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ABSTRACT: In this work, we report on defect generation in multilayer GaSe through Quantum emitter .. D,/“
hydrostatic pressure quenching and UV laser irradiation. The Raman line width from A 850nm & Loherd
the UV 266 nm irradiated sample is much wider than that in pressure-quenched GaSe, = A
corresponding to a wider defect energy distribution range in the former sample than the ot R —— — LR

latter. After quenching from 11.2 GPa, three photoluminescence (PL) peaks from defect ]

states are observed at 657, 681, and 695 nm at a low temperature of 93 K. Defect-related GaSe ] 9%

peaks at 649, 694, 750, and 774 nm also appear in low-temperature PL spectra after UV

laser irradiation, with a nonmonotonous intensity dependence on irradiation duration.

There are common features in defects produced by these two methods: the PL peaks with the lowest energy are sharp, and their PL
intensities increase linearly with the excitation laser power and saturate above a certain excitation laser power. These two features are
similar to those in defects for single-photon emission (SPE) in other 2D materials at even lower temperatures. Fluorescence lifetime
imaging shows distinguished short (2.3 ns) and long (75.6 nm) lifetimes of the 695 nm PL line in pressure-quenched GaSe. The
density functional theory predicts defect energy levels related to Se vacancy.

B INTRODUCTION development of quantum emitters and single-photon sour-

16-18
. L . . ces.
The discovery of graphene initiated a new era in material

science, opening the doors to the vast potential of two-
dimensional (2D) materials." These materials, characterized by
their atomic thickness, exhibit unique physical and chemical
properties that are absent in their bulk counterparts, making
them highly desirable for applications in electronics, photonics,

Defect engineering in 2D materials has emerged as a
powerful tool for manipulating their intrinsic properties.””*'
In GaSe, selenium (Se) vacancies are particularly interesting
because they act as localized trapping centers for excitons,”*”>*
which can give rise to enhanced photoluminescence (PL) and
potential single-photon emission (SPE), a fundamental

and quantum information technologies." Among the family of requirement for quantum information processing.”> Unlike
2D materials, transition metal dichalcogenides (TMDCs), other 2D materials, e.g,, MoS,,”® GaSe maintains a direct band
monochalcogenides, and other layered compounds have gained gap in its multilayer form, making it highly effective for
significant interest due to their tunable band gaps, high carrier emission processes and an excellent candidate for achieving
mobility, and strong light-matter interactions.””* Gallium SPE. The defects in monolayers are often susceptible to
selenide (GaSe), a group-III monochalcogenide, stands out oxidation under ambient conditions,”” which limit their long-
as a promising material with significant potential for term stability for single-photon emitters. Multilayer GaSe offers
applications in optoelectronics and quantum technologies an advantage in this regard: defects can be embedded beneath
due to its efficient second harmonic and THz generation,™® the surface of the sample, protecting them from environmental
high nonlinear coefficient and damage threshold,” up- degradation and ensuring their stability.'”~>" This ability to
conversion luminescence,” anisotropic Hall mobility,”'" and maintain stable defects within multilayer structures makes

10,11 GaSe particularly promising for SPE applications, providing a

high on/off ratio. GaSe, like many 2D materials, has a proy
pathway to robust and durable quantum emitters.

layered structure with weak van der Waals interactions
between the layers,12 allowing for easy exfoliation into

atomically thin sheets. In the bulk form, it is a p-type Received: January 22, 2025
semiconductor material* with a direct band gap of 2 eV'" that Revised:  February S, 2025
transitions to an indirect band gap for a monolayer." Accepted: February 7, 2025
Furthermore, the tunability of electronic and optical properties Published: February 14, 2025
of GaSe via external stimuli such as strain has made it a key

material for defect engineering, a critical factor in the
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Pressure is a thermodynamic variable that can significantly
alter interatomic spacing in materials, which affects their
electronic structure. In layered materials, pressure is partic-
ularly useful as it allows fine-tuning of intra- and interlayer
interactions, making it a powerful tool to explore and
manipulate their properties.’’ ~>* Recently, several studies
have been conducted on the high-pressure behavior of 2D
materials, highlighting advancements in the diamond anvil cell
(DAC) technology for in situ measurements, particularly in
atomically thin van der Waals materials.”> >’ Despite extensive
studies on the pressure-dependent Raman modes of GaSe that
revealed detailed vibrational dynamics and phase transitions,
the PL properties of multilayers remain relatively underex-
plored, indicating a need for further research to fully
understand the optical properties and electronic transitions
of GaSe under high pressure.””

