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Abstract

ITI-VI post-transition metal chalcogenides are layered semiconductor materials that exhibit direct
band gaps in multilayers. Defect engineering is essential in 2D layered semiconductors for
functional devices. Here, we report defect engineering in multilayer gallium selenide (GaSe) and
indium selenide (InSe), where defects generated by ultraviolet (UV, 325 nm) laser irradiation result
in an additional photoluminescence (PL) line. The additional PL line is due to defect-bound
excitons. Characteristics of the defect emission are similar in GaSe and InSe samples subjected to
UV-irradiation, air annealing, or hydrostatic pressure. Two-beam UV interference was applied to
create grating patterns with a periodic array of low and high densities of defects in GaSe. Density
functional theory has identified the defect type in GaSe. The results provide valuable insights into
defect generation and UV scribe of photonic circuits in 2D Se-based multi-layers for optical

integration in a 2D platform.
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Introduction:

2D layered materials such as metal oxides, black phosphorus (BP),!? and transition metal
dichalcogenides, e.g., MoS2, MoSez, WS, and WSe> > have emerged as exciting candidates for
nano-scale applications. Another promising class of 2D materials for next-generation electronic
applications is Group-III monochalcogenides (MX, with M being Ga or In and X being a chalcogen
such as S, Se, and Te).®!° In the case of gallium selenide (GaSe) and indium selenide (InSe), a
monolayer consists of two Ga or In atoms and two Se atoms arranged as Se-Ga-Ga-Se and Se-In-
In-Se, as shown in Figure S1(a, b) in the Supporting Information. In the bulk form, InSe and GaSe

have direct band gaps that can be tuned by layer thickness, as demonstrated both theoretically '~
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and experimentally or by external stimuli, e.g., mechanical deformation.!®!%!7 Their

ability to withstand large deformations without breakdown is an exciting property to be used for
flexible electronic devices and strain engineering applications.!®!”

GaSe has excellent optoelectronic characteristics for second-order optical nonlinearity,
single-photon emission, and terahertz applications.?>* Similarly, InSe is another promising 2D
material that exhibits exceptional electron mobility and ultrahigh photo-response, making it useful
for computing, field effect transistors, and gas sensors.>!4>28 An effective way to dynamically
modify the electronic band structure and enhance the optical properties of 2D layered materials is
through defect engineering. 2°* In particular, point defects in GaSe and InSe have been used and
characterized as single-photon emitters.?%3+%

In general, lasers have been used for the fabrication of photonic devices, especially the
Bragg grating in optical fiber.’® Laser direct writing can provide a fast patterning of photonic
devices over a large area or volume.>”*® Optical methods for defect engineering in 2D materials
are very attractive due to relatively easy implementation and low cost. The ultra-fast laser*® and
the ultraviolet (UV) lamp*® have successfully been used to generate defects in h-BN and MoS,,
respectively, for single-photon emitters. UV 325 nm and 266 nm lasers were used to generate
stable defects in multi-layer MoS> and GaSe.*'** In this work, we explored the use of a 325 nm
He-Cd laser for the defect engineering in GaSe and InSe. We observe an additional defect-related
photoluminescence (PL) emission in the UV-irradiated multilayer GaSe and InSe that remains
stable in Al,Os-capped samples. The two-beam interference of a coherent 325 nm laser was able

to generate grating patterns in 2D multi-layer GaSe, opening a path toward UV laser writing of

optical circuits on a 2D platform.



Methods:

Crystal Growth and characterization: GaSe and InSe single crystals were grown by the vertical
Bridgman method using pre-synthesized polycrystalline materials. The charge was vacuum sealed
in a graphitized quartz ampule. The melt was maintained at 990 °C for GaSe and 720 °C for InSe
for several hours before the ampule was moved across a temperature gradient at a 0.5 mm/h rate.
The &phase of GaSe and the y-phase of InSe were confirmed by X-ray diffraction and transmission

electron microscopy measurements.

