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pendent and structural defect
related optical properties of InSe†
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Two-dimensional (2D) InSe is an attractive semiconductor because of its bandgap in the near infrared

region, high carrier mobility and chemical stability. Here, we present systematic investigations on the

layer-dependent optical properties of few-layer InSe (2–6 layers). We develop a quantitative calibration

map using optical images and Raman and photoluminescence (PL) spectroscopy to directly identify the

layer numbers of the InSe flakes. This is facilitated by the significant difference in the optical contrast or

Raman/PL spectra of InSe with different thicknesses. Moreover, excitonic states in few-layer InSe and in

the bulk are probed by temperature-dependent PL spectroscopy. An emerging peak arising from the

recombination of excitons bound to localized states is observed at low temperature. These states arise

from structural defects which can also be induced via electron beam irradiation. The PL emission from

bound excitons could be modified to be even stronger than the emission from near band edge

recombination. This provides a new strategy to improve the PL emission efficiency of 2D InSe.
Introduction

Two-dimensional (2D) layered materials, including semi-
metallic graphene,1–3 semiconducting transition metal dichal-
cogenides (TMDs)4–7 and insulating hexagonal boron nitride
(hBN), have attracted increasing attention in the past decade.
The features of near-ballistic transport behavior at room
temperature and high mobility8,9 make graphene promising in
the application of next generation electronics,10–12 but its gap-
less characteristic restricts its applications in logic and opto-
electronic devices.13 To overcome this weakness, TMDs have
been reintroduced and widely investigated because of their
intrinsic bandgap, but their mobility is relatively low.14 In
addition to TMDs, transitional metal monochalcogenides
(TMMs) are typical semiconductors with bandgaps covering the
range from UV to near-infrared (NIR). Recent reports have
demonstrated that layered TMMs have promising potential in
electronics and optoelectronics, for example, the valleytronic
properties of SnS,15 high mobility of GeS,16 superior photo-
detection of GaSe,17 and so forth.18–23

Among these TMMs, InSe is an emerging material with the
layer-dependent bandgap ranging from 1.25 eV (bulk) to 1.9 eV
(bilayer) and it exhibits direct-to-indirect bandgap transition
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with decreasing thickness.24,25 Few-layers InSe possesses high
electron mobility, exceeding 103 cm2 V�1 s�1 at room
temperature.24 Recently, researches have been carried out to
explore the optical properties of InSe few layers. For example,
the thickness-dependent optical contrast,26,27 photo-
luminescence (PL) and Raman spectra24,28 have been observed.
However, a systematic calibration map in using these
thickness-dependent properties to identify the layer numbers
of InSe is absent. In addition, the efficiency of PL emission of
InSe thin layers is extremely low due to the direct-to-indirect
band gap transition28 and environmental impacts.24 This
restricts its potentials in optoelectronic applications. To
improve the PL efficiency of 2D InSe, deep understanding of
the excitonic fundamentals like the recombination mecha-
nism, thermal perturbation, and dielectric surroundings is
desired.

Herein, we carry out systematic investigations on the optical
properties of InSe few layers. Signicant layer dependences are
observed on the optical contrast, Raman and PL spectra col-
lecting from InSe akes with different thicknesses. A calibration
map is thereby developed to quantitatively identify the layer
numbers based on these properties. Evolution of the excitonic
states is further investigated by means of the temperature-
dependent PL spectra. In addition, the optical properties of
the InSe akes could be efficiently modied via electron beam
irradiation, which could introduce localized states. The PL
emission from the recombination of excitons bounded to these
states could be even stronger than the emission from band edge
recombination aer modication.
This journal is © The Royal Society of Chemistry 2017
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Experimental

Thin InSe akes were mechanically exfoliated from n-doped
InSe (Fig. ESI1†) crystals and transferred onto a Si substrate
with 300 nm SiO2 coating layer. A microscope was used to
obtain optical images of the samples and Matlab soware was
utilized to read out the red (R), green (G), blue (B) values at each
pixel of the optical images and get the histogram of optical
contrast distribution.29 Atomic force microscope (AFM) was
employed to conrm the thickness of InSe akes. Raman and
PL spectra were collected using a LabRAM HR800 Raman
system (excitation wavelength ¼ 532 nm). Temperature-
dependent spectra were collected in a Montana Instruments
cryostation low-temperature system.
Result and discussion