In addition to high-pressure techniques, ultraviolet (UV)
laser irradiation has emerged as an effective method for
generating vacancy defects in 2D layered materials.”’ In
particular, recent studies have shown that UV irradiation in
controlled environments can selectively create unpassivated
vacancy defects that exhibit unique optical properties,
including SPE, highlighting its potential for scalable quantum
defect engineering in 2D materials.”” Previous studies have
already identified that laser irradiation can effectively induce
defects in GaSe, such as point defects and localized exciton
states, which significantly enhance its PL properties and
contribute to advanced defect engineering strategies.’”
However, the exploration of UV laser irradiation effects on
multilayer GaSe remains in its infancy, presenting a promising
avenue for further investigation, particularly in optimizing
defect configurations for SPE.

In this article, we report the generation of defects in
multilayer GaSe using hydrostatic high pressure and UV laser
irradiation. Several defect peaks have been observed in both
samples produced through high-pressure quenching from 11.2
GPa and 266 nm UV irradiation. The PL peaks at the lowest
energy level in both samples are narrow, and their intensity
increases linearly and then saturates with further increasing
excitation laser power, a characteristic of quantum emitters.

B EXPERIMENTAL METHODS

Preparation of the Bulk GaSe sample. GaSe single
crystals were produced using the vertical Bridgman technique,
starting with a presynthesized polycrystalline GaSe charge.
This charge was vacuum-sealed in a quartz ampule that had
been graphitized. The melt was maintained at 990 °C for
several hours to reach equilibrium before the ampule was
moved through a temperature gradient at a slow rate of 0.4
mm/h. The e-phase of GaSe was verified by X-ray diffraction.

Generation of Defects in Multilayer GaSe through
266 nm UV Laser Irradiation. A multilayer of GaSe was
produced by exfoliating bulk GaSe using a Scotch tape
followed by a thermal release tape in the final stage. Then it
was transferred onto a SiO,-coated Si substrate after pressing
with a polydimethylsiloxane (PDMS) stamp. After this, the
substrate, with GaSe attached, was heated to 100 °C to enable
the thermal release of the tape to separate the sample onto the
substrate. Then, 30 nm thickness of Al,O; was coated by
atomic layer deposition at 150 °C on the top of the sample to
ensure the long-term stability of the sample. Next, the
multilayer GaSe was subjected to UV irradiation by using a
266 nm laser (S mW) for different exposure times. The
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refractive index of GaSe is relatively high. The Al,O; coating
can also improve the extraction efficiency if defect pairs act as
an in-plane dipole.

Generation of Defects in Multilayer GaSe by
Applying High Pressure. A multilayer GaSe sample was
exfoliated from bulk GaSe using a Scotch tape, and the
exfoliation process was repeated multiple times. Once the
desired thickness was achieved, the sample was transferred to
the thermal release tape. The thermal release tape was then
heated to 100 °C to release free-standing multilayers flakes.
Finally, the GaSe flakes were transferred to a diamond anvil
cell (DAC) for high-pressure measurements. Hydrostatic
pressure was applied to the samples using silicon oil as a
pressure transition material by tightening the screws of the
DAC.

