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ABSTRACT: The nanoscale strain has emerged as a powerful tool e
for controlling single-photon emitters (SPEs) in atomically thin
transition metal dichalcogenides (TMDCs). However, quantum
emitters in monolayer TMDCs are typically unstable in ambient
conditions. Multilayer two-dimensional (2D) TMDCs could be a
10 solution, but they suffer from low quantum efficiency, resulting in low
11 brightness of the SPEs. Here, we report the deterministic spatial
12 localization of strain-induced SPEs in multilayer GaSe by nanopillar
13 arrays. The strain-controlled quantum confinement effect introduces
14 well-isolated sub-bandgap photoluminescence and corresponding
15 suppression of the broad band edge photoluminescence. Clear
16 photon-antibunching behavior is observed from the quantum dot-like
17 GaSe sub-bandgap exciton emission at 3.5 K. The strain-dependent
18 confinement potential and the brightness are found to be strongly
19 correlated, suggesting a promising route for tuning and controlling SPEs. The comprehensive investigations of strain-engineered
20 GaSe SPEs provide a solid foundation for the development of 2D devices for quantum photonic technologies.
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22 l INTRODUCTION bandgaps,"”'* allowing for possible strain-induced indirect- 47
to-direct bandgap transitions."> Prior PL studies of GaSe have 43
shown that strain manipulation can significantly enhance its 49
band edge PL emission by one order of magnitude.'®'” so
However, reports of GaSe hosting SPEs are limited to the s1
observations of randomly distributed SPEs that have been s2
attributed to strain-bound excitons caused by inhomogeneous s3
selenium clusters in the material.'"®'? To date, deterministic s4
control of SPEs in multilayer GaSe with local strain has not ss
been demonstrated. 56

In this study, we report an order-of-magnitude enhancement s7
of the sub-bandgap PL emission from strained multilayer GaSe sg
flakes (with thicknesses between 20 and S0 nm) on SiO, so
nanopillar arrays. Strong PL from strain-confined excitons and 6o
biexcitons with emission energies between 1.6 and 2.0 eV is 61
observed at a temperature of T = 3.5 K. Notably, the exciton 62
PL of GaSe at most pillar locations exhibits photon- 63
antibunching characteristic of single-photon emission. By 64

23 Over the past two decades, the scalable and controllable
24 generation of SPEs with high brightness, purity, and
25 indistinguishability has emerged as a critical requirement for
26 developing photonic quantum technologies.”* Recently, SPEs
27 in 2D layered materials have drawn increasing interest because
28 of the potential for deterministic generation and integrability
20 with photonic devices.” SPEs arising from defect-bound
30 excitons have been observed in monolayer TMDCs, such as
31 WSe,*™® with nanoscale strain providing deterministic control
32 of SPEs."”” Nevertheless, SPEs in monolayer TMDCs are
33 sensitive to ambient instabilities that can cause a significant
34 variation in the observed quantum optical properties.”'’ On
35 the other hand, multilayer TMDCs, which exhibit better
36 stability, have indirect bandgaps and do not exhibit intense
37 photoluminescence (PL)."" As a result, research targeted at the
38 control of SPEs in environmentally robust multilayer TMDCs
39 has remained limited.

40 In contrast to the decreasing quantum yield of TMDCs with
41 increasing numbers of layers, the band edge PL of layered
42 GaSe increases dramatically with increasing numbers of
43 layers,12 suggesting that multilayer GaSe is a potential host
44 for environmentally robust SPEs. Although multilayer GaSe
45 has an indirect bandgap of 2.05 eV, there is a very small energy
46 difference (<0.1 eV) between its indirect and direct
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Figure 1. GaSe single photon emitters on nanopillar arrays. (a) Ilustration of GaSe thin film tented on the pillar. For simplification, we used
monolayer GaSe instead of multilayer GaSe in the illustration. (b) PL intensity map integrated across wavelengths of 600—800 nm for a
representative array of pillars measured at T = 3.5 K, with an incident laser power density of 2 #W/um? The inset optical image (scale bar, 5 um)
shows an exfoliated GaSe flake transferred onto SiO, nanopillar arrays. (c)Representative PL spectrum of GaSe on pillar apex with an incident laser
power density of 66 nW/um? measured at T = 3.5 K. The single photon emission is labeled as X;. (d) Photon-antibunching measured for Xg
acquired using a narrow band pass filter (650 nm, full width at half maximum (FWHM) = 10 nm) with an incident laser power density of 66 nW/
um?* measured at T = 3.5 K. The fitted second-order correlation function shows g(z)(O) =0.32 + 0.02.

