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ABSTRACT

Exciton localization through nanoscale strain has been used to create highly efficient single-photon
emitters (SPEs) in 2D materials. However, the strong Coulomb interactions between excitons can
lead to non-radiative recombination through exciton-exciton annihilation, negatively impacting
SPE performance. Here, we investigate the effect of Coulomb interactions on the brightness, single
photon purity, and operating temperatures of strain-localized GaSe SPEs using electrostatic
doping. By gating GaSe to the charge neutrality point, the exciton-exciton annihilation non-
radiative pathway is suppressed, leading to ~60% improvement of emission intensity and a
reduction of the single photon purity g (0) from 0.55 to 0.28. The operating temperature also
increases to 85 K consequently. This research provides insight into many-body interactions in
excitons confined by nanoscale strain and lays the groundwork for the optimization of SPEs for

optoelectronics and quantum photonics.
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Strain-localized excitons in 2D semiconductors often exhibit single photon emission (SPE)
property which is critical to the development of quantum information technologies such as
quantum communication, computing, and sensing' . While hexagonal boron nitride (hBN) and
WSe: are two most widely studied 2D SPE hosts*”’, interests in exploring the potential of other
2D materials for SPE and developing strategies to improve the SPE performance are growing in
recent years® '°. Particularly, Luo et al. demonstrated deterministic localization of SPEs in
multilayer GaSe using nanopillar arrays'!, and showed that strain plays a critical role in controlling
the brightness and emission wavelength of the SPE using nanoscale spatial resolution imaging
technique!?. Nevertheless, significant performance improvement is still needed to satisfy the

application requirements.

0

Previous studies have demonstrated that cavity interactions®'?, defect engineering!!, and

electrostatic doping!!3

can enhance the performance of SPEs in 2D semiconductors such as hBN
and WSe2. Notably, electrostatic doping has been considered as an effective and practical approach
to effectively enhance the brightness, single photon purity, and operating temperatures of SPEs in
monolayer WSe2'3 by controlling carrier concentrations, maximizing the radiative recombination
of strain-localized neutral excitons, and suppressing the background of defect-bound states. In the
case of GaSe, the exciton and biexcitons are largely overlapped in the spectra, making it
challenging to separate them through optical filters' 4. As the presence of biexcitons reduces the
purity of SPEs, suppressing the biexciton emissions is vital for high-quality SPEs. To this end,

understanding the origin of the exciton complexes in GaSe is important to identify a strategy for

the improvement of the SPEs, although it remains elusive.

In this work, we manipulate many-body interactions of strain-localized exciton complexes in GaSe

via electrostatic doping, leading to the control of the brightness, single photon purity, and operating



temperatures of the associated GaSe SPEs. We further evaluate the gate-dependent SPE brightness
and purity through photoluminescence (PL) spectroscopy and photon antibunching measurements
at 4.5K. We find the maximum emission intensity and optimal single photon purity are realized at
the charge neutrality point (CNP). Moreover, we show that gating strain-localized SPEs to the
CNP maximizes the brightness by suppressing exciton-exciton annihilation (EEA) and minimizing
the number of biexcitons, further improving the single photon purity. Temperature-dependent PL
and antibunching measurements show the SPEs survive at a higher temperature of 85 K at the CNP,
compared to the 23 K without electrostatic doping. We attribute this increased operating
temperature to the electrically gated suppression of thermal ionized electrons and biexcitons. The
understanding of the combined effects of strain, bias gating, and temperature on exciton complexes
and associated SPEs in GaSe provides a crucial foundation for future 2D quantum photonic device
applications.

Figure 1a shows the device geometry, where a 50 nm-thick GaSe flake was transferred onto pre-
patterned electrodes and SiO2 nanopillar arrays on a Si substrate with 285-nm-thick oxide layer
through a dry-release method!”. The pre-patterned electrodes consist of two top electrodes on the
oxide layer (labeled as S and D, referring to the source and drain electrodes) and one electrode
connecting the back Si as a back gate (labeled as G, referring to the gate electrode). Also, the SiO2
nanopillar arrays were designed with three diameters of ~ 150 nm, ~ 200 nm, and ~ 250 nm, located
between S and D electrodes, and deposited onto the substrate with a height of ~ 130 nm by electron
beam deposition. Then the GaSe flake forms a tented structure as reported in our previous work!'!"*!2;
both ends of the GaSe flake are connected with the electrodes S and D, respectively. Such a design
allows both functions of parallel capacitor and field-effect transistor (FET) for 2D materials under