Charge-coupled device (CCD) in optical microscope allows us to
capture digital images of samples, from which we could get R, G
and B values based on the color lters in CCD and reproduce
a reection spectrum from the surface of the sample.30 Fig. 1
illustrates the process of thickness identication via optical
contrast. Fig. 1(a) shows the optical image of an InSe ake
deposited on a SiO2/Si substrate (optical images of 4-layer and 5-
layer lm are given in Fig. ESI2†). Evidently, the contrast values
of the domains with different thicknesses are easily resolved in
the G channel image (Fig. 1(b)). According to the extracted
histogram of the optical contrast distribution, representing
contrast of substrate and two domains (region B and A) with
different thicknesses are measured to be �0 (substrate),
��0.088 and ��0.179, respectively (Fig. 1(c)). AFM results
indicate that the thickness of region B and region A is �2.1 and
�3.2 nm, respectively (Fig. 1(e and f)). Considering the thick-
ness of a monolayer InSe (�0.83 nm)27 and also the instrument
offset of AFM (�0.5 nm), region A and B are corresponding to
three layers and two layers. Aer mutual authentication
Fig. 1 (a) Optical image of the InSe flake exfoliated onto a SiO2

(300 nm)/Si substrate. (b) G channel optical contrast image of the same
flake shown in (a). (c) Histogram of optical contrast distribution, the
optical contrast of substrate, A and B are 0, �0.179, �0.088, respec-
tively. (d) Optical contrast values of InSe flakes with different thickness.
(e) AFM image of red square labelled in (a). (f) AFM profile measured
along the red path in (d). (g) The calculated contrast spectra of InSewith
different thickness (1–5 layers) on SiO2 (300 nm)/Si substrate.

This journal is © The Royal Society of Chemistry 2017
between optical contrast and AFM results, the contrast values
present one-to-one correspondence to the layer numbers of InSe
few-layers (Fig. 1(d)). Therefore, it can be employed to easily
identify the layer numbers of the exfoliated samples. The
average contrast values (G channel) of 1–5 layer InSe is �0.048,
�0.089, �0.161, �0.218 and �0.262, respectively.

Besides experimental measurements, the optical contrast
could be theoretically estimated via Fresnel equation under
normal incident conditions, C(l) ¼ [R0(l) � R(l)]/R0(l)30 R0(l) ¼
|r0(l)|

2 and R(l) ¼ |r(l)|2 are the reected light intensities from
air/SiO2/Si and air/InSe/SiO2/Si, respectively, which are wave-
length dependent,

r0(l) ¼ (r02 + r23e
�2if2)/(1 + r02r23e

�2if2) (1)

r(l) ¼ [r01 + r01r12r23e
�2if2 + r12e

�2if1 + r23e
�2i(f1+f2)]

� [1 + r12r23e
�2if2 + r01r12e

�2if1 + r01r23e
�2i(f1+f2]�1 (2)

Under normal incidence, rij ¼ (ni � nj)/(ni + nj) (i, j is taken
from 0 to 3). n0, n1, n2 and n3 are the refractive indices of air,
InSe,27 SiO2 and Si, respectively. f12 ¼ (2pn1,2d1,2)/l is the
induced phase difference when light passes through InSe or
SiO2. d1 ¼ N � d is the thickness of InSe, where N is the number
of layers and d ¼ 0.83 nm is the thickness of InSe monolayer.27

d2 represents the thickness of the SiO2 layer. Accordingly, the
optical contrast (G channel) of InSe with 1–5 layers can be
calculated to be �0.046, �0.098, �0.155, �0.207 and �0.282,
respectively (Fig. 1(d and g)). These values are well consistent
with the experimental results (Fig. 1(d)).

As has been demonstrated in InSe, the out of plane Raman
modes present signicant thickness-dependence.31 The Raman
spectra of InSe akes with different thickness are collected at
room temperature (Fig. 2(a)). Evidently, bulk-InSe exhibits
modes whose frequency of characteristic vibrations are
�114 cm�1 (A1), �175 cm�1 (E), �198 cm�1 (A1(LO)) and
�225 cm�1 (A1).31 As thickness decreases, the frequency of the
out-of-plane non-polar A1 mode at�114 cm�1 decreases and the
polar A1 (LO) mode signicantly increases (Fig. 2(a and b)),
Fig. 2 (a) Raman spectra of InSe with different thicknesses. (b) The
positions of different peaks with the change of layer numbers. (c) PL
spectra of InSe with different layers, and the peak positions are shown
in (d).