varying the incident laser power density, we show that the
biexciton emission can be suppressed, resulting in improved
single-photon purity. Moreover, the strain distribution around
the pillar area is analyzed and used to quantify the effect of the
strain-dependent quantum confinement on the emitter bright-
ness with Pearson correlation analysis.”” It clearly shows the
positive correlation between strain, confinement potential, and
brightness of the emitters. The control of confinement
potential through localized strain in these nanopillar geo-
metries thus provides a key tool for fundamental studies of SPE
photophysics in multilayer GaSe and for the development of
2D quantum photonic devices.

B RESULTS AND DISCUSSION

PL and Photon-Antibunching Characterization of
Emitters in Multilayer GaSe. As shown in Figure Ia,
multilayer GaSe flakes (with a thickness of ~30 nm) are first
mechanically exfoliated from high-quality e-type GaSe bulk
crystals (the crystal structure of a monolayer and Raman
spectrum of GaSe bulk crystal are shown in Supplementary
Figure S1) and then transferred to a Si substrate with pre-
patterned SiO, nanopillar arrays (see more details on the
sample preparation and pillar topography in Supplementary
Figures S2 and S3, respectively). For simplification, we
illustrate monolayer GaSe instead of multilayer GaSe in the
schematic shown in Figure la. The SiO, nanopillar arrays were
designed with three diameters of ~150, ~200, and ~250 nm,
and an average height of ~100 nm (Supplementary Figure S4).

The nanopillar diameters were chosen to be less than half of 92

the excitation wavelength of 532 nm to drive quantum
confinement effects.” The GaSe flake is tented uniformly on
most pillars without piercing or breakage (as shown in the
AFM image of Supplementary Figure SS5). Since the PL
intensity of GaSe increases drastically for thickness between 20
and 50 nm,"” the thicknesses of all GaSe flakes studied inthis
study, are within this range. Figure 1b shows an extracted PL
intensity map (measured at T = 3.5 K with a laser power
density of 2 uW/um? The complete map is—shown—in

i of a prototypical GaSe flake
(thickness, ~30 nm) transferred onto a SiO, nanopillar array
£ i i - At this moderately high laser
power density, several PL bands are observed spanning 600—
750 nm (Supplementary Figure S7). The ratio of the strain
localized GaSe PL to the band edge emission Xi is

significantly enhanced by two orders of magnitude on the
pillars. At a much lower laser power density of 44 nW/um? PL
spectra measured at T = 3.5 K on the pillars exhibited a few
strong and well-separated features without the broad back-
ground or additional defect-related bands that are often
observed in WSe,” and hBN.”"** For example, in Figure lc,
the PL spectrum collected from GaSe on a pillar shows a single
peak X at ~1.90 eV (~652 nm), about ~0.15 eV below the
well-studied GaSe band edge emission Xg, at 2.05 eV. 2372
Note that the emission energies of GaSe SPEs measured here
are consistent with previous study on GaSe SPEs associated
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Figure 2. Power density-dependent PL spectra and photon-statistics measurements of the same GaSe SPE at ~1.90 eV (~652 nm) (shown in
Figure 1c) acquired at T = 3.5 K. (a) Selected power density-dependent PL spectra of the SPE under relatively low excitation power density (<150
nW/um?). (b) Photon antibunching measurements of this SPE under different incident laser power densities. (c) Deconvolution of a PL spectrum
of the SPE excited under a relatively high excitation power density of ~300 nW/um” that consists of three biexcitons (XX, XX,, and XX;) and one
exciton (Xg) feature. (d)Integrated counts of the three biexcitons and the exciton as a function of incident laser power density.