strain'é. Moreover, to apply biased gate voltages to the GaSe flake, only the electrodes S and G



are connected to form a parallel capacitor-like device. A detailed description of the substrate design,
patterning, and fabrication is in Figure S1 and the methods section. Figure 1b shows an ungated
PL spectrum collected from a tented GaSe flake with an incident laser power density of 40
nW/um? at 4.5 K. An intense narrow emission line is observed at 1.837 eV (675 nm) which is
attribute to strain-localized excitons'"'?. In addition, there are multiple emission lines around 1.9
eV that might originate from other localized states. However, we only focus on the emission from
exciton complexes that are related to single photon emitters. The photon antibunching of the 1.837
eV (675 nm) exciton emission is characterized via Hanbury Brown-Twiss (HBT) interferometry
with a 678 nm narrow bandpass filter. Figure 1¢ illustrates the measured photon antibunching with
a fitted g® (0) value of 0.5540.06 and a decay time of 3.4 ns. Figure 1d presents the contour map
of the PL spectra of the 1.837 eV emitter under gate voltages of +10 V to -15V. Additional PL and
photon antibunching results under different gate voltages are shown in Figure S2 in the
Supplementary Information. Specifically, at a gate voltage of -7 V, the measured single photon

purity g (0) value is minimized to 0.2840.03 and the decay time is minimized to 2.8 ns.

The GaSe crystal exhibits n-type characteristics according to the electrical transport measurements
shown in Figure Sle¢. Under negative bias voltage, GaSe will reach a CNP where the radiative
recombination of excitons will dominate emission, leading to increased SPE brightness and purity.
As shown in Figure 1e, the emission reaches maximum at -7 V gate voltage, indicating that it is
close to a CNP. Increasing and decreasing the gate voltage from the CNP results in increased
doping by holes and electrons, respectively. The right panel of Figure 1e provides a qualitative
energy diagram showing the Fermi energy shift with changing gate voltage. Specifically, from +10
V to -15 V, the Fermi energy is tuned downwards from the conduction band, resulting in an

increasing exciton binding energy and a redshift of the emission energy.



In order to better understand the exciton complex formation and the associated SPE behavior in
the presence of excess electrons or holes, we investigated another GaSe SPE at 1.777 eV (698 nm)
with an incident laser power density of 40 nW/um?. Figure 2a shows selected PL spectra from
this SPE under bias voltages of -20 V, -7 V, 0 V, and +5 V. More PL spectra and PL maps of this
emitter under different voltages are presented in Figure S3. Overall, at a gate voltage of -7 V, the
emission intensity of this 1.777 eV band is maximized and enhanced by about 60% compared to

that at zero gate voltage.

This 1.777 eV emission band can be deconvolved into an exciton peak X at ~1.778 eV (697 nm)
and two biexciton peaks XX; and XX, at ~1.785 eV (694.6 nm) and ~1.773 eV (699.4 nm),

respectively. Note the identifications of exciton and biexcitons'!!4

are based on the power-
dependent intensities shown in Figure S4a, where the exciton emission intensities exhibit a
sublinear relationship with a power law exponent of 0.8, and the biexciton emission intensities of
XX, and XX, exhibit a superlinear relationship with power-law exponents of 1.18 and 1.32,
respectively. Note that the charge-neutral biexciton XX should have a power law exponent twice
of that of the exciton. However, this scaling can change when excessive carriers interact with
charge-neutral excitons and lower the radiative recombination efficiency'’. Figure S4b shows that,
at the CNP (bias voltage = -7V), XX; becomes neligible due to its weak emission intensity; the
double logarithmic plot of PL intensity as a function of excitation power for biexcitons XX, has
an exponent of 1.37, which is close to twice of that (0.75) of exciton X. This could be attributed to
the thermal equilibrium between the exciton and biexciton states at the CNP. In addition, we also
notice the variation of emission intensities above 1.8 eV (as shown in Figure S5) under different

voltages. However, we attribute this emission to different localized states not related to single

photon emission that are not the focus of this work.



In addition, unlike the common observation of trions (charged excitons) in TMDC
monolayers'®!'®1° trions in GaSe are not generally observed due to non-radiative decay at low

11.20-and the formation of biexcitons at high photo-generation rates''"'4. The

photo-generation rates
XX, biexciton is observed on the higher energy side of the exciton X with a negative binding
energy of -7 meV, due to exciton-exciton repulsion’' 24, The XX, biexciton is observed on the
lower energy side of the exciton X with a positive binding energy of +5 meV, due to attractive

exciton-exciton interactions. The formation of biexcitons was attributed to the high exciton

densities in this Type-I energy funnel in our previous work'?.