RSC Adv., 2017, 7, 54964–54968 | 54965
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Fig. 3 (a) PL spectra of 3-layer (a), 4-layer (b), 5-layer (c) and bulk (d)
InSe collected at different temperature, and the laser power is 0.1 mW,
0.03 mW, 0.03 mW and 2.3 mW, respectively. Temperature depen-
dence of PL intensity (e) and peak position (f) of 3-layer and bulk InSe.
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whilst, the shis of A1 mode at �225 cm�1 is inconspicuous.
The blue-shi of A1 (LO) mode with decreasing thickness arises
from the stronger In–Se bond in thinner layers. It has been
demonstrated that the In–Se bond is much stronger in mono-
layer than in bulk.31 The stronger bond gives rise to higher
frequency of vibrations. However, in low frequency, the
restoring forces of A1 at �114 cm�1 are mainly from interlayer
interactions of In–In bond. The gradually weakened interlayer
interaction of In–In bond leads to decreasing frequency of A1

mode. Consequently, the layer dependences of low frequency A1

mode and A1 (LO) mode could be utilized to identify the layer
number of InSe, as summarize in Fig. 2(b). Theoretical calcu-
lations have predicted that the electronic band structure of InSe
is strongly dependent on the thickness.24,32 Correspondingly,
the PL behavior is expected to present evident variation with the
thickness. PL spectra are taken from InSe akes and shown in
Fig. 2(c) (normalized by the power of incident laser, wavelength
of laser is 532 nm and the power is �100 mW, size of laser spot
aer focusing is about 2 mm, temperature ¼ 4 K). Evidently, the
PL intensity strongly decreases with reducing thickness. This is
most probably attributed to the direct-to-indirect bandgap
transition caused by quantum connement analogous to the
case of InSe nanoparticles.33,34 One of the central questions
about the PL is regarding the nature of the lowest energy tran-
sition in terms of the initial and nal momentum states. In the
case of bulk InSe, the top of the valence band and the bottom of
the conduction band are both at G and the lowest energy tran-
sition is therefore momentum allowed; this is a direct transi-
tion. When InSe is thinned down, a slightly higher local
minimum of the conduction band is at the M point and the
corresponding G/M transition is a much less intense, leading
to momentum-forbidden indirect transition. It has been
demonstrated that the direct-to-indirect bandgap transition
occurs at a critical thickness of 5 nm.28 This is consistent with
our observation that the decrease of the PL signal starting at the
akes with thickness of 6 layers. In addition to the direct-to-
indirect bandgap transition, broadening of the bandgap is
a more signicant effect of the quantum connement. Becau-
se of the relatively smaller bandgap and reduced exciton mass
(m//c ¼ 0.054 along the z-axis), quantum connement in InSe
thin layers is strong.28 As a result, the peak position of PL
gradually shis from �1.3 eV to �1.9 eV with decreasing
thickness from bulk to bilayer, as summarized in Fig. 2(d).
Considering that PL intensity is sensitive to the ambient
conditions, it would be easily affected by the external environ-
ment. Therefore, the layer-dependence of peak position is
a more effective approach to identify the layer number of InSe.

To get a deeper understanding on the origins of the partic-
ular excitonic states, temperature dependent PL spectra are
taken from representative samples of InSe (Fig. 3(a–d)). The
peak position of�1.73 eV (at 8 K, Fig. 3(a)) is consistent with the
measured bandgap of InSe trilayer.24 Therefore, the PL emission
of trilayer is attributed to the recombination of excitons at near
band edge. The peak intensity decreases with increasing
temperature, while the peak position red-shis (Fig. 3(e and f)).
The signicant decrease of the peak intensity is most probably
due to the thermal perturbation. At higher temperature, the
54966 | RSC Adv., 2017, 7, 54964–54968
promoted phonon oscillation would accelerate non-radiative
recombination and lead to the decline of PL emission. Mean-
while, the exciton–phonon interactions would be signicantly
enhanced with increasing temperature. This could also
contribute to the red-shi of the peak position together with the
inuence of thermal expansion.35,36 At lower temperature, the
oscillations of phonons are suppressed.

