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Two-dimensional InSe has been considered as a promising candidate for novel optoelectronic devices
owing to large electron mobility and a near-infrared optical band gap. However, its widespread
applications suffer from environmental instability. A lot of theoretical studies on the degradation
mechanism of InSe have been reported whereas the experimental proofs are few. Meanwhile, the role of
the extrinsic environment is still obscure during the degradation. As a common technique of studying
the degradation mechanism of 2D materials, laser irradiation exhibits many unique advantages, such as
being fast, convenient, and offering in situ compatibility. Here, we have developed a laser-treated
method, which involves performing repeated measurements at the same point while monitoring the
evolution of the resulting PL, to systematically study the photo-induced degradation process of InSe.
Interestingly, we observe different evolution behavior of PL intensity under weak irradiation and strong
Our
simultaneously occurring in InSe under a weak laser irradiation, resulting in the PL increasing first and
then decreasing during the measurement. Meanwhile we also notice that the passivation has a stronger
effect on the PL than the degrading effect of weak oxidation. In contrast, under a strong laser irradiation,
the InSe suffers serious destruction caused by excess heating and intense oxidation. This leads to

irradiation. experimental results indicate the vacancy passivation and degrading effect
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DOI: 10.1035/d3ra00324h a direct decrease of PL and corresponding oxidative products. Our work provides a reliable experimental

rsc.li/rsc-advances supplement to the photo oxidation study of InSe and opens up a new avenue to regulate the PL of InSe.
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1. Introduction

The advent of semiconducting two-dimensional (2D) layered
materials with a broad range of electronic and optical properties
has provided fascinating opportunities to design and configure
next-generation electronic and photoelectronic devices, such as
field-effect transistors, photocatalysts, gas sensors, devices for
energy storage and conversion and photodetectors over the past
decade.”” Indium selenide (InSe), a recently emerging layered
metal monochalcogenide III-VI compound with each InSe layer
composed of covalently bonded Se-In-In-Se atomic planes, has
received widespread attention, owing to its outstanding carrier
mobilities and large-scale tunable bandgap (~1.28-1.8 eV) in
a small varying thickness range (2-8L).*” At the same time, the
direct bandgap characteristic of multilayer InSe is different
from other 2D materials, such as transition metal dichalcoge-
nides (TMDs), which presents a promising candidate for
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broadband photodetection applications with large absorbance,
such as near-infrared photodetection.®®

The optical and electronic properties of InSe are easily
affected by the surrounding environment, which restricts its
practical applications. Recently, the degradation characteristics
of the InSe have been widely studied and many theoretical
simulations provided in-depth insights into the degradation
mechanism of InSe®** whereas a comprehensive experimental
result is still lacking. As a common technique, laser irradiation
with good regional selectivity and convenience has been regar-
ded as an effective tool to study the degradation process of 2D
materials while it has also been demonstrated to realize the
modulation of PL for TMDs."*” Among these studies, most
found that laser irradiation can cause the structural degrada-
tion and lead to a decline of PL,"® but the obvious increase of PL
has also been observed in other reports." The reasons for the
different evolution of PL induced by laser irradiation still need
to be explored. On the other hand, long-time laser irradiation
may result in heat accumulation on the surface of materials,
thus the practical experimental results will suffer an influence
from the distinct heat dissipation especially for the materials
with bad environment stability. In order to avoid the influence
from long-time irradiation adopted in previous reports,'>'**° we
developed a modified laser treated technique that the photo-

© 2023 The Author(s). Published by the Royal Society of Chemistry
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ablating and PL measurement can be simultaneously achieved
by repeating measurements at the same point.

