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InSe nanoparticles obtained by the interaction of laser radiation with the element In and a solution of SeO2 were 

experimentally studied. A pulsed Nd:YAG laser with a wavelength of λ=1064 nm, with a duration of 10 ns and an energy of 
135 mJ per pulse was used as a radiation source. In the colloidal solution, the formation of nanoparticles with a diameter of   7 
to 30 nm was observed. With the help of diffraction analysis of X-rays, a scanning electron microscope, an atomic force 
microscope, and spectroscopy of the dispersed energy of X-rays, the internal structure and structure of X-rays were studied 
samples. It is shown that the observed features in the luminescence spectra of InSe nanoparticles are due to the collective 
interaction of excitons. At high levels of optical excitation, stimulated radiation was detected in InSe nanoparticles. 
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1. INTRODUCTION 
 

The production and study of nanostructures based 
on poorly studied and at the same time the most 
promising semiconductor compounds of indium 
selenide (InSe), due to its high nonlinear susceptibility, 
high electron mobility and direct optical bandgap, 
opens up great opportunities for their application in 
nonlinear optics, high-speed electronics, and solar cells 
[1-16]. One of the most common methods for 
producing semiconductor nanoparticles is pulsed laser 
ablation (SLA) of solid targets in a vacuum or in an 
ambient gas or liquid [17-20]. Laser ablation is a fairly 
simple, fast and direct way to synthesize nanoparticles. 
In this method, it does not require long times to carry 
out chemical reactions, as well as the high temperatures 
and pressures or multi-step processes characteristic of 
chemical synthesis. The IL method is applicable with 
an almost unlimited combination of target materials 
and liquids, which allows the synthesis of the LF shape, 
size, size distribution, composition and structure for 
each target material - depend on the parameters of the 
laser used for ablation (radiation wavelength, pulse 
duration and repetition rate, pulse energy) as well as on 
the surrounding conditions (vacuum, fixed gas 
pressure, or liquid). It should be noted that laser 
ablation, as a rule, uses semiconductor crystals grown 
by various methods (Bridgman, zone melting, 
Czochralski, etc.), which are by no means a simple 
technological task, high temperature (~1000 0C), 
uncontrolled impurities, defects, a large waste of time 
(sometimes several days), numerous technical 
equipment, etc.). 

We propose a completely different method of 
synthesizing nanoparticles using the elements that 
make up the components of the initial substance in the 
appropriate solution. As our experimental studies have 

shown, the structural characteristics and optical 
properties of nanoparticles obtained by this method are 
significantly superior to those of nanoparticles obtained 
from bulk crystals. This work is devoted to the 
synthesis of nanoparticles InSe by laser ablation of In 
atoms with SeO2 solution. 

 
2. EXPERIMENT METHODOLOGY 
 

InSe nanoparticles were synthesized by laser 
ablation of a solid target in a liquid medium. Extra pure 
In (99%) in SeO2 solution were used as the initial raw 
material. The reaction was based on the following 
formula: 

 
In + SeO2 + H2O= InSe + H2O+O2        (1)                                      
 

A pulsed Nd:YAG laser with built-in 2nd and 3rd 
harmonic generators was used as a radiation source, 
designed to generate radiation with a wavelength of 
1064, 532 and 335 nm. The duration of the laser pulse 
was 10 ns, the pulse repetition frequency was 10 Hz, 
and the maximum power was ~ 12 MW/cm2. The 
intensity of the radiation was varied using calibrated 
neutral density light filters. The optical absorption and 
luminescence spectra of InSe nanoparticles were 
studied using an automatic monochromator M833 with 
double dispersion (spectral resolution ~0.024 nm at a 
wavelength of 600 nm), with computer control and a 
detector that registers radiation in the wavelength range 
of 350-2000 nm. 

Laser radiation focused by a positive lens    (f=11 
cm) was used to ablate InSe nanoparticles   (Fig. 1, a). 
Laser ablation of the InSe crystal was carried out in a 
quartz cell containing pure In and 5 mL of SeO2 
solution without the addition of any surfactants. The 
ablation process was carried out by laser radiation with 
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a wavelength of λ=1064 nm, with a pulse energy of 135 
mJ for ~ 10 min.  

Figure 1,b shows a photograph of an InSe 
colloidal solution obtained by laser ablation. As can be 

seen from the figure, the color of the colloidal solution 
is light orange, whereas the InSe crystals had a dark 
gray color. 

 

           
                     а                                                           b 
 

Fig.1. a- Diagram of the experimental facility for ablation of InSe nanoparticles, b - InSe colloidal solution obtained by   
          laser ablation in a liquid medium. 

 
3. EXPERIMENTAL RESULTS AND 

DISCUSSION 
 

 Figure 2 shows a difractrogram (XRD) of InSe 
nanoparticles from colloidal solution droplets dried on 
a glass substrate. CuKα, λ=1.544178 A0 SSFOM:  F17-
610.0.5.10.60 were used as a radiation source.   X-ray 
diffraction analysis revealed that InSe nanoparticles 
have a hexagonal structure. 

The table shows the positions (2θ) of the 
diffractogram peaks of InSe nanoparticles. The 
identification of diffraction lines for InSe nanoparticles 
obtained by us and presented in [21] is in satisfactory 
agreement. 
 

Based on radiographs, the Debye-Scherer formula 
[22] was used to calculate the size of the resulting 
nanoparticles: 

 

                     𝐷𝐷 = 𝑘𝑘𝑘𝑘
𝛽𝛽 𝑐𝑐𝑐𝑐𝑐𝑐 𝜃𝜃

                          (2)                              
 

where D is the size of the nanoparticles, k = 0.9 is the 
shape factor, β = 0.035 A0 is the Full Width at Half 
Maximum (FWHM), λ is the X-ray wavelength (λ=1.54 
A0),  and θ is the Bragg angle                      (cosθ
=0.727). 