with strain developed on GaSe film on randomly distributed
selenium clusters.'®

To evaluate the antibunching performance of this SPE,
Hanbury Brown—Twiss (HBT) interferometry was used to
characterize the second-order correlation function g(z)(r) of
the emission peak Xg at ~1.90 eV (~652 nm). As shown in
Figure 1d, antibunching with g(z)(O) = 032 + 0.02, and a
decay time-constant of ~4.1 = 0.7 ns is observed (the fitting
details are discussed in Section 6 in the Supplementary
Information). Overall, we investigated 97 emitters in total (as
shown in Figure S8a), among them, 62 emitters have g(z)(O) <
0.5, which are identified as SPEs; 35 emitters have 0.5 < g(z)(O)
< 1, which are identified as non-SPEs. The g®(0) values of
SPEs range from 0.2 to 0.5 (as shown in Figure S8b). The

133 g§2(0) values of non-SPEs range from 0.5 to 0.8 (as shown in
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Figure S8c). Also, the wavelengths of SPEs and non-SPEs that
investigated match well with the results shown in Supple-
mentary Figure S9. We also identify GaSe SPEs on the pillars
with energies of 1.65—2.0 eV and time constants of 0.7—15.5
ns, as summarized in Supplementary Figures S10 and S11.
However, the observed sub-bandgap transitions exhibit varying
single-photon purity, as shown in Supplementary Figure S12,
some emitters with g(z)(O) > 0.5 are also observed. The GaSe
SPEs exhibited an average wandering value of ~0.5 nm under
different incident laser power densities (Supplementary Figure
S13). Note that the spectral wandering values, typically larger
than 2 nm, were observed for WSe,””’~>'and hBN**~** SPEs
without any engineering. However, no significant blinking or
bleaching is observed for all the SPEs studied. Moreover, our
samples were kept in a glove box filled with inert gas (N,/Ar)

despite a few hours of exposure in the air due to transferring
and loading. They did not experience obvious degradation
(Supplementary Figure S14) like in the previous report.”>~>*
After 18 months, the samples still exhibited strong emission
intensities on the pillars (Supplementary Figure S15), and an
SPE was characterized (Supplementary Figure S16).

Power-Dependent PL and Photon-Antibunching
Characterization of a GaSe SPE. Note that the incident
laser power density is critical in the single-photon purity.
Previous studies of SPEs in quantum dots,” carbon nano-
tubes,”” color centers in diamond,*’ and WSe,"” have
demonstrated that a low excitation power density is required
to minimize the emergence of additional excited states that can
reduce the SPE purity. Power-dependent photon antibunching
has been extensively investigated in WSe,’”*’ and hBN***
SPEs, but remains underexploited in GaSe SPEs. Therefore, to
probe the interplay between brightness and purity for this 1.90
eV SPE, we performed PL and HBT interferometry measure-
ments with various incident laser power densities. Figure 2a
shows five high-resolution spectra collected with incident laser
power densities e(&ZZLto 131 nW/um? a single symmetric
exciton peak Xg (at ~1.90S eV) is present at laser power
densities below 87 nW/um? A weaker biexciton peak XX (at
~1.916 eV) emerges on the higher energy side of the excitonic
peak X (energy shift IAEl ~ 11 meV) and becomes relatively
prominent for an incident laser power density of ~131 nW/
um?. Note that the biexciton formation with a binding energy
of ~2 meV was reported for GaSe.*

Figure 2b illustrates HBT interferometry measurement
results as functions of incident laser power densities: g(z)(O)
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Figure 3. Characterization of a GaSe SPE at 1.99 eV (~620 nm) with a horizontally polarized excitation at T = 3.5 K. The incident laser power
density is 110 nW/um? and a narrow band pass filter (622 nm, FWHM = 10 nm) was used for antibunching measurements. (a) Parallel- and cross-
polarized PL spectra. (b) Second-order correlation function for the same SPE with the unpolarized collection. (c) Integrated polarization-
dependent PL intensities from the exciton at 1.99 eV (~620 nm) and biexciton at 2.02 eV (~61S5 nm), respectively. The increment of measurement

was 2.5°.