Creating Defects in Multilayer GaSe and InSe using 325 nm UV Laser irradiation: The GaSe
and InSe samples were mechanically exfoliated using Scotch and thermal release tapes. A freshly
cleaved layered bulk crystal on thermal release tape is placed onto a 270 nm-thick SiO.-coated
silicon wafer using a polydimethylsiloxane (PDMS) stamp, and gentle pressure is applied to ensure
good contact between the crystal and the substrate. Thermal release tape was then removed by
heating to 100 °C. The prepared sample was protected with 30 nm Al,Os using atomic layer
deposition (ALD). The thickness of the flakes was measured by a profilometer. The GaSe and InSe
samples were irradiated for different durations with a continuous-wave He-Cd UV 325 nm laser
(IK3301R-G, 200 mW) through an optical microscopic objective in air. Defects in GaSe multi-
layers were also generated by exposing them to the two-beam interference pattern of a UV 325 nm

laser.

Creating Defects in Multilayer GaSe and InSe through Thermal Annealing: To create the
defects by thermal annealing, we followed the processes from exfoliation to ALD, as mentioned
in the section above. GaSe and InSe samples were annealed at 150 °C on a hot plate in ambient air

conditions for 3 h, followed by rapid cooling inside a fridge at 0 °C for 3 min.*

Photoluminescence and Raman Measurements: The PL and Raman measurements were
performed at room and low temperatures using a Renishaw inVia Raman microscope setup with a
532 nm laser excitation and 1800 lines mm™ and 1200 lines mm™' gratings for GaSe and InSe,
respectively. All the Raman and PL measurements were taken from the same region of the samples,

maintained under the same experimental conditions. A 50x objective lens having numerical



aperture (NA) = 0.5 was used for all measurements. The Linkam THMS600 stage was mounted
on the microscope system for low- and room-temperature measurements. Precise adjustments of
the incident laser power were achieved using a combination of neutral density filters and laser
power control software provided by Cobolt Samba. The exposure time was consistently set at 10
s. Notably; 1 mW of laser power corresponded to a laser intensity of 0.59 kW/cm? in our optical

setup. Therefore, we will document our results using laser power instead of laser intensity.

Fluorescence Lifetime Imaging (FLIM): A Micro Time 200 time-resolved confocal fluorescence
microscope was used to obtain the FLIM images, decay curves, and lifetime histograms for laser-
irradiated and GaSe multilayer samples. A picosecond 409 nm laser was used for the excitation of
PL. The confocal microscope used a 40x objective lens (numerical aperture NA = 0.4) with a
working distance of 12.0 mm to reduce the height variation effect during the lifetime mapping.
Data acquisition and analysis were carried out using the SymPho-Time 64 software. Bandpass
filters 620 nm = 5 nm (i.e., from 615 nm to 625 nm) and 650 nm + 20 nm (i.e., from 630 nm to

670 nm) were used for free-exciton and for defect emission, respectively.

Profilometer Measurements: A FILMETRICS Profilm 3D Profilometer with white Light
Interferometry (WLI) was used to measure the sample height profile. The envelope peak
measurement parameter was selected under the ‘single’ tab in the WLI setting to characterize the

surface profiles.

High-pressure method: High-pressure studies were carried out using a symmetric diamond anvil
cell (DAC) by Almax Easylab, equipped with two Type-Ila diamond anvils with 600 pm culets.
The layer samples are loaded into a 400 pm diameter hole, which is drilled into a 304 stainless
steel gasket that has been pre-indented to a thickness of 60 um. Pressure determination is achieved
through ruby fluorescence measurements (BETSA). Silicone oil (Sigma Aldrich) is employed as

the pressure-transmitting medium to provide hydrostatic pressure.

Computational Details: To model electronic structures, we employed density functional theory
(DFT) using the Perdew-Burke-Ernzerhof (PBE) parametrization of the generalized gradient
approximation (GGA) exchange-correlation functional,** with simulations performed in the

Vienna Ab Initio Simulation Package (VASP).*>*6 The interaction between valence electrons and



ionic cores was modeled with projector-augmented wave (PAW) pseudo-potentials. 47*® All defects
were modeled within a 7x7x1 supercell of e-GaSe, where convergence with respect to supercell
size towards the dilute defect limit has reduced defect-defect interactions between periodic images
to the degree that defect level dispersion is within 0.05 eV; this also corresponds to a defect
concentration of 0.5 %. A plane-wave cutoff energy of 500 eV was applied, with the electronic
convergence criterion set to 0.01 meV, and force relaxed to a threshold of 0.02 eV/A. Spin-
polarized calculations were systematically performed to determine the ground state of each defect:
we considered local magnetic moments of 0 and 2 ug for Vse, where the non-polarized 0 ug case

was the ground state; we considered 1 and 3 up for Vga, where 1 ug was the ground state. The
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and matplotlib®! were used to plot all the band structures.