Interestingly, as shown in Figures S6 and S7, when changing bias voltages from +15 V to -20 V,
the emission intensity of XX, decreases till its minimum at -7V (CNP), then slightly increases with
more negative voltages. Meanwhile, the integrated intensity of XX; doesn’t exhibit significant
change during the gate volatge tuning. In addition, the integrated intensity of XX, is generally
much more prominent than XX; during the gate-dependent PL measurements. Moreover, it has
been widely reported that a shelving state between the ground state |0) and the excited state |1) in
2D SPEs can trap electrons and holes, > leading to g® (7)>1 for small |t| > 0.2 As shown in
Figure 2b, we observe g® (7)>1 for small |t| > 0 when excessive electrons and holes are present
(e.g., at +5V and -20V), suggesting that the two biexciton states XX; and XX, might contribute to
the potential shelving states. In contrast, at the CNP, no contribution from the shelving states is

observed, and improved SPE purity is observed.

A detailed analysis of the contribution of the shelving states to the photon-antibunching results is
shown in Section 6 of the Supplementary Information. Figure S6 also shows that the emission

intensity of exciton X reaches its maximum at the gate voltage of -7V, suggesting that this is the



CNP of this SPE. Meanwhile, the total emission intensities of biexcitons XX; and XX, are
minimized at this gate voltage. Figure 2¢ shows the ratio of the exciton X emission intensity to the
sum of X, XX; and XX, intensities (defined as the fraction of X) as a function of gate voltage. It
clearly shows that the ratio is maximized at the CNP, suggesting that exciton X dominates the PL
emission. This can be explained by the electrical suppression of all non-radiative recombination
channels?®. Correspondingly, Figure 2d shows a minimum g (0) value of 0.43+0.04 is achieved

at CNP.

In the dense exciton systems associated with strained 2D semiconductors'>?°, the radiative and
nonradiative processes are governed by the interactions between excitons?®. For GaSe, elastic®
and inelastic exciton-exciton collisions*! in the dense exciton system lead to the radiative emission
from the exciton and biexcitons and the non-radiative EEA®!*, respectively. Figure 2e shows an
energy diagram depicting the four possible radiative and non-radiative pathways for this SPE. First,
the radiative transition from excited state |1) to ground state |0) corresponds to X exciton emission
with energy Ey. |4) is the biexciton state located at 2Ey. However, due to the non-radiative
biexciton EEA%?3°, no emission is observed from |4 ). Moreover, repulsive exciton-exciton
interactions increase the energy of the biexciton and form state |2), contributing to the XX;

emission with energy Ex+Egy from state |2) to state [1). Similarly, attractive exciton-exciton
interactions lower the energy of the biexciton and form state |3), contributing to the XX, emission
with energy Ex-Egy from state [3) to state [1). Therefore, gating GaSe to the CNP suppresses the
formation of XX; and XX, biexcitons and thus maximizes the radiative X exciton emission. It also

enhances the SPE purity by suppressing radiative biexciton emission.



The observed EEA suppression can be understood in the context of the density of states (DOS) for
electrons in 2D materials and the van Hove singularities (VHSs) that originate from saddle points
in the energy dispersion®’. When the optical transition energy approaches a VHS, weak interactions
can become more pronounced due to the increased DOS**. In such cases, the enhanced DOS can
significantly influence the behavior of electrons and their interactions within the 2D crystal.
Specifically, EEA is enhanced when there is a VHS at twice the exciton transition energy>”. Indeed,
our density functional theory (DFT) simulations (Figure S8a) of the joint density of states (JDOS)
of unstrained GaSe show a VHS point at an energy twice the bandgap, suggesting EEA contributes
to non-radiative processes in unstrained GaSe. Under 1% biaxial tensile strain (Figure S8b), the
redshift of the exciton transition energy Ey provides sufficient detuning so that 2Ey does not
overlap with the VHS, resulting in the suppression of EEA and thus enhancement of the exciton

emission.