remains less than 0.5 when the incident laser power density is
in the range of 60—130 nW/um’ (the photon-antibunching
results obtained at different powers could be referred to
Supplementary Figure S17a—h). With the increase of the laser
power density, the g(z) (0) increases and the SPE purity
reduces, due to the increased contribution of the biexciton that
is too close to the exciton to be filtered by the narrow band
pass filter. Also, continuously decreasing the power would not
improve the g(z) (0). As inhomogeneous linewidth broadening
caused by multiple complicated sources, such as electron—
phonon coupling,*”** ‘and defect-related non-radiative
decay,” ™ will play a significant role in the SPE quality,
leading to the decrease of the g(z)(O). In addition to the power-
dependent g(z) (0), we further performed the spectral weight
analysis in Supplementary Figure S12i. The SPE spectra
lineshapes are fitted by Voigt function (V(x)), which is the
sum of Gaussian (inhomogeneous broadening) and Lorentzian
(homogeneous broadening) functions: V(x) &~ (1 — v)L,(x) +
(v)G,(x), where the spectral weight v determines the overall
lineshape, G;(x) and L,(x) are a Gaussian and a Lorentzian
functioni For SPE that follows an exact two-state transition, a
Lorentzian lineshape is expected.

Supplementary Figure S12i vs that at the optimized
power of 110 nW/um? the spectral weight v reaches a
minimum, suggesting the largest probability of a two-state
transition. Further lowering the excitation power will increase
the v, suggesting the Gaussian lineshape caused by
inhomogeneous broadening becomes more significant.

Also, in Figure 2b, the decay time decreases with increasing
excitation power could be explained by two different reasons:
(1) For increasing excitation power up to 110 nW/um?, the
increasing radiative efficiency excitons results in the decreasing
decay time and enhances the brightness of the emitter. (2) For
increasing excitation power above 110 nW/um? the exciton
emission saturates, and the increasing emission intensities of
biexciton lead to the decreasing decay time.

Hence, our results indicate that the brightness increase
under a higher incident laser power density does not
necessarily improve the SPE purity due to the emergence of
the biexciton features. Consistent results were also observed on
another SPE at ~1.79 eV (693 nm), and the additional power
density-dependent photon-antibunching measurements are
shown in Supplementary Figures S18 and S19. Figure 2c
illustrates a PL spectrum of the same emitter at 1.90 eV (652
nm) acquired with a higher incident laser power density of 300
nW/um? where there is no observed antibunching. Four peaks
are observed and labeled as XX, X;, XX,, and XXj at ~1.904,

~1.907, ~1.910, and ~1.916 €V, respectively. Note that
previous studies demonstrated that the GaSe PL peaks could

be classified into excitons'® and biexcitons*® according to the
sub-linear and super-linear power-law scaling of the PL

226
227
228
229

intensity. Figure 2d shows the integrated counts(C) of 230

different peaks as a function of incident laser power densities
(P) plotted in a double-logarithmic plot and fitted using the
power-law function: C o P*. The measured slope, x, can be
used to classify GaSe excitons'®** and biexcitons' > because
excitons and biexcitons exhibit slopes of less than one and
larger than one, respectively. The slope of the X peak is 0.62,
so X is assigned to an exciton feature; XX, XX,, and XX; have
slopes greater than one, and they are identified as biexciton
features.