Raman and PL Spectra. The Raman and PL measure-
ments were conducted by using a Renishaw inVia Raman
Microscope. These experiments were facilitated by a Cobolt
Samba 532 nm laser coupled with a 50X objective lens
(numerical aperture (NA) = 0.5) positioned at an 8.2 mm
working distance. The 1800 lines/mm grating was utilized for
the measurements to cover the full required wavelength range.
Desired laser powers were achieved by combining neutral
density filters with Cobolt Samba’s laser power control
software. In our optical setup, a 1 mW laser power equates
to 0.59 kWem ™. For simplicity, all data were processed based
on laser power rather than laser intensity. A heating/cooling
stage (Linkam THMS600) was mounted on the microscope
for in situ low-temperature Raman and PL analysis.

We also measured the Raman and PL spectra at room
temperature using 473 and 785 nm lasers coupled with a 50X
objective lens (NA = 0.5).

Fluorescence Lifetime Imaging (FLIM). The low-
temperature FLIM and lifetime histograms for high-pressure-
treated GaSe multilayer samples were investigated using a
Micro Time 200 time-resolved confocal fluorescence micro-
scope coupled with a heating/cooling stage (Linkam
THMS600). A picosecond 405 nm laser was used for the
excitation of PL. The laser intensity was set to 7, with a 0.6
neutral density filter used to lower the power, and an effective
repetition rate of 2.5 MHz was chosen. The confocal
microscope used a 20X objective lens (NA = 0.4) with a
working distance of 12.0 mm. Data acquisition and analysis
were carried out using the SymPho-Time 64 software.

Profilometer Measurements. The sample’s height profile
was assessed using a FILMETRICS Profilm 3D Profilometer
with white light interferometry (WLI). To characterize the
surface profiles, the envelope peak measurement parameter was
selected under the single tab in the WLI settings.

DFT Calculations. The band structure was calculated using
the density functional theory (DFT) as implemented in VASP
using the Perdew—Burke—Ernzerhof (PBE) exchange-correla-
tion functional and projector augmented wave (PAW)
pseudopotentials. The cutoft for the kinetic energy of plane
was 450 eV. A I'-centered k-point grid was chosen such that its
density is always equivalent to 10 X 10 X 1 for the Brillouin
zone of a GaSe unit cell. The structure was optimized until an
electronic convergence of 107 eV and a residual force of 0.02
eV/ A were achieved.

B RESULTS

High-Pressure-Induced Defects in Multilayer GaSe.
Here, we report our study on a multilayer GaSe sample under

https://doi.org/10.1021/acsomega.5c00680
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varying pressures. Figure S1 shows the surface topography
image and height profile of the multilayer sample obtained by
the profilometer. The thickness of the sample is 102 nm. The
sample is then transferred into a DAC for in situ Raman
measurements.

First, we analyzed the Raman spectra of our multilayer GaSe
sample under different pressures. Figure la shows the
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Figure 1. (a) Normalized Raman spectra of multilayer GaSe under
varying pressures using 785 nm laser excitation (from 0.03 to 11.2
GPa). (b) Peak widths with increasing pressure for Raman A;’(1)
mode. The red square is for the Raman line width after the release of
pressure.

normalized Raman spectra of the sample at varying pressures
ranging from 0.03 to 11.2 GPa. We observed Raman peaks at
20.59, 59.99, 134.13, 213.33, and 307.72 cm™". For a clearer
representation, the spectrum at 2.5 GPa is included in the
Supporting Information (Figure S2). The first five peaks are
consistent with the previous reports and are identified as
E’(1), E’(1), A’,(1), E’(2), and A’,(2), respectively.*** The
peaks at 495 and 705 cm™ come from the silicone oil that has
been used a pressure-transducing medium.*' We also studied
the shift in Raman peaks with respect to the pressure (Figure
S3). The shift to higher wavenumbers is due to the
compression of the crystal lattice under increasing pressure,
which reduces the interatomic distances and strengthens the
interatomic bonds. A noticeable change in the spectra shown
in Figure la is the broadening of the peaks with increasing
pressure. To further investigate this, we plotted the change in
peak width for the A;’(1) mode as a function of pressure as
shown in Figure 1b. The results indicate that the peak width
increases with pressure. The broadening of the Raman peaks
can be related to the distortion of hexagonal structures
(movement of Ga or Se from the ideal lattice) as the
hydrostatic pressure can drive the crystal toward an amorphous