The exciton–phonon scattering is dominated by phonon
absorption. With increasing temperature, the contribution to
the exciton scattering from phonon emission becomes compa-
rable to the phonon absorption. This facilitates the red-shi of
the PL emission.37 Similar phenomena are also observed in the
InSe four-layer and ve-layer samples (Fig. 3(b and c)).
Remarkably, the PL spectra of the InSe bulk consist of two
peaks. Aer Lorentz curve tting, the peaks are identied at
�1.28 and �1.31 eV, respectively. The later one could be
attributed to the recombination of the exciton at near band
edge, according to the value of bandgap of InSe bulk.24 The
intensities of these two peaks decrease and the peaks red-shi
with increasing temperature (Fig. 3(e and f)). However, the
peak with lower energy decreases more signicantly and
disappears at �54 K. This is in accordance with characteristics
of bound exciton emission resulting from structural defects.38,39

To further verify the origination of this emerging PL emission,
we expose the sample to electron beam irradiation to inten-
tionally introduce structural defects into the sample. The PL
spectra (4 K) are collected from the InSe bulk and 4-layer before
and aer modications (Fig. 4(a and d)). Electron beam dosage
of 18.4 � 106 mm�2 and 37.6 � 106 mm�2 are applied to four-
layer and bulk, respectively. Evidently, the intensity of the
peak at �1.28 eV of the bulk sample increases aer electron
beammodication. Similarly, a new peak (at�1.45 eV) emerges
in the PL spectra of four-layer sample aer modication in
addition to the near band edge at�1.53 eV, while its intensity is
around double of the pristine sample. To identify the origin of
this enhancement, we carry out investigations on the excitation
power-dependence of the PL spectra (Fig. 4(b) and (e)). The PL
intensities are extracted from the spectra and plotted as
a function of excitation powers, as shown in Fig. 4(c) (bulk) and
Fig. 4(f) (four-layer). The experimental data could be described
well by the power law: If Pa (solid lines in Fig. 4(c and f)), where
This journal is © The Royal Society of Chemistry 2017
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Fig. 4 PL spectra of pristine and electron beam irradiated bulk (a) and
4-layer InSe sample (d). For bulk InSe, two peaks appear at �1.28 eV
and �1.31 eV, which represent exciton and bound exciton, while in
4-layer sample, the peaks are at �1.45 eV and �1.53 eV, respectively.
Power-dependent PL spectra of electron beam irradiated bulk (b) and
4-layer InSe (e), collected at 4 K. The laser power dependent PL
intensities of exciton and bound exciton of bulk (c) and 4-layer InSe (f)
is fitted using power law: I f Pa.
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I is the PL peak intensity, P is the excitation power, and a is the
extracted exponent factor. The values of a are tted to be �1.0
(peak at �1.31 eV) and �0.68 (peak at �1.28 eV) for the bulk
sample, while the a values are �1.0 (peak at �1.53 eV) and
�0.13 (peak at �1.45 eV) for the four-layer sample. The value of
a has been demonstrated to be the indicator of the dominant
origins of the PL emissions.38,40,41 a ¼ 1 indicates that PL
emissions arise from the recombination of neutral or charged
excitons. a < 1 presents that the PL emissions generally origi-
nate from the recombination of excitons bounded to defects,
while a > 1 demonstrates emissions from biexcitons.42 Consid-
ering the nite density of states caused by the defects, PL
intensity from the bound excitons is expected to reach satura-
tion at high excitation power. This would facilitate the case of
a < 1, whereas, the free exciton intensity scales linearly without
any sign of saturation. Therefore, the enhancement of the PL
originates from the increasing states of active defects by means
of electron beam irradiation. By carefully controlling the types
and concentration of defects in InSe, e.g. by Ar, O, or H plasma
irradiation, the PL emission efficiency of InSe thin akes could
be dramatically improved.43

Conclusions

In summary, we have developed the optical approaches to
facilely identify the layer numbers of InSe akes. The identi-
cation is empowered by the signicant layer-dependence of the
optical contrast, Raman or PL spectra of InSe. The excitonic
states in InSe few-layers and bulk have been investigated by the
temperature-dependent PL spectra. Introducing structural
defects into InSe via electron beam irradiation has been
demonstrated as a potential approach to improve the PL
emission efficiency of InSe.
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G. Tobias, E. Canadell, P. Ordejón, J. Wu, J. P. Mart́ınez-
Pastor and J. F. Sánchez-Royo, Nano Lett., 2016, 16, 3221–
3229.

26 M. Brotons-Gisbert, J. F. Sánchez-Royo and J. P. Mart́ınez-
Pastor, Appl. Surf. Sci., 2015, 354, 453–458.

27 M. Brotons-Gisbert, D. Andres-Penares, J. P. Mart́ınez-
Pastor, A. Cros and J. F. Sánchez-Royo, Nanotechnology,
2017, 28, 115706.

28 G. W. Mudd, S. A. Svatek, T. Ren, A. Patanè, O. Makarovsky,
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