Interestingly, some biexcitons (ie, XX; and XX,) are
observed with higher energy than the exciton, implying
negative binding energies. Across all the results, we observe
both negative binding-energies and positive biexciton binding
energies (as summarized in Supplementary Figure S20).
Negative biexciton binding energies resulting from biexciton
antibonding or exciton—exciton repulsion have been primarily
observed in quantum dot systems.*”*’ Hence, it could be
inferred that the nanopillar arrays cause the formation of a
quantum confinement potential, resulting in quantum dot-like
GaSe SPEs. The localized strain in GaSe at different pillars
introduces different confinement potential,” charge-carrier
localization,®" and charge separation,é2 leading to the different
observed exciton and biexciton binding energies, as well as

240
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283

different required laser power densities for the formation of 254

excitons.

Polarization-Dependent Characterization of Exciton
and Biexciton Features in a GaSe SPE. Polarization-
dependent measurements on an SPE and the corresponding
biexciton are performed to better understand the relationship
between the exciton and biexciton. Figure 3a shows the PL
spectra of an emitter Xg (at 1.99 eV, ~620 nm) acquired with a
horizontally polarized excitation laser in parallel- and cross-
polarized collection configurations. The 2.02 eV (~615 nm)
peak was recognized as a biexciton feature from the power
density-dependence measurements (Supplementary Figure
$21b). In Figure 3b, the least squares fitting of the second-
order correlation function produces g fitted value of ¢2(0) =
0.46 + 0.03. Figure 3c illustrates the integrated polarization-
dependent PL from both the exciton Xg and the biexciton XX.
They share the same polarization response, suggesting that the
exciton and biexciton share the same electric dipole transition
that is linearly oriented in the quantum dot. Note that the co-
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273 polarization of the exciton and biexciton that are close to each
274 other and arising from the same emitter have been reported
275 both in quantum dots® and 2D materials.* Thus, we assume
276 that the exciton and the biexciton are both associated with the
277 same quantum-dot-like emitter. For this SPE, laser power
278 densities of less than 13 nW/um? fully suppress the biexciton,
279 as shown in Supplementary Figure S21a. Also, the additional
280 polarization measurements on a couple of other emitters were
281 measured: for example, Figure S22 shows another emitter at
282 710 nm with one exciton at 1.746 eV (~710 nm) and one
283 biexciton at 1.759 eV (~705 nm). The exciton and biexciton
284 show co-polarization, suggesting that they originate from the
285 same emitter.

286 Correlation Analysis of Strain and PL Results. To
287 better understand the correlation between the strain-induced
288 quantum confinement and the extraordinary enhancement of
289 GaSe sub-bandgap emission (<2.05 eV), we analyze the
290 localized strain distribution on individual pillars by measuring
201 the height profiles of GaSe flakes on pillars with atomic force
292 microscopy (AFM). Figure 4a shows an AFM image with a
203 dimension of 3 ym X 3 um, where a multilayer GaSe flake
294 (~30-nm-thick) on a pillar with a diameter of ~200 nm
205 formed a tent with a diameter of ~2 ym without any piercing.
296 The classical Landau continuum model® for structural stress
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Figure 4. Correlation of strain distribution analysis with PL mapping
results at T = 3.5 K. (a) AFM height profile of pillar 1 (marked in
Supplementary Figures SS and $6). (b) Strain map obtained from the
AFM height profile in (a): each pixel covers an area of 0.7 gm X0.7
um, and the corresponding color represents the averaged strain
(biaxial tensile strain). (c) Four PL spectra collected at the numbered
positions, as shown in (b). (d) Correlation map of strain (squares,
adapted from (b)) and the integrated PL intensity ratios (circles)
between the sub-bandgap (strain-confined exciton) and band edge
emission Iy /X, plotted on a 5.6 X 5.6 um grid. (e) Pearson

correlation analysis of strain and the integrated sub-bandgap intensity
Iy (f) Pearson correlation analysis of strain and the integrated

. . . Ix
intensity ratios of I—g

X
Eg

analysis (which has been commonly used to describe the
nanoscale strain in nano-cubes,’ nano-trenches,’® and nano-
bubbles®’) is used to obtain the strain distribution across the
pillar. More details about the strain simulation are shown in
Supplementary Section 15 and Figure S23. Figure 4b illustrates
the simulated position-dependent strain obtained from the

297
298
299
300
301
302

AFM height profiles, as shown in Figure 4a. The resolution of 303

the strain simulation is set to be ~700 nm (yielding an 8 X 8
strain matrix) so that it is slightly coarser than the PL mapping
resolution of ~400 nm.