nature.*”~** This behavior suggests an increasing disorder in
the material under higher pressure; however, an irreversible
transition to the amorphous state has not occurred yet because
GaSe is stable under a hydrostatic pressure up to 20 GPa.*’
Figure S3d shows the Raman spectra of the sample after release
from 11.2 GPa. It is notable that the line widths of the Raman
lines do not return to their initial values after releasing the
pressure. For example, the line widths for the A’,(1) and
A’,(2) lines before and after pressure treatment are 5.21 and
5.99 cm™, and 4.43 and 6.45 cm™’, respectively. This indicates
that high pressure treatment induces permanent disorder of the
crystal.

The pressure-induced defects can be revealed in PL spectral
measurements. We analyzed the PL spectra of a multilayer
GaSe sample before and after pressure treatment (Figure 2a).
The red curve represents the PL spectrum prior to pressure
application, showing a single prominent peak at 620 nm
corresponding to the intrinsic band gap of the multilayer GaSe.
Upon release from 9.8 GPa, the dark blue curve reveals an
additional PL tail at higher wavelengths, although it is less
intense than the band gap peak. After release from 11.2 GPa, as
shown by the light blue curve, a broad defect PL peak centered
at 650 nm becomes more pronounced, even surpassing the
intensity of the direct band gap peak. The findings demonstrate
that the application of high pressure can effectively generate
defect states in the multilayer GaSe.

To understand more about the defect states, we conducted
low-temperature PL measurements at 93 K. The PL spectrum
of untreated GaSe at low temperature and low excitation (93
K, 0.1 mW), which shows only free exciton emission, is given
in Figure S4. Figure 2b presents the PL spectra of pressure-
treated GaSe measured at different excitation powers. Initially,
we measured the spectrum at a laser power of 0.075 mW,
where we observed an additional defect peak between 630 and
700 nm. We then reduced the laser power and measured the
spectra at 0.05, 0.025, 0.012§, 0.01, 0.007S, 0.0050, 0.002S,
0.0017, and 0.0013 mW. Notably, the 650 nm peak becomes
weaker relative to other PL peaks as the laser power decreases,
with the 695 nm peak becoming dominant when the laser
power is reduced below 0.05 mW (second curve from the top).
For a more accurate analysis of peak behavior, we plotted the
peak-fitted data in Figure 2c. Here, the blue curve represents
the PL intensity of the 650 nm peak, while the purple curve
represents the intensity of the 695 nm peak as a function of the
laser power. From the plot, it is evident that the 650 nm peak
intensity (I) exhibits a superlinear dependence on the laser
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Figure 2. (a) Normalized PL spectra of multilayer GaSe at 300 K before and after pressure application with 473 nm laser excitation (red, 0 GPa;
dark blue, 9.8 GPa; light blue, 11.2 GPa). (b) Low-temperature PL spectra at 93 K for the GaSe multilayer sample released from 11.2 GPa with
different laser powers from 0.0013 to 0.075S mW. (c) PL intensities of the 650 nm peak (blue) and 695 nm peak (purple) with increasing laser
power.
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Figure 3. (a) FLIM in high-pressure applied multilayer GaSe sample excited by a 40S nm pulsed laser using a band-pass filter of 690 + 10 nm. (b)
Short-lifetime FLIM for the region of interest (ROI) (yellow square in panel a). (c) Long-lifetime FLIM for ROL (d) PL decay and (e) its lifetime

histogram for the ROI.