Many excitonic SPEs require low temperature at near 4 K to operate because of unwanted radiative
and non-radiative transitions that emerge at higher temperatures!*>*%¥ though gate tuning has
recently been used to minimize these effects and increase the operation temperature in WSex'?.
Here, as shown in Figure 3a, we compare the temperature-dependent photophysics of a 1.827 eV
(678.7 nm) GaSe SPE without and with gating to the CNP (Vg=-10 V). More voltage-dependent
PL and photon antibunching measurement results of this SPE are shown in Figure S9 of the
Supplementary Information. At 4.5 K, a bias voltage of -10 V leads to a 150 meV redshift of the
1.827 eV (678.7 nm) GaSe SPE to 1.811 eV (684.5 nm), the suppression of biexciton features, and
~30% enhancement of emission intensity. The enhanced SPE brightness and purity at the CNP
compared with the ungated emitter are increasingly apparent with increasing temperature. The

antibunching results in Figure 3b (measured with a 683 nm bandpass filter with FWHM = 10 nm



as illustrated in the first PL spectrum of Figure 3a) show that g (0) remains below 0.5 for
temperatures up to 85 K when gated to the CNP, while the g® (0) increases above 0.5 at T>23 K

for the ungated emitter.

The Schon—Klasens mechanism can explain the electrostatic doping-mitigated thermal quenching
observed at 65 K¥*. The increasing thermal ionization of acceptors or donors at increasing
temperatures results in an enhancement of the non-radiative decay paths discussed in previous
sections; the bias voltage at the CNP counter-dopes the n-type GaSe system with holes to suppress

the non-radiative decay, resulting in an increase in the quenching temperature.

With a bias voltage of -10 V (CNP) and an incident power density of 13 nW/um?, the 1.827 eV
(678.7 nm) emission band completely quenches above 65 K. However, it can be recovered at
higher temperatures with a larger incident power density (as shown in Figure S10) because the
photogeneration rate modulated by the incident power density determines the formation of exciton
complexes and recombination pathways?®. As shown in Figure 4a, the exciton emission peak is
recovered with g®®(0) = 0.36 + 0.04 at 85 K when tuned to the CNP of -10 V, with an incident
power density of 1.4 uW/um?. At 105 K, a reduced exciton emission is observed with the same
incident power density (1.4 uW/um?) and a shelving state emerges with g®(0) = 0.67 + 0.07.
At 125 K, a higher incident power density of 10 uW/um? is applied to recover the exciton
luminescence that was completely quenched at 1.4 uW/um?. However, the biexciton feature is
very pronounced under such high incident power density, and photon bunching with g(®(0) > 1

is observed, which is a typical chaotic light generated by exciton complexes.*!**?

In conclusion, we demonstrate a substantial control of excitonic complexes and the associated

SPEs in GaSe using a combination of strain and electrostatic doping. By tuning GaSe to the CNP

10



with gate voltage, the biexciton population and EEA processes are suppressed. Consequently, the
GaSe excitonic SPE brightness is enhanced by ~60%. Moreover, the single photon value g(® (0)
is reduced from 0.55 to 0.28 at the CNP, and the maximum operating temperature is enhanced
from 23 K at zero bias voltage to 85 K at a gate voltage of -10V. The comprehensive understanding
of the combined effect of nanoscale strain and electrostatic doping on 2D SPEs provides a
foundation for the design of bright GaSe SPEs with high single photon purity operating at higher
temperatures. More broadly, these results enable new approaches for 2D quantum photonic devices
and photonic quantum information technology and for fundamental studies of strong Coulomb

interactions in many-body systems.
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Methods. Synthesis of bulk GaSe crystal. Bulk GaSe was synthesized by the chemical vapor

transport (CVT) method.* The details of the recipe can be found in our previous report.!!

Fabrication of electrical device with SiO: nanopillar arrays and the transport measurement. The
device fabrication is described in Section 1 of the Supplementary Information. The transport
measurements were carried out at 77 K via a CIA RC102-CFM microscopy cryostat with electrical
feed-throughs. The electrical control was performed by two Keithley 2400 source meters that were
controlled by our Matlab codes. The evaluation of the actual electrical field is discussed in detail

in Section 9 of the Supplementary Information.

Transfer of GaSe flake SiO> nanopillar arrays. The GaSe flakes were exfoliated onto a blank Si
chip with a 285-nm-thick oxide layer, then a thin layer of poly-propylene carbonate (PPC) was
spin-coated onto the chip at 2,000 rpm/min for 45s. After curing at 60 °C for 5 mins, the PPC
layer carrying the GaSe flakes was detached from the chip and transferred onto the SiO2

nanopillar arrays under the microscope.

Optical 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 pueV, and ~ 30 ueV, 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, resulting in a spatial resolution of ~ 500 nm. 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

12



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.