Figure 4c illustrates four representative PL spectra that are
labeled in Figure 4b, where PL spectra 1 (black) and 4 (blue)
are collected at the edge of the pillar dome (corresponding to
the minimum strain). In contrast, PL spectra 2 (red) and 3
(green) are collected at the pillar apex (corresponding to the
maximum strain). Well-defined band edge emission Eg at 2.02
eV (with relatively weak sub-bandgap emission X at 1.69 eV)
is observed at sites 1 and 4. At sites 2 and 3, several sub-
bandgap peaks appear at ~1.69 eV with brightness about two
orders of magnitude larger than those in spectra 1 and 4. In

contrast, the band edge emission Xg, becomes much weaker.

To specify, the peaks between 1.95 and 2.02 eV in PL spectra 2
(red) and 3 (green) arise from the indirect and direct excitons
of GaSe."* Additional PL spectra from this pillar are shown in
Supplementary Figure S24. A similar trend is also observed for
other pillars, as shown in Supplementary Figures S25 and S26.
In general, unlike the general co-presence of sub-bandgap and
band edge emission on selenium clusters,'® the sub-bandgap
and band edge emissions on the pillar could be efficiently
enhanced and suppressed, respectively.

Moreover, Figure 4d illustrates the position-dependent

Iy,
integrated PL intensity ratio (%) map together with the
XEE

calculated strain at different locations: the ratio of the sub-

I
bandgap emission to the band edge emission (Ii) is enhanced
XES

by roughly two orders of magnitude on the pillar compared to
that on the bare substrate area. A Pearson correlation analysis

I
of the strain and PL intensity ratio (Iﬁ) provides a
XE
g

quantitative evaluation of their correlation strength. Note
that Pearson correlation is a measure of the linear correlation

between two sets of data that can be written as:
R = =20 -y
J@ = 20— )

where R is the Pearson correlation coeflicient, x; and y; are two
sets of data, and x and y are their mean values, respectively. A

Pearson correlation coefficient larger than 0.7 sug§ests a strong
positive correlation between the two sets of data.”’ Ithas been
to effectively interpret the linear correlation
between two different features in PL spectroscopies of 2D
semiconductors.**~"° Figure 4e shows a strong positive
Pearson correlation (R = 0.8) between the strain and the
sub-bandgap emission intensities Iy. Figure 4f further shows a
strong Pearson correlation (R = 0.9) between the stain and the
Iy,
PL intensity ratio (IA) A two-order enhancement of Iy maps
XEg
to a larger-than-0.2% biaxial tensile strain. However, Iy has a
8
weak negative correlation with the strain (R = —0.4) and Iy (R
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350 = —0.45), and it vanishes when the biaxial tensile strain is
351 larger than 0.2% (Supplementary Figure S26c,d). In addition,
352 the strain and the redshift of sub-bandgap emission from the
353 band edge also show a strong positive correlation (R = 0.731)
354 (Supplementary Figure S27a,b).

3ss  Previous reports of the photoluminescence from strained
356 GaSe'®”"”* have shown significant enhancement of the band
357 edge emission. Optical absorption easurements’"”*’* under a
3s8 backscattering configuration have revealed that the optical
359 absorption coefficient of GaSe with light polarization
360 perpendicular to the ¢ axis (&) is one order of magnitude
361 larger than that parallel to the GaSe ¢ axis (a||). Due to the
362 tented structure of GaSe on the pillar, in the strained region,
363 there is more contribution from a, to the optical absorption,
364 while in the unstrained region, the contribution from «, is
365 negligible. Increased optical absorption in the strained region
366 could partially explain the extraordinary enhancement of sub-
367 bandgap emission Iy, (as shown in Figure 4e), but it does not

—

368 €xplain the origin of the sub-bandgap emission Iy, nor the

160 attenuated band edge emission Iy . The red shift of the band
8

370 gap due to the localized biaxial tensile strain might explain
371 these observations. Therefore, we perform band structure
372 calculation of biaxially strained bulk GaSe for a qualitative
373 comparison via the density functional theory (DFT) approach.
374 Despite the common underestimation of the bandgap by DFT,
375 it still reflects the correct physical trend. Our results show a
376 bandgap redshift rate of —0.18 €V/% under biaxial tensile
377 strain (Supplementary Figure S28).