power (P) with I ~ P! while the 695 nm peak intensity
increases sublinearly following I ~ P*** and then saturates after
0.01 mW. Such PL saturation behavior is typically seen in
localized energy states and is likely linked to highly confined
systems.””**~* In photon antibunching, one of the character-
istics of SPE, the time between two successive photons is larger
than a certain minimum value.*” Thus, the brightness of SPE is
limited by a certain number, explaining the intensity saturation
behavior.”” This behavior of the 695 nm peak, together with
the narrow peak shape, suggests the possibility of SPE from
this peak. Another group has already observed similar
intensity-saturated defects in MoS, with SPE emission.”’
However, the SPE feature of defect PL at 695 nm in GaSe was
not observed by second-order correlation g®(t = 0)
measurement at 93 K. However, we cannot rule out the SPE
due to the reasons below. Currently, the lowest-energy defect
emission (695 nm) started to show up at a temperature of 103
K. We hypothesize that the temperature at 93 K in our
measurement is not sufficiently low to observe the single
photon emission. SPE was observed by other groups in
multilayer GaSe at 10 K for the defect line near 1.881 + 0.002
eV, which is at the lowest energy for defects.”® The 695 nm
line with unusual behavior is also at the lowest energy level in
our study. There was no measurement™ of the power
dependence for the defect line near 1.881 + 0.002 eV for a
comparison with our results. One non-SPE emission line had I
~ P'? representing the biexciton transition of the localized
emission center, close to our I ~ P! ~ (P%7%)? for 650 nm.>
Our findings are further supported by the results of another
group that previously observed single-photon emission (SPE)
from multilayer GaSe.”*™*°

To investigate the carrier lifetime in high-pressure
quenching-induced defect states in multilayer GaSe, we
conducted lifetime measurements. Figure 3a presents the
FLIM of a large area of the sample excited by a 405 nm pulsed
laser. As seen from FLIM, the 695 nm peak appears in a certain
region where defects are located. We selected a region of
interest (ROI) (yellow square in Figure 3a) and generated
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FLIMs shown in Figure 3b,c using the intensity decay time
between 0 and 0.08 ns, and 0.08 and 0.2 ns, respectively. Those
decay time ranges were chosen based on the decay curve with
the detector photo counting number above the noise level of
10 in Figure 3d. The spatial distributions of these two lifetime
events are similar. The analysis of FLIM revealed two distinct
lifetimes: a short lifetime of approximately 2.3 ns and a longer
one of about 75.6 ns, as depicted in Figure 3e. We used
perovskite CsPbBr; to test the system. The two separate
segments in the PL decay curve were not observed for
CsPbBr;. Here is one of the possible explanations: the sharp
peak at the beginning represents prompt PL; the long tail
could arise from delayed PL from trap states that are common
in materials with defects.”® The pick-up of the 9.8 GPa sample
from the hole of the gasket in DAC was not successful.
Otherwise, more data from the 9.8 GPa sample can be
compared for understanding the lifetime behavior.

UV Laser (266 nm) Irradiation-Induced Defects in
Multilayer GaSe. In this study, we created defects in
multilayer GaSe by using 266 nm UV laser irradiation. Figure
SS shows the surface topography image and height profile of
the multilayer sample obtained by the profilometer. The
thickness of the sample is determined by the height profile
given by the profilometer (in Figure SSb) as 46 nm. First, we
investigated how the duration of irradiation affects the PL
emission. Figure 4a shows the PL spectra recorded after
different irradiation times. The bottom curve represents the PL
spectrum of the fresh sample without irradiation (0 min),
which exhibits only a single peak at 620 nm, corresponding to
the free exciton emission.”’ After 60 min of exposure, we
observed the emergence of a broad peak at around 690 nm.
Our analysis indicates that this peak likely originates from Se
vacancies, as discussed in the theoretical section. The intensity
of this new peak increased as the exposure time was extended.
The defect peak intensity became stronger than that of free
exciton after 4 h exposure in Figure 4a. The intensity ratio of
the emerged peak over the free exciton peak reaches the
maximum when the exposure time is 9 h, as shown in Figure
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Figure 4. (a) Normalized PL spectra (at 300 K) of a multilayer GaSe
sample after 266 nm UV laser irradiation for different exposure times.
PL was excited using a 532 nm laser. (b) Intensity ratio of the 690 nm
defect peak to the 620 nm band gap peak for different exposure times.

4b. However, with further increase in the exposure time, the
peak intensity ratio gradually decreased. After 29 h of UV
irradiation, PL signal-to-noise ratio significantly deteriorates as
the defect concentration increases.