Figure 1 (a) PL spectra measured from UV irradiated multilayer GaSe sample under the laser

power 0.5, 1, 2, 3, 4 and 5 mW, and (b) PL intensities of A peak (red squares) and D peak (blue

circles) as a function of laser power. Logarithmic plot of D peak intensity as a function of A peak

intensity at room temperature (¢) and 93 K (d). Lines are power-law fits. (e) PL spectra from UV

irradiated multilayer GaSe sample at different temperatures, and (f) the intensity ratio of D peak

over A peak, Ip/Ia, as a function of temperature and its fit.




Results and Discussion

Defects Induced by UV Laser Irradiation in Multilayer GaSe and InSe

We prepared a multilayer GaSe with a thickness of 250 nm, as shown in Figure S2, coated
with 30 nm of Al,Os. Figure S2¢ shows its Raman spectra, having two out-of-plane phonon modes
A7 (1) at 133 cm™ and A} (2) at 306 cm™!, and one in-plane mode E’'(2) at 212 cm™'. 32 The sample
was exposed to a UV 325 nm laser for 1 h. We measured the PL of the irradiated GaSe sample
under excitation power from 0.1 to 5 mW at room temperature. Figure 1a shows the representative
PL spectra under different laser excitation powers. We observe both an A peak around 2.019 eV,
and a D peak at around 1.936 eV. The A peak corresponds to the free exciton emission, while the
D peak at lower energy is attributed to defect emission associated with selenium vacancies (Vs.),
consistent with earlier reports on GaSe and related chalcogenides. >*>° Figure 1b shows the PL
intensity of free exciton (red diamonds) and defect emission (blue circles) peaks as a function of
the excitation laser power. Below 1800 uW, the A and D peaks fit power-law exponents of 1.79
and 1.74, respectively, indicating superlinear increases in PL intensity. The intensity increase
becomes sublinear at higher excitations, with the exponent values of 0.8 and 0.74 for the A and D
peaks, respectively. The observed power-law exponents show the recombination dynamics in
GaSe. The superlinear trend at low excitation power indicates efficient radiative processes, while
the sublinear behavior at higher powers reflects defect saturation and enhanced nonradiative
recombination.>¢

Under 532 nm laser illumination, the intensity of the free exciton peak in GaSe drops with
increasing laser power above 3 mW.’’” The laser exposure time- and laser power-related PL
intensity fluctuation in InSe has also been reported by another group.’® To minimize additional
laser-induced sample degradation during measurements, as well as to reduce PL fluctuations and
background noise, we plotted the defect PL intensity as a function of A peak (exciton) intensity at
excitation powers below 2000 uW at room temperature in Figure 1c and at 93 K in Figure 1d. 3%
These two plots can be fitted by a power law Ip~(Ia)* with o = 0.98 at room temperature and o =
1.18 at 93 K. For WS> and MoS,, the exponent a is between 0.9 and 1.4, and a smaller value
(0<1.5) indicates an exciton bound to defects.>*®? The exponent a. for GaSe is between 0.98 and
1.18, compared with 1.09 in WS,.%° We can assume that the D peak in GaSe is due to the defect-

bound exciton. To find the thermal activation energy, we measured the PL of GaSe at different



temperatures as shown in Figure 1e. The intensity ratio of D peak over A peak, Ip/Ia, as a function
of temperature is shown in Figure 1f. The ratio Ip/Ia increases up to 7.6 when the temperature is
below 180 K. At low temperatures, excitons are less likely to escape these localized states due to
low thermal energy, resulting in a high population of defect-bound excitons. The relationship of
Ip to I % could be described by