DFT simulations. Plane-wave DFT calculations were carried out using the Vienna Ab initio
Simulation Package?®2° (VASP) with projector augmented wave (PAW) pseudopotentials?®-3%-3!
for electron-ion interactions, and the generalized gradient approximation (GGA) functional of
Perdew, Burke and Ernzerhof** (PBE) for exchange-correlation interactions. The details of

geometry optimization could be referred to our previous work'!. The analysis of the total density

of states was carried out using the VASPKIT package®.
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Figure 1. Electrical gating of SPEs in nano-pillar strained GaSe. (a) Illustration of the device.
The inset shows an optical image of a ~50-nm-thick GaSe flake on SiO2 nanopillar arrays, and the
scale is 5 um. (b) PL spectrum of an SPE at ~ 1.837 eV (~ 675 nm) excited by a 532 nm continuous
wave (cw) laser with an incident laser power density of 40 nW/um? at 4.5 K. The spectrum is
acquired with a 150-grooves/mm grating (spectral resolution ~ 1 meV). The shaded area highlights
the spectral range of a 678 nm bandpass filter (FWHM = 10 nm) used for the following photon-
antibunching measurements. The inset is a corresponding PL spectrum collected with 600
grooves/mm grating (spectral resolution ~ 0.25 meV) that can be deconvoluted into excitonic, X,
and biexcitonic, XX spectral lines. (¢) Second order autocorrelation function, g‘®(t), acquired
without biasing using a narrow bandpass filter centered at 678 nm with full width at half maximum
(FWHM) of 10 nm. The fitted g®(0) = 0.48+0.05. (d) Contour map of the PL spectra of the 1.837
eV (675 nm) SPE measured at T = 4.5 K under bias-gating and with a 600 grooves/mm grating.

The left panel suggests that negative gate voltages introduce holes into the material; while the
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positive gate voltages would result in electron doping; the charge neutral point is around -7V for
this emitter. The right energy level diagram depicts the position of Fermi level with different

voltages.
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Figure 2. Gate tuning of a 698 nm SPE at T = 4.5 K with an incident laser power density of
40 nW/um?. (a) Typical PL spectra acquired with bias-gate voltages of -20 V, -7V, 0V and 5 V,
respectively. The fits to an exciton peak at ~1.778 eV (~ 697 nm) and two biexciton peaks XX,
and XX, at ~1.785 eV (~ 694.6 nm) and ~1.773 eV (~ 699.4 nm), respectively are shown. A 700
nm bandpass filter (FWHM = 10 nm) was used for the photon antibunching measurements on this
SPE, The measured response of the bandpass filter used for antibunching measurements is
highlighted in the -20 V spectrum with orange shade. (b) Photon antibunching measured for this

698 nm emitter with bias-gate voltages of -20 V, -7 V, 0 V, and 5 V, respectively. (c¢) Ratio of the
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exciton PL intensity to the integrated exciton and biexciton 1ntens1ty(1—x) as a function of the
Total

gate voltage. (d) g (0) values as a function of the gate voltage. (e) Energy diagram of four
possible electronic transition pathways of this 698 nm emitter, the red, green, and blue arrows
suggest the radiative decay pathways, while the gray dashed arrows suggest the non-radiative

decay pathways.
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Figure 3. Temperature-dependent PL and antibunching measurements of a 1.827 eV (678.7
nm) GaSe SPE without and with gating to the CNP point (Vy=-10 V) with an incident laser
power density of 13 nW/um?. (a) PL spectra of this 678.7 nm SPE at 4.5 K, 23 K and 65 K,
respectively. At T = 65 K, the PL of the unbiased emitter quenches. (b) Photon-antibunching
measured for this 678.7 nm emitter with a bandpass filter (683 nm, FWHM = 10 nm, measured
filter bandwidth highlighted in the shaded area). When gated to the CNP, reasonable antibunching
remains at temperatures up to 65 K; when ungated, reasonable antibunching remains at

temperatures up to 23 K.
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Figure 4. Degradation of photon antibunching with increasing temperature of the 678.7 nm
SPE under its CNP point (Vy,=-10 V). (a) PL spectra measured for this 678.7 nm emitter at 85,
105, and 125 K. The incident power densities are 1.4 uW/um? at 85 K and 105 K, and 10 uW/um?
at 125 K. (b) The measured g(t) of this 678.7 nm SPE acquired with a narrow bandpass filter (683

nm, FWHM = 10 nm; as highlighted in the top spectrum of (a) by the orange shade).
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