To better understand the positions of defects within the
broad peak induced by 266 nm UV exposure, we investigated
the low-temperature PL spectra of the sample at 93 K. For this
analysis, we selected a different region in the same GaSe
sample where we have a room-temperature defect PL peak
stronger than the band gap peak. Figure S6 presents the surface
topography and height profile of the selected multilayer piece,
with the sample thickness determined by the profilometer
(Figure S6b) to be 120 nm. Due to the thicker region of 120
nm than 46 nm in Figure 4, the intensity ratio of defect/620
nm should be close to that in the sample of 17 h (a little bit
less than the maximum ratio in Figure 4b) considering the
received energy dose of 266 nm laser per volume. Figure Sa
shows the room-temperature PL spectrum at a laser power of 1
mW, where two peaks are evident: one at 620 nm,
corresponding to the band gap, and another broad peak at
690 nm, attributed to defect states. FigureSb shows Raman
spectra of the GaSe multilayer sample after 266 nm UV laser
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Figure 5. (a) PL spectrum of the 266 nm UV laser irradiated (53 h)
multilayer GaSe sample from a damage-free spot (1 mW, 300 K). (b)
Raman spectra of a GaSe multilayer sample after 266 nm UV laser
irradiation for 53 h at 300 K. (c) Low-temperature PL spectra at 93 K
for the GaSe multilayer sample with different laser powers from
0.00125 (bottom curve) to 1 mW (top curve). (d) PL Intensities of
the 774 nm peak (blue, right y axis) and the 694 nm peak (purple, left
y axis) with increasing laser powers.
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irradiation for 53 h. Similarly to the pressure-treated GaSe
samples, we observe a significant broadening of the Raman
lines after UV irradiation.

The low-temperature PL measurements (Figure Sc) reveal
additional defect-related peaks between 630 and 800 nm. At 1
mW, a peak at 649 nm dominates the spectrum. However, as
the laser power was reduced, the 649 nm peak became barely
visible and new peaks emerged, with the 694 and 774 nm peaks
being particularly notable. The 694 nm peak matches the 695
nm defect peak observed in high-pressure-treated samples
(Figure 2b). To further analyze the behavior of these peaks, we
plotted their intensities versus excitation power in Figure Sd.
The PL intensity of the 694 nm peak (plotted in purple) is
shown on the right axis, and the 774 nm peak (plotted in blue)
is shown on the left axis. The 694 nm peak exhibited a linear
behavior as the laser power increased from 0.00125 to 0.1 mW,
after which its intensity increased with a smaller slope.
Measurements at even higher excitations were not possible
due to the detector saturation.

Like the 694 nm peak, the 774 nm peak also exhibited a
linear behavior initially, increasing steadily between 0.00125
and 0.005 mW. Beyond 0.005 mW, the PL intensity increases
at a much smaller slope than before, as depicted by the blue
curve in Figure 5d. The narrow peak shape and PL saturation
of 774 nm triggered our interest of measuring g(z) (t = 0).
However, the SPE feature at 774 nm in GaSe was not observed
by g(z)(t = 0) measurement at 93 K. Comparing the defect PL
at the lowest energy in Figures 2 and S, both the high-pressure-
and UV-irradiation-induced defects are promising for a further
study for SPE.

B DISCUSSION

The bulk GaSe material consists of Se—Ga—Ga—Se layers held
together by van der Waals interactions. Previous studies
suggest that at high pressures (around 16 GPa),* there is
possibility of layer sliding and structural modifications, along
with the possible occurrence of an &-to-y phase transition. The
additional peaks observed in the PL spectra at 11.2 GPa, below
the typical pressure for the e-to-y phase transition, suggest the
involvement of defect formation in this process. We show in
the following that it is the defect formation occurring at high
pressure (around 11 GPa) that results in the irreversibility of
the exciton PL and the appearance of additional PL peaks
observed after releasing pressure.