In this work, we report a detailed investigation on the
degradation process of InSe under laser irradiation by moni-
toring its PL intensity evolution. We notice the distinct behav-
iours that the PL intensity increases first and then decreases for
weak irradiation while constantly decreasing under strong
irradiation. Here, the vacancy passivation can account for the
improvement of PL intensity and the degrading effect induced
by oxidation is responsible for the decline. Thus, the initial
enhancement behaviour can be attributed to the greater impact
on PL from Se vacancy passivation caused by photo-induced gas
adsorption (i.e. H,O and O,), in comparison to the degrading
effect induced by laser irradiation. Besides, a faster saturation is
observed for the vacancy passivation, which results in the
subsequent decrease of PL. Interestingly, a direct decrease of PL
is noticed under a strong laser irradiation where the InSe suffers
a more serious destruction caused by excess heating and
intense oxidation.

2. Experimental
2.1 Measurements and characterizations

The InSe flakes were firstly mechanically exfoliated onto poly-
dimethylsiloxane film (PDMS) from the bulk crystal of InSe (HQ
graphene company) and then deposited onto SiO,/Si substrates
with a 300 nm SiO, layer. The InSe atomic flakes were roughly
identified by optical contrast and then the thickness of each
layer was characterized by atomic force microscopy (AFM) in
non-contact mode under ambient conditions. The Raman
spectra were obtained by 1800 lines per mm grating while 150
lines per mm for PL spectra through a confocal Raman system
(WITec Alpha300 R) with 532 nm laser wavelength. An objective
lens of 100x magnification and 0.95 numerical aperture (NA)
was used, and the spot size is ~500 nm in diameter. Argon (Ar)
plasma was used to treat InSe for varying durations at different
powers at room temperature. PL and Raman spectra were
measured immediately after plasma treatment. In addition, we
keep the same InSe flake in different spots for the experiments
shown in Fig. 2, 3 and 4 and a new flake of the same thickness in
Fig. 5.

In vacuum measurements, the samples were mounted in the
chamber of a refrigeration system (CRYO Industries of America,
Inc.) at room temperature, the sample chamber was evacuated
to a high vacuum of greater than 10™® mbar throughout the
experiment.

2.2 Modified laser treated technique

We designed the developed technique to avoid the effects of
heat caused by prolonged exposure to laser irradiation on
a sample previously reported.'>'*** We sequentially measured
the Raman/PL spectrum of InSe flakes by increasing the
number of measurements. The time gap between each
measurement was 3 s. For each measurement the acquisition
time for the Raman/PL spectrum was 3 s, and twice accumu-
lated. Laser power was either 0.2 or 2 mW.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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3. Results and discussion
3.1 Basic characterization

The exfoliated InSe flakes were transferred onto a SiO,/Si
substrate through micromechanical exfoliation technique.
Fig. 1a shows the optical image of the InSe flakes whose
thickness was identified by mean of the optical contrast and
further verified by atomic force microscopy (AFM) as shown in
Fig. 1b. Fig. 1c presents the stack Raman spectra of InSe with
different thicknesses under an excited laser energy of 2.33 eV. A
few representative Raman peaks located at ~115, ~178, ~196,
and ~228 cm™ " are observed, corresponding to the vibration
modes of A(T'3), E(T'3)-LO, A,(T'})-TO, and A,(T') respectively, in
good agreement with the previous reports.** It is noted that
the bulk sample exhibits all prominent Raman characteristics
whereas almost disappears as the thickness down to 2L, stem-
ming from the suppressed interlayer coupling. Fig. 1d shows
the corresponding PL spectrum with an obvious decrease of
intensity as the thickness decreases from bulk to 2L, which is
mainly dominated by a major change in the electronic band
structure, possibly a direct-to-indirect bandgap transition
caused by quantum confinement, as observed in InSe nano-
particles.>* Meanwhile, a significant blueshift of the emission
energy is noticed which is consistent with the evolution of
a bandgap of InSe that gradually shifts from ~1.28 eV (bulk) to
~1.8 eV (bilayer).®”?

