Burke and Ernzerhof71 (PBE) for exchange-correlation interactions. The details of 

geometry optimization of bulk GaSe was shown in our previous work16. The electronic band 

structure post-analysis was carried out using the VASPKIT package72. 
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Figure 1. CL imaging of GaSe flakes on SiO2 nanopillar arrays. (a) Illustration of GaSe on the 

nanopillar and exciton funneling effect. (b) SEM and inset optical images of a 150-nm-thick GaSe 

flake tented on a SiO2 nanopillar array. (c) CL intensity map integrated across wavelengths of 590-

620 nm for a representative array of pillars (highlighted area in (b)) measured at T = 9 K, with an 

incident electron beam energy of 5 keV, a beam current of 28 pA, and a spatial resolution of 180 

nm. (d) CL intensity map integrated across wavelengths of 650-900 nm for the same representative 

array of pillars measured at T = 9 K.  
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Figure 2. CL line scan of GaSe flakes on SiO2 nanopillar arrays. (a) Optical image of a 70-nm-

thick GaSe flake tented on a SiO2 nanopillar array. CL line scan measurements are performed 

along Pillars A and B. The scale bar is 2 𝜇m. (b) Five representative CL spectra from positions 1 

– 5, as labeled in the left panel of (c). The intensities of spectra 1, 3, and 5 are scaled up 10-fold 

for comparison with the other spectra. (c) left panel: SEM image of the highlighted area in (a). The 

scale bar is 1 𝜇m. The vertical dashed white arrow shows the CL line scan path. The right panel 

shows the CL line scan acquired with 20 nm spatial resolution measured at T = 9 K. The horizontal 

dashed lines are guides to the positions 1 – 5 where the CL spectra were collected. (d) AFM height 

profiles of tents A and B (black), and the associated SiO2 pillars A (red) and B (blue). 
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Figure 3. NMF decomposition of CL spectrum image measured at T=9 K. (a) SEM image of 

pillar A (labeled in Figure 2a) for CL mapping. (b) AFM image of pillar A, dashed lines are guides 

to the eye. (c) Simulated strain distribution over the pillar according to AFM height profile in (b). 

(d) – (f) Intensity maps of three emissions at 610 nm, 703 nm, and 760 nm, respectively. 
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Figure 4. Biaxial tensile strain-modulated redshift of bandgaps. (a) DFT calculated band 

structures under different biaxial tensile strains from 0% to 6%. (b) Simulated redshift of bandgap 

(eV) as a function of biaxial tensile strain (%). (c) Correlation of the simulated bandgap converted 

into wavelength (nm) with the calculated strain distribution map shown in Figure 2(d). Dashed 

lines are guides to the eye. (d) Correlation of the simulated electron (CBM) and hole (VBM) 

energy profiles with the calculated strain distribution map shown in Figure 2(d).   
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Figure 5. Comparison of the CL (at 9K) and PL (at 3.5K) photon statistics of emitters at 

pillar A. (a) A representative CL spectrum measured on tent A at T = 9 K, with an incident electron 

beam energy of 5 keV and a beam current of 28 pA. (b) Photon bunching measured for the 627 

nm emitter in (a) acquired without a bandpass filter. The fitted second-order correlation function 

shows g2(0)= 2.92±0.03. (c) A PL spectrum collected on tent A at T = 3.5 K and with an incident 

laser power density of 1 nW/𝜇𝑚2. The orange shaded area indicates the spectral window of the 

narrow bandpass filter for photon antibunching measurements. (d) Photon-antibunching measured 

for this 627 nm emitter acquired using a narrow bandpass filter (625 nm, FWHM) = 10 nm. The 

fitted second-order correlation function shows g2(0)=0.59±0.06. (e) Another PL spectrum 

measured on tent A at T = 3.5 K and with an incident laser power density of 10 nW/𝜇𝑚2. tThe 

orange shaded area indicates the spectral window of the narrow bandpass filter for photon 

antibunching measurements. (f) Photon-antibunching measured for the 694 nm SPE in (e) acquired 

using a narrow bandpass filter (697 nm, FWHM = 10 nm). The fitted second-order correlation 

function shows g2(0)=0.43±0.04.  

 

 