A variety of defect species could be generated in multilayer
GaSe under UV 266 nm irradiation. In addition, under
hydrostatic pressure, GaSe hexagonal structures become
distorted (displacement of Ga or Se from the ideal lattice),
where an atom can dislodge to form an interstitial that either
creates a Frenkel pair with a vacancy® or goes into the vdW
gap. The formation energy of Vg, < Se; < (Vg, + Ga;) < (Vg +
Se,) and Se; is electronically inactive.”” We considered Vg, and
(Vs + Ga;) defects here as shown in Figure 6a,b, respectively,
and calculated band structures of pristine GaSe, GaSe with Se
vacancy, and GaSe with Vg, + Ga; defects in Figure 6c—e. For
both types of defects, we constructed a 5 X 5 X 1 supercell
model of a Vg, in Figure 6a and a pair of Vg, + Ga; defects in
Figure 6b equivalent to a defect concentration of 0.5%. Since
DEFT band gaps are underestimated, here we will only focus on
relative changes in band edge positions. Compared with the
band structure of pristine GaSe in Figure 6¢, a Se vacancy
(Figure 6d) introduces three shallow defect bands labeled D,
D¢, and D, and Vi, + Ga; defects (Figure 6e) result in three

https://doi.org/10.1021/acsomega.5c00680
ACS Omega 2025, 10, 7466—7473


https://pubs.acs.org/doi/suppl/10.1021/acsomega.5c00680/suppl_file/ao5c00680_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.5c00680/suppl_file/ao5c00680_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsomega.5c00680?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.5c00680?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.5c00680?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.5c00680?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.5c00680?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.5c00680?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.5c00680?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.5c00680?fig=fig5&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.5c00680?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

Se vacancy

E-E; (eV)

Figure 6. (a, b) Structure of a Se vacancy (a) and a first-neighbor
Frenkel pair of Vg, + Ga; (Ga vacancy and Ga interstitial) (b) in bulk
GaSe. (c—e) Band structure of pristine GaSe (c), GaSe with Se
vacancy (d), and GaSe with Vg, + Ga, (e), where Dy, represents the
occupied defect level and D the unoccupied defect level.

defect bands at D¢y, Dy, and D,,. The free-exciton energy in
the defect model of Vg, + Ga; blue-shifts in wavelength at the
I' point, and the defect energy levels barely change at the M
and K points. In the defect model of Se vacancy, the energy of
the free exciton is the same as one in pristine GaSe at the I'
point, and the defect energy level at M and K points shifts to a
longer wavelength than the free exciton. Thus, the defect
model of Se vacancy can explain the experimental data much
better than the defect model of Vg, + Ga;. In Figure 6d, a gap
decrease of ~0.2 eV from pristine to defective GaSe is
consistent with the ~0.2 eV decrease between the measured
free exciton PL peak at 623 nm and the defect PL peak at 695
nm.

B CONCLUSIONS

In this study, we demonstrated controlled defect generation in
multilayer GaSe through the application of hydrostatic
pressure and UV irradiation. The low-temperature PL
measurements have revealed the appearance of new PL
peaks in both pressure-treated and UV-irradiated samples
due to the generation of defects. For both samples, the new PL
peaks at the lowest energies are dominant under low excitation
power. Their intensities increase linearly and then saturate.
Although SPE features have not been observed for these PL
lines at 93 K, our results still suggest that high-pressure- and
UV-irradiation-induced defects could serve as effective
quantum emitters at even lower temperatures. DFT calcu-
lations revealed energy levels formed by Se vacancies that are
responsible for the new PL lines. This work revealed
convenient methods of quantum emitter generation instead
of expensive ion-beam irradiation methods.
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Surface profile of the sample before applying pressure,
Raman spectrum of the sample at 2.5 GPa pressure,
change in Raman shift with increasing pressure and after
removing pressure, normalized PL spectrum of the fresh
sample at low temperature and low laser power (93K,
0.1 mW), surface profile of the sample before exposing
266 nm UV laser for 52 h, and surface profile of the
damage-free sample surface after 266 nm UV laser
exposure for 52 h (PDF)
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