The crystal quality of exfoliated bulk InSe is characterized by
PL as shown in Fig S1.7 The PL spectra of the bulk InSe flake
during repeated measurement are recorded in Fig. 2. Interest-
ingly, the PL intensity firstly increases and then gradually
decreases under the irradiation of 0.2 mW (Fig. 2a). Such photo-
induced enhancement behavior was observed in some TMDs as
well.’®'®  Therein, two reasonable deductions have been
proposed: one is the conversion from trion to exciton induced
by the doping effect of physical molecule adsorption® and the
other is that the electrons possess a higher binding energy when
localized at the oxygen functional groups formed by chemical
reactions, thus suppressing the thermal activation of excitons to
auger non-radiative recombination.” On the other hand, the
decline of PL is generally considered to be the deterioration of
structure.**'® However, most studies on the PL evolution of InSe
induced by laser mainly concentrate on the theoretical simu-
lation, and an experimental result is eagerly needed. Here, we
deduce that the photo-induced molecule adsorption may
contribute to the main enhancement of PL intensity for InSe
with an unavoidable destruction which results in the subse-
quent decrease (details will be discussed later). Meanwhile, we
also notice a direct decrease of PL intensity when InSe are
exposed to a 2 mW laser power (Fig. 2b), which may originate
from a serious damage of structure.

3.2 Influence factors on PL evolution

In order to explore the influence factors on the variations of PL
intensity with increasing measurements, we monitor the InSe
degradation process under different conditions as shown in
Fig. S2.T We first extract the corresponding PL intensity under
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(a) Optical image of the InSe flake exfoliated onto a SiO, (300 nm)/Si substrate with different thickness. (b) The AFM images of as-

exfoliated InSe. Scale bar, 4 um (c) Raman spectra of InSe flakes with different thickness. (d) PL spectra of InSe flakes with different thickness.

different laser power by fitting mixed Lorentz and Gauss func-
tions, as shown in Fig. 3a and b, respectively. In air, the PL
intensity firstly increases to the maximum value at measure-
ment no. 8 and then gradually decreases, whereas the PL
intensity almost keeps constant under the vacuum condition,
which suggests the ambient atmosphere is essential for the

increase/decrease of PL. Here, the H,O and O, may play
a crucial role according to the previous reports.'**”*” In order to
verify the deduction, we first perform a laser pre-treatment for
the InSe with the expectation of introducing a little absorbent
(i.e. O, and H,0) and then repeat the test in vacuum. As ex-
pected, the PL undergoes a small rise and subsequently stays
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(a) PL spectra of the bulk InSe under 0.2 mW during repeated measurement. (b) PL spectra of the bulk InSe under 2 mW during repeated
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(a) The PL intensity and position (c) as a function of measurement numbers (No.) under 0.2 mW laser power in different conditions. (b) The

PL intensity and position (d) as a function of measurement numbers (No.) under 2 mW laser power in different conditions.

the same with increasing measurements, indicating the intro-
duced adsorbents are rapidly exhausted. These results observed
in vacuum condition demonstrate that the unremitting partic-
ipation of O, is required whether the PL enhanced or sup-
pressed. On the other hand, we also observe the strongest PL
enhancement in air when we immerse the sample in water to
obtain a water-rich InSe. To further understand the interaction
between O, and H,O, Fig. S31 presents a control experiment
that the water-rich InSe shows a lager PL enhancement
compared with the untreated InSe in air, whereas merely leaves
a slight PL increasement in vacuum. Interestingly, a reversible
process with a comparable enhancement factor for PL is
observed when the sample recovers to ambient condition. The
results indicate that the H,O plays a primary role for the
enhancement of PL while the O, can not absent. In a word, the
cooperation between H,O and O, under the laser illumination
is required to support the enhancement process. The possible
process is that the partial oxidization on InSe surface increases
its hydrophilicity, which can promote the adsorption of H,O
according to the previous calculations.” The specific mecha-
nism will be discussed later.