I
Ip~—— (1

a+b exp kBT
The fitting in Figure 1f gives the thermal activation energy E = 0.066 eV, corresponding to the
separation energy of A and D peaks of 0.08 eV in Figure 1a and 0.10 eV in Figure le. If we only
consider the data at 93 K and 303 K in Figure 1f, the fitting passing these two data points gives

the thermal activation energy E=0.074 eV, closer to the experimental value than 0.066 eV.
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Figure 2 (a) PL spectra of UV irradiated InSe under the laser power 0.05, 0.1, 0.3, 0.5 and 0.7
mW, and (b) PL intensities of A peak (red squares) and D peak (blue circles) as a function of laser
power. Logarithmic plot of D peak intensity as a function of A peak intensity at room temperature
(c) and 103 K (d). Lines are power-law fits. (e) PL spectra from UV irradiated multilayer InSe
sample at different temperatures, and (f) the intensity ratio of D peak over A peak, Ip/la, as a

function of temperature and its fit.



Next, we study a multilayer InSe sample with a thickness of 270 nm passivated with 30 nm
of A,Os. The height profile and Raman spectrum of the sample are shown in Figure S3.%° The
sample was exposed to UV 325 nm laser irradiation for 5 min. Immediately after the UV
irradiation, a D peak at around 1.21 eV, is observed together with the A peak (Figure 2a). Figures
2a and 2b show the representative PL spectra under different laser excitation powers and their PL
intensity of free exciton (red squares) and defect emission (blue circles) peaks as a function of the
excitation laser power. Below 250 uW, we fitted A peak and D peak to the power-law relationship
I ~ P1%5 and I ~ P17 respectively, indicating a superlinear increase of A and D peak intensities
with the excitation laser power. Those power-law relationships in InSe are very close to I ~ P79

and I ~ P17* in GaSe. Above 250 uW and below 600 uW, we fitted A peak and D peak to the

power-law relationship [ ~ P19 and I ~ P127. Above 600 puW, intensities of the two peaks
essentially saturate. To minimize the laser power-related PL fluctuation effect,*® we again plot the
defect PL intensity as a function of A peak (exciton) intensity below 250 uW at room temperature
in Figure 2c and at 103 K in Figure 2d.”*% The exponent of the power law Ip~(l)* is 1.03 at room
temperature and 0.99 at 103 K, indicating that the D peak is also due to a defect-bound exciton.>”"
62 We also measured the PL of irradiated InSe at different temperatures as shown in Figure 2e and
plotted their intensity ratio in Figure 2f. By fitting the data in Figure 2f with the equation (1), we
obtained the thermal activation energy of 14 meV, compared with the bound-exciton binding
energy of 14 meV at 103 K and 39 meV at 303 K in Figure 2e and of 26-29 meV in Figure 2a. The
data points at 183 and 213 K deviate significantly from the fitting, probably due to the PL
fluctuation with laser exposure time during PL. measurement.*® If we only consider the data at 103
K and 303 K in Figure 2f, the fitting passing these two data points gives the thermal activation
energy E=12.5 meV, slightly smaller than the fitted value of 14 meV for the whole data points. Our
experimental data shows that InSe®® is much easier to generate defects by UV irradiation, and much
more prone to laser power-related sample degradation than GaSe, that might be related to its
smaller thermal activation energy compared to GaSe. It took 60 min and 5 min to generate defects

in GaSe and InSe under 325 nm laser exposure, respectively.

Defect generation in GaSe and InSe by thermal quenching and hydrostatic high-pressure



We also examined the defects formed during the thermal quenching of Al,Os-capped GaSe with a
thickness of 215 nm, as shown in Figure S4. Figure 3a shows the PL spectrum of annealed
multilayer GaSe with a D peak near 1.93 eV, close to that produced through UV-325 nm irradiation
in Figure 1, while the A peak is around 1.99 eV. Figure 3b shows the PL spectrum of the GaSe
flake measured under 0.8 GPa, that resulted in a defect peak near 1.92 eV, while the A peak is
around 1.97 eV. The shift of the free exciton peak is due to the strain effect.®*% For InSe, we
generated defects through the same thermal annealing process in a 150 nm multilayer sample, as
shown in Figure S5. The D peak shows up near 1.21 eV in Figure 3c, at the same location as that
in the UV-irradiated sample in Figure 2. The PL spectra in Figure 3 shows that the defect-bound
exciton emission (D peak) is not limited to UV irradiation but also appears after thermal annealing
and high-pressure treatment. This comparison confirms that all three methods generate similar

defect states, underscoring the common origin of the defect-related PL features observed in this

study.
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Figure 3: PL spectra from (a) air annealed multilayer GaSe, (b) GaSe after 0.8 GPa hydrostatic

pressure treatment. (¢) PL spectra before and after air annealing of multilayer InSe.