378 The DFT simulations also suggest that the valence band
379 maximum and conduction band minimum show a blueshift
380 rate of 0.086 eV/% and a redshift rate of —0.095 eV/%,
381 respectively. This strain-induced opposing band bending
382 behavior is defined as “Type-I funneling”,”® where the energy
383 level of excited electrons descends towards the pillar apex with
384 a larger strain while the energy level of holes ascends. As a
385 result, the electrons and holes confined at the pillar apex have
386 much higher concentrations than those at the flat region, which
387 facilitates electron—hole recombination, leading to the
388 enhancement of sub-bandgap emission and attenuation of
389 band edge emission.

390 Additionally, to probe any potential antenna effects caused
391 by the underlying pillar,’® we performed a Mie scattering
392 simulation on a SiO, nanopillar (Supplementary Figure $29a)
393 and showed that no significant enhancement of Mie scattering
394 would be introduced by the SiO, nanopillar (Supplementary
395 Figure S29b).

—

396 l CONCLUSIONS

397 In conclusion, we demonstrate the localization of quantum
398 dot-like single-photon emitters in multilayer GaSe through
399 strain control with SiO, nanopillar arrays. Ultimately, the
400 results presented here provide a framework for stable,
401 deterministic, and integrated quantum photonics. The GaSe
402 SPEs arise from the exciton peak due to quantum confinement
403 introduced by the localized nanoscale strain. The GaSe SPE
404 purity is reduced with increasing excitation power density due
405 to the formation of biexcitons. The incident laser power
406 density required to excite an SPE varies at different sites due to
407 the spatially varying confinement potentials. The local strain
408 has a strong positive correlation with the sub-bandgap PL
409 emission intensities and provides a two-order-of-magnitude

=

enhancement in IIA We attribute this increasing brightness of

e 410
sub-bandgap emission to the strain-induced redshift of band 411
gaps and the consequent “Type-I” exciton funneling. We 412
envision that improved control over the localized charge 413
concentration could help suppress biexciton PL and allow for 414
bright, robust, and deterministic GaSe SPEs. We anticipate this 415
demonstration of the deterministic localization of GaSe SPEs 416
will stimulate future theoretical and experimental studies on 417
SPEs in 2D materials and promote the development of 418
quantum photonic devices and photonic quantum information 419
technology. 420

B METHODS 421

Synthesis of Bulk GaSe Crystal. Bulk GaSe was 422
synthesized by the chemical vapor transport method.”” A 423
stoichiometric quantity of elements (molar ratio Ga:Se = 1:1, 1 424
g in total) and pure iodine (around 30 mg) were sealed into a 425
quartz ampule under the pressure of <107 Pa. Then, the 426
ampule was put in a two-zone furnace and kept at 820—870 427
°C, with the precursor side placed in the high-temperature 428
zone, for a week. Van der Waals GaSe single crystals were 429
collected from the low-temperature zone when the growth 430
finished. 431

Fabrication of SiO, Nanopillar Arrays. 432

1. A 8 mm X8 mm silicon chip (cut by a dicing saw) with a 433
300-nm-thick thermal oxide layer and alignment markers 434
was spin-coated with PMMA photoresist (MicroChem 435
950 A3) at 2000 rpm for 45 s, and followed by a soft 436
bake at 180 °C for 5 min. 437