Fig. 3b shows the evolution of PL under 2 mW irradiation
that the same rapid declines at these four different conditions,
indicating the InSe could be directly damaged by heating effect
even without O, at a higher power. The smaller decreases in
these vacuum conditions are probably due to the absence of

© 2023 The Author(s). Published by the Royal Society of Chemistry

oxidation process to avoid a more serious damage. Such
behaviors are different from the one at low power (0.2 mW),
thus we can speculate that both the strong oxidation and
heating effect contributing to the damage of InSe at high power,
whereas only a degrading effect exists, causing by oxidation for
low power. Notably, we also find that the decrease of PL is a self-
limiting process, which may result from the saturation of
oxidation process.*®

Fig. 3c and d depict the evolution of extracted peak position
of PL versus measurement no. under different power. In
vacuum, there is no change in peak position for the 0.2 mW
irradiation, however a redshift is noticed when the power
increases to 2 mW which results from the heating effect,
consistent with the change of PL intensity. In air, the peak
positions slightly redshift during the process of PL enhance-
ment and then redshift visibly in the stage of decline under the
irradiation of 0.2 mW. For 2 mW irradiation, an almost linear
redshift in peak position is observed. These results indicate that
the structural damage induced by laser may come from the
accumulation of minor degradation for a weak irradiation of 0.2
mW. However, the severer structure damage of InSe flakes
exposing to a high power can be attributed to the combination
of heating effect and a strong oxidation process accompanying
with oxide formation, which also supports above results of PL
intensity.

RSC Adv, 2023, 13, 7780-7788 | 7783
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It is known that the in situ Raman spectroscopy is also
a powerful tool to monitor the degradation process.>*** Fig. S4a
and bf show the stacked Raman spectra with increasing
measurements under the irradiation of 0.2 mW and 2 mW in
air, respectively. Similarly, several representative Raman modes
(A4(T3), E(T3)-LO, and A4(T'3)) of InSe all become weaker as the
increasement of measurements no. for two situations. This
indicates the integrity of the InSe layer destroyed by laser
ablating, which provides a new proof for the degradation of
InSe. It should be noted that the (178 cm ™" and 228 cm ™) peaks
almost disappear at the end of the test of 2 mW while two
emergent broad brand individually located at ~133 cm™* and
~200-250 cm " are detected, which has been proven to be good
indicators of formation of oxidative products, such as amor-
phous In,Se; and cubic In,O; produced by a strong oxidation
process in InSe.**** These results are further in favor of the
conclusion that the 2 mW irradiation can cause a severer
oxidation in InSe relative to the 0.2 mW.

3.3 Three-dimensional (3D) AFM images of the InSe

In addition to these indirect strategies of spectroscopy, we also
directly monitor the surface morphology of InSe in air through
AFM measurement. Fig. 4a-f show the three-dimensional (3D)
AFM images of the InSe in different test situations as well as the
corresponding height profiles. As seen in the 3D images, after
the laser irradiation of 0.2 mW, a minor pit formed on the
surface, indicating the InSe can be slightly ablated with the
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presence of O, even at a low power. Notably, we find that the pit
exhibits a noticeable increasement in diameter from measure-
ment no. 5 to no. 40 according to the height profiles shown in
Fig. 4d and e. Such behaviors demonstrate that the degrading
effect induced by laser irradiation can be accumulated during
the repeated measurements, which agrees well with the
continuous decline of PL intensity (see Fig. 3a). In contrast, we
observe a striking lump in a larger pit as shown in Fig. 4c where
the InSe suffers a 2 mW irradiation, suggesting the InSe surface
is seriously destroyed first and then new oxidation products are
formed, which has been evidenced by the emergent broad
brand in Raman spectra (see Fig. S47). Specifically, the serious
destruction should be attributed to the excess heat and intense
oxidation, while the created oxidation products aggregate to
form a protruding oxidation lump with the increase of
measurements no. The AFM results present an intuitive proof
for the degradation process of InSe, in good agreement with its
PL weakening process. However, the reason for initial
enhancement process of PL under 0.2 mW irradiation is hard to
directly monitor through a technical means and still needs to be
discussed in more depth. According to the analyses earlier in
this work, we think that the passivation of Se vacancy induced
by adsorption plays a dominant role for the enhancement of PL
intensity. Although the degrading effect caused by laser may
result in a suppression in PL, it is negligible compared to the
promotion brought by passivation effect before reaching the
saturation, which can be evidenced by the rapid rise (6
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(a—c) Three-dimensional (3D) AFM images of InSe during repeated measurement. (e—f) Corresponding height profiles.
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measurements) and slow fall (~20 measurements) in PL
intensity (see Fig. 3a).