Grating pattern in Multilayer GaSe Protected by Al203

We test the capability of UV 325 nm laser writing of optical components in GaSe coated with 30
nm Al>Os. Figure S6 shows the optical setup for the two-beam interference for the generation of a
grating pattern in multi-layer GaSe. The UV 325 nm laser passes through a beam splitter, and two
beams are reflected by two mirrors and overlap on the GaSe sample with a thickness of 190 nm
(Figure S7). We use the piezo stage in the fluorescence lifetime imaging microscopy (FLIM),

where the PL intensity is shown by the event count scale while the average lifetime is shown by



the color scale, to record the grating patterns. The multilayer GaSe sample received UV-325 nm
laser irradiation of two-beam interference (the overlapped beam size is 1.2 mm in diameter) for 30
min. The sample exhibits an A peak near 1.9 eV (623 nm) and a D peak near 1.86 eV (665 nm) as
shown in Figure S8a. Thus, the (620 + 5) nm and (650 = 20) nm bandpass filters can cover the
spectral region of the A and D peaks, respectively. As shown in Figure 4a, the two-beam UV
treatment results in a grating pattern of periodic low-high lifetime events of the peak A. The dark
regions have low lifetime events, indicating that those regions received a relatively high UV dose
and were degraded. The green region not only has high lifetime events but also is almost uniform
in lifetime. The center of the green lines is very bright and has the highest lifetime events.
However, the grating pattern is barely visible in the FLIM in Figure 4b using the 650 nm bandpass

filter for the defect emission line.
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Figure 4: FLIM in UV irradiated multilayer GaSe: fresh sample using (a) 620+£5 nm bandpass
filter and (b) 650420 nm bandpass filter. (c-e) S-month-old sample using (c) the 620 nm filter,
(d) 650 nm filter, and (e) their lifetime histograms. (f) FLIM using 620 nm filter from the

GaSe without the UV exposure. The inset is its lifetime histogram centered at 1.19 ns.
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We checked the stability of the grating pattern in GaSe. We measured PL and FLIM after the
sample had been in the glove box for 5 months. The PL shown in Figure S8b exhibits a dominant
D peak at 1.86 eV (665 nm) and a weaker A peak at 1.98 eV (620 nm), indicating preserved optical
quality. Despite minor intensity variations relative to Figure S8a, the persistence of sharp D and A
peaks after five months confirms stable radiative efficiency and minimal nonradiative degradation.
Figure 4c and 4d show FLIMs using bandpass filters (620 + 5) nm for the A peak emission and
(650 £+ 20) nm for the D peak, respectively. The PL lifetime in bright regions in Figure 4c is
relatively uniform in light-blue color, with a peak around 1.48 ns as summarized in the lifetime
histogram in Figure 4e. Red and dark-blue spots, corresponding to higher or lower lifetime than
the light-blue, respectively, appear between the bright lines in Figure 4c. A similar FLIM pattern
for defect emission in Figure 4d is observed as the one in Figure 4c, except that there are fewer
red or dark-blue spots between the bright lines that have a cyan (blue-green) color. As a result, the
lifetime histogram for the defect emission (using a 650 nm filter in Figure 4) is narrower, and the
peak lifetime is larger than that for the free exciton emission (620 nm filter in Figure 4). Overall,
the lifetime histogram in the freshly irradiated grating is broader compared to the uniform lifetime
map of 1.19 ns in GaSe without UV exposure in Figure 4f. It becomes even broader when the
sample is old. As observed in the FLIM in Figure 4, the defects within the region of low exciton
emission intensity (i.e., high defect region) is not stable. The high defect emission region
corresponds to the high free-exciton emission region in the aged grating pattern. It indicates that
defect emissions intensity drops when the defect level goes above a certain threshold. Under strong
laser exposure, excessive defect generation and local heating in the layered GaSe structure lead to
stacking faults and dislocations, which act as non-radiative recombination centers and initially
quench the defect-related emission. .> After aging, the local lattice gradually relaxes as the
transient heat dissipates, and some irradiation-induced vacancies undergo partial healing through
atom migration and recombination, as previously reported in atomically thin GaSe.%® This
relaxation and defect recovery reduce the non-radiative trap density below the quenching
threshold. The remaining shallow defects, mainly selenium vacancies (V), act as radiative centers
resulting in more stable emission-The observed high PL contrast between bright and dark regions
in the grating confirms the excellent optical quality of the patterned structure, comparable to or