2. The SiO, nanopillar arrays were patterned onto the chip 438
by electron beam lithography via the Nanometer Pattern 439
Generation System (NPGS) on a Zeiss Supra 40 440
scanning electron microscope. Then, the chip was 441
developed in the isopropyl alcohol (IPA)/methyl 442
isobutyl ketone (MIBK) mix solution (IPA:MIBK = 443
3:1) for 90 s, followed by a hard bake at 90 °C for S 444
mins. 445

3. A 50-nm-chromium (Cr) protection layer was deposited 446
(deposition rate: 0.5 A/s) onto the chip via a CHA e- 447
beam evaporator. Subsequently, a lift-off process in 448
acetone was then performed to remove the Cr layer and 449
keep only the developed region. 450

4. A reactive ion etching (RIE) process with fluoroform 4s1
(CHF,;)/O, mixture gas was then performed on a 452
Plasma-Therm 790 RIE etcher to etch a certain depth of 453
Si0,. A 9:1 (CHF;)/0, and 40 Torr pressure would 4s4
guarantee an etching rate of 70 nm/s on our machine. 4ss

S. After the RIE process, the residual Cr on the pillar was 4s6
removed by immersing in the chromium etchant for 5 457
min. Then, the chip was rinsed with acetone, IPA, and 4s8
DI water and treated with oxygen plasma to remove 459
possible contaminants. 460

Transfer of GaSe Flake on SiO, Nanopillar Arrays. The 461
GaSe flakes were first exfoliated onto a blank Si chip, and then 462
a thin layer of poly-propylene carbonate (PPC) was spin- 463
coated onto the chip. After curing at 60 °C for S min, the PPC 464
layer carrying the GaSe flakes was detached from the chip and 465
transferred onto the SiO, nanopillar arrays under the 466
microscope. 467

Optical Spectroscopy. The cryo-PL and associated 468
photon-statistics measurements were performed in a home- 469
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470 built confocal PL microscope in a backscattering configuration.
471 A Princeton Instruments Isoplane SCT-320 spectrograph with
472 a Pixis 400BR Excelon camera and a grating turret with 150,
473 600, and 2400 g/mm gratings were used to measure PL spectra
474 with the spectral resolutions of: ~3.25 meV, ~300 peV, and
475 ~30 peV, respectively. A 532 nm diode laser (Cobolt) was
476 used for the excitation. A 100X in-vacuum objective (Zeiss,
477 NA = 0.85) was integrated in the Montana S100 closed-cycle
478 cryostat. The PL mapping was controlled by a 2-axis Galvo
479 scanning.

430 Hanbury Brown—Twiss Interferometry. The photon-
481 antibunching measurements by HBT experiments were carried
482 out by utilizing a pair of large-area superconducting nanowire
483 single-photon detectors (SNSPDs, Quantum Opus) and a
484 Picoquant Hydraharp time-correlated single-photon counting
485 (TCSPC) system. A 90:10 non-polarizing beam splitter was
486 used to allow for PL (10% coupling efficiency) and photon
487 correlation functions (90% coupling efficiency) to be acquired
488 in parallel. Note that to show the explicit certification of the
489 photon-antibunching dip at 7—0,"%"” the margin of x-axis
490 (time delay) was set at least three times larger than the
491 corresponding decay time of SPE.

492 DFT Simulations. Plane-wave DFT calculations were
493 carried out using the Vienna Ab initio Simulation Package®*’
404 (VASP) with projector augmented wave pseudopoten-
495 tials”****! for electron-ion interactions, and the generalized
496 gradient agproximation functional of Perdew, Burke and
497 Ernzerhof®” for exchange-correlation interactions. Based on
498 the bulk GaSe structure (Materials project database®), the
499 strain-free and biaxial-strained GaSe cell were optimized with a
s00 cutoff energy of 350 eV and 12 X 12 X 2 k-point samplings
so1 until the maximum force allowed on each atom was less than
502 0.001 eV/A. The total volume of the structure was fixed during
503 geometry optimization to avoid the structural collapse of the
504 2D slabs with vacuum separations. The post-analysis of
505 electronic band structures was carried out by using the
506 VASPKIT package.*”

—
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