3.4 The effect of vacancy density on the evolution of PL

It is well known that the PL emission intensity mainly depends
on the radiative recombination efficiency while the non-
radiative recombination is unavoidable in ambient, which
might directly affect the PL intensity. According to previous
reports, the vacancies**** and atomic substitutions***” existing
in TMDs provide primary non-radiative recombination path-
ways and the former is considered to be the dominant structural
defect on account of its low formation energy.***® For InSe, first-
principles calculation reveals that perfect InSe possesses high
chemical stability against oxidation but intrinsic defects, like Se
vacancies, can act as active sites for molecule adsorption,'**
which offers a possible path to enhance the PL emission by
passivating the vacancies. In a similar way, the intrinsic Se
vacancies in InSe flake will create certain mid-gap defect states
that can act as a nonradiative recombination center, thus
passivating these Se vacancies can effectively suppress non-
radiative recombination to improve the PL emission effi-
ciency. Theoretical calculations also demonstrate that light
excitation can significantly accelerate the degeneration of InSe
by forming chemical oxygen species' and the energy barrier of
0O, adsorbed on Se vacancies is much lower than on In vacan-
cies.” This confirms the possibility of that O, occupy the Se
vacancies under the irradiation of 0.2 mW and can account for
the enhancement of PL.

Therefore, we expect to design an ingenious experiment to
verify our opinion through investigating the effect of vacancy
density on the evolution of PL in InSe. Slow energy argon (Ar)
plasma treatment has been used as a nondestructive pre-
conditioning technique to tailor the electrical and optical
properties of TMDs.*>** On the other hand, mild Ar plasma is
also often employed to controllably introduce vacancy in 2D
system, for example, preferentially sputtering Se in 2D PtSe,.*>**
To this regard, we introduce different amounts of Se vacancies
in InSe by changing Ar plasma treatment duration and show the
corresponding Raman spectra of InSe in Fig. S5.1 All the Raman
modes are still detected after plasma treatment, indicating that
the crystalline structure of InSe can be reserved. Interestingly,
the A,(T'])-TO mode at 196 cm ™" changes more prominent after
60 s treatment which is normally forbidden and can be activated
when near resonance happens or g-dependent scattering
predominates.®®*” The enhanced activity for A,(T'})-TO mode
may result from the increased amount of Se vacancy introduced
by plasma treatment.”® Meanwhile, we also conduct the PL
measurements of the plasma-treated InSe at ultralow tempera-
ture (10 K) to further confirm the reliability of introducing
vacancies in InSe (see details in Fig. S67).

The PL spectra of InSe flake treated by Ar plasma with
different durations are recorded and shown in Fig. 5a. The PL
intensity is obviously quenched, which might originate from the
stronger non-radiative recombination induced by introducing
more defects, such as vacancies.****** We monitor the PL
intensity evolution of plasma-treated InSe versus measurement

© 2023 The Author(s). Published by the Royal Society of Chemistry
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no. under 0.2 mW irradiation as shown in Fig. 5b. A similar
evolution to the untreated InSe is observed that the PL intensity
firstly increases to the maximum value and then gradually
decreases. In particular, we noticed that the maximum PL
intensities of these plasma-treated InSe flakes are comparable
to the pristine InSe after several irradiations, though their
initial intensities are smaller. This phenomenon tells us that
the PL efficiency of plasma-treated InSe could be well restored
through a proper laser irradiation, which offers a good chance
to study the effect of defect healing (i.e. vacancy passivation) on
PL emission. It is noted that these similar maxima of PL also
suggest there is a threshold for such enhancement behavior
when all vacancies are eliminated.