exceeding those in other UV-inscribed polymer and 2D-material-based gratings.5”:® These results
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demonstrate the potential of the UV-writing technique in GaSe for scalable photonic device
fabrication and wavelength-selective optical integration.

We measured the PL of the grating sample after 5 months, as shown in the supporting
information Figure S8. Both A and D peaks become broader than those in the fresh sample,

corresponding to the broad lifetime in the aged sample in the FLIM measurement.
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Calculated defect energies in GaSe
Ga or Se vacancy defects can be formed in GaSe.®® A selenium vacancy is a prototypical defect

model in GaSe due to its relatively low formation energy, as reported in a prior study.®’ To identify
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the exact defect species using their spectroscopic signatures, we modeled the electronic structures
of two prototypical defects in GaSe as candidates, all performed at the DFT level. We consider
selenium and gallium vacancies, reported previously to have relatively small defect formation
energies.®>’° For both defects, we observed unoccupied mid-gap states, labeled as Cp1 and Cpy for
Vse and only Cpi for Vga, as shown in Figure 5. The side view of the defect wavefunctions is
shown to the right of the band structure in real space, confirming their localized nature. To
determine the optical activity of interband transitions, on top of the band structure we overlay pairs
of circles for all possible vertical transitions, where the color of the circle represents DFT energy
intervals, and the circle diameter indicates the magnitude of the independent-particle optical
transition matrix element along the in-plane direction (i.e. summing squared xx and yy
components). A similar plot for pristine GaSe is provided in the supporting information Figures
S9 and S10 for comparison. As seen from Figure 5, transition matrix elements in both cases are
dominated by the interband transitions spanning over 1 eV (orange circles) involving pristine band
edges (labeled V and C). The next most prominent transitions for both defect models are ones
involving the pristine valence band edge state and the mid-gap states, colored in red. For Vse, the
V—Cpip, transition is ~0.92 eV, which is close to the 1.10 eV as reported in a previous study.®’
The energy difference between this transition and the pristine band gap (1.07 eV obtained from a
separate pristine structure calculation) is approximately 0.15 eV. This energy difference compares
well with the experimentally measured peak position separation of 0.08-0.10 eV between the free
exciton peak and defect-bound exciton peak. The same degree of agreement does not apply to Vaga.
For Vga, the V—Cp: transition is 0.70 eV. Here, the energy difference between this transition
energy and the pristine GaSe band gap is 0.36 eV, which clearly disagrees with the experimentally
measured peak energy difference. The above results allow us to conclude that the dominant defect

species in our study is Vse.

Conclusion:

In summary, we have shown that 325 nm UV laser can easily generate defects in both GaSe and
InSe, and that it is much easier to generate defects in InSe which is much more prone to laser
power-related degradation than in GaSe. The defects in GaSe and InSe with A1,O3 protection are
stable. However, the defects in GaSe generated above a certain irradiation threshold are not stable

in a sample that is five months old. We have generated a grating pattern of a low-high array of free
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exciton emissions in multiple-layer GaSe. A similar grating pattern of a low-high array of defect
emission has been observed in the aged GaSe sample. DFT has been calculated to identify the
defect type. These results indicate that the 325 UV laser can be used to scribe photonic circuits in

2D layered GaSe for photonic integration.

Supporting Information:
Side-view schematic of multilayer y-InSe/e-GaSe phases, Raman spectrum, thickness profile,
optical image, two-beam interference setup for generating periodic patterns on GaSe, PL spectrum,

band structures plot.
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