In detail, we compare the increment of PL intensity induced
by 0.2 mW irradiation in the InSe flake, in which the increment
is defined as the difference between the initial and maximum
value of PL. Fig. 5c gives the obtained PL increments with
different treatment durations and the inset shows the ratio
between the initial and maximum PL intensity values. As ex-
pected, we observe the strongest increment in the InSe flake
with a 60 s treatment, there is no doubt that it has been intro-
duced the most vacancies, which can be evidenced by its
smallest initial PL intensity. Therefore, we can conclude that the
observed PL enhancement of InSe under 0.2 mW irradiation is
relative to the defect healing which means passivating vacancy
by laser irradiation is an effective method to regulate the PL
emission in InSe. On the other hand, we also monitor the PL
intensity evolution of plasma-treated InSe as increasing
measurements under 2 mW irradiation as shown in Fig. 5d. The
PL intensities of these plasma-treated InSe decrease faster than
the pristine InSe, demonstrating that more intense oxidation
happened in InSe with higher defect density.

In general, we give a reasonable explanation for the PL
evolutions of InSe induced by laser irradiation, which can be
employed to act as an indicator of InSe degradation. Combining
the discussion with previous studies,'®'”*63435 we think that
the vacancy passivation should be the primary reason for the
enhancement process of PL in InSe where the H,O and O, are
adsorbed to the surface and occupy the Se vacancies under
a weak laser irradiation, resulting in the decrease of the non-
radiative recombination centers offered by related defect
states. Meanwhile the direct adsorption of H,O on the InSe
surface is considered difficult but the atomic O group can
dramatically enhance its adsorption ability according to the
previous theoretical study," our work experimentally confirms
this opinion well based on the fact that the rich-water InSe
exhibits the largest PL enhancement in air but not in vacuum.
Moreover, the continuous decline of PL under 0.2 mW irradia-
tion has been shown to come from the degrading effect of weak
oxidation, however it should be attributed to the combination of
excess heating and strong oxidation effect for the 2 mW irra-
diation. The possible oxidation process is that O, molecules
become superoxide anions (O, ) under the irradiation of laser,
reducing the dissociation barrier of O, and thus promoting the
formation of the In-O structures in the Se-deficient InSe sheet.*
It is worth noting that a weak oxidation process in InSe hardly
produces any products but abundant oxidation products will be

RSC Adv, 2023, 13, 7780-7788 | 7785
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(a) PL spectra of InSe treated with Ar plasma after O s, 20 s, 40 s, 60 s. (b) PL intensity under 0.2 mW laser irradiation as a function of

measurement numbers (No.) after different duration of Ar plasma treatment. (c) PL increments (defined as the difference between the initial and
maximum value of PL) after different duration of Ar plasma treatment. (d) PL intensity under 2 mW laser irradiation as a function of measurement

numbers (No.) after different duration of Ar plasma treatment.

generated when the oxidation reaction is sufficiently intense,
such as the 2 mW irradiation.

4. Conclusions

In summary, we systematically investigate the effect of laser
irradiation on the InSe by monitoring the photo-induced
evolution of PL. We find that weak laser irradiation enables
the PL increase of InSe in air, however multiple irradiations or
stronger power will result in a continuous decline. Such
behavior means that we can achieve the regulation of InSe PL by
simply manipulating the conditions of laser irradiation.
Combining the AFM and Raman results, we clearly distinguish
the roles of O,, H,O and intrinsic defects in the enhancement
process of PL, while two different explanations for the PL
decline are proposed, corresponding to that induced by the
weak and strong irradiation, respectively. Interestingly, we also
find that the vacancy passivation has a more visible effect on the
PL of InSe compared to the weak oxidation, but the final satu-
ration is not surprisingly observed. This work provides an
experimental guidance for understanding InSe degradation and
a reference for the application of environmentally stable InSe
optoelectronic devices.
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