Estimates show that the size of InSe nanoparticles 
varies in the range of ~ (7 – 30) nm. 

 

 
 

Fig.2. Difractrogram (XRD) of InSe nanoparticles. 
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Table.  
Positions (2 θ) of the diffractogram peaks of InSe nanoparticles. 

 

 
 

Figure 3 shows SEM (a) and AFM (b) images of 
InSe nanoparticles on a glass substrate. SEM images 
show that the resulting substances consist of spherical 
nanocrystals with ~ (7–30) nm sizes, which are 
assembled in a polydisperse form. Homogenous 
particle distribution is not observed in the AFM image. 

Analysis of the structure of InSe nanoparticles by X-ray 
dispersion energy spectroscopy (EDAX) shows that the 
ratio of indium to selenium is In:         Se = 1:1, showing 
that the composition of the substance is in a 
stoichiometric ratio (Fig. 4). 

 

   
a                                                                b 

 
Fig.3. SEM (a) and AFM (b) images of InSe nanoparticles on glass Underlay. 

 

 
 

Fig.4. EDAX images of InSe nanoparticles. 
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Fig.5. Absorption spectrum (a) and dependence 𝛼𝛼2~𝑓𝑓(ℎ𝜈𝜈) (b) of  InSe nanoparticles. 
                  

 
 

Fig.6. a- Luminescence spectra of InSe nanoparticles excited by the second harmonic of the Nd:YAG laser              (
34,2=ω eV), b- Dependence of the luminescence intensity of the A-line and L-line on the power of 

laser radiation. 
 
The absorption curve of InSe nanoparticles is 

shown in Figure 5, a. From the dependence 𝛼𝛼2~𝑓𝑓(ℎ𝜈𝜈),  
the bandgap of the studied samples was determined, 
which turned out to be equal to    Eg=2.15 eV (Fig. 5, 
b). This value is 0.9 eV greater than the bandgap of the 
bulk material (Eg=1.25 eV) [23].  

The luminescence spectra of InSe nanoparticles 
excited by the second harmonic of the Nd: YAG laser (

34,2=ω eV) are shown in Figure 6, a. As can be 
seen from the figure, two emission lines are observed 
in the spectrum, with maxima of 587 nm (line A) and 
592 nm (line L). As the intensity of excitation increases, 
the L line becomes dominant in the emission spectrum. 
With a pumping power of 10 MW/cm2, the intensity of 
the L line is 2 orders of magnitude higher than the 
intensity of the A-line. It should be noted that 
depending on the intensity of the excitation, the 
position of the L-line changes, and its shift towards 

long waves is observed. With a laser power of ~ 8 
MW/cm2, the displacement of the L-line is ~15 MeV.  

Figure 6,b shows the luminescence intensity of 
the A-line and L-line as a function of the laser radiation 
power. As can be seen from the figure, the intensity of 
the A-line is linearly dependent on the power of the 
laser, whereas for the L-line, the linear relationship 
observed at low excitation levels is replaced by a 
quadratic one at high excitation levels. In our opinion, 
such a super linear dependence indicates the 
observation of the phenomenon of stimulated emission 
in InSe nanoparticles.  

Comparison of the luminescence spectrum of 
nanoparticles with the absorption spectrum of InSe 
suggests that the A-line observed in the luminescence 
spectrum is due to the annihilation of free excitons. 
This is evidenced by its stability, narrow width      (~10 
A0) and the location of this line in the long-wavelength 
region of the spectrum from the edge of the 
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fundamental absorption band by an amount equal to the 
binding energy of the excitons in InSe         (E=20 MeV).  

Of greatest interest is the nature of the L-band on 
which stimulated emission occurs. In our opinion, this 
band is associated with the exciton-exciton interaction 
that occurs in semiconductors at high levels of optical 
excitation [23-25]. Indeed, when InSe nanoparticles are 
excited by laser radiation, electrons and holes bind into 
excitons. Subsequently, with an increase in the 
intensity of excitation, the density of excitons 
increases, and when it reaches a certain critical value, 
there is an interaction between excitons, which leads to 
the decay of excitons and the formation of free electron-
hole pairs. This phase transition is called the Mott test 
for excitons. Knowing the effective masses of electrons 
and holes (me=0.12m0, mh = 0.6 m0), as well as the Bohr 
exciton radius aex. =37 A0 for InSe, it is possible to 
determine the concentration of excitons (nMott) at which 
the interaction of excitons occurs: 

   

   𝑛𝑛Мотт =
𝜋𝜋
3
( 1,46
4𝑎𝑎экс.

𝑚𝑚0
𝑚𝑚𝑒𝑒+𝑚𝑚ℎ

)3               (3)                                         

 
The critical concentration of excitons for InSe, 

calculated by the formula (3), turned out to be equal to 
nMott ∼2.5×1016 cm-3. The estimates show that the 
density of nonequilibrium carriers created by a laser 
with an intensity of I0=1.5x1025 photon/cm2⋅and a 
duration ∆t=3×10-9 s is: 

 
∆ n = α I0∆t = 4.5×1019 cm-3             (4)    

 
where α ≈ 103 cm-3 is the absorption coefficient at the 
edge of self-absorption. 

As can be seen from the comparison of formulas 
(3) and (4), the obtained values of the concentration of 
nonequilibrium carriers exceed the exciton density 
required for the Mott transition.  

The exciton-exciton interaction can be described 
by the following formula [26]: 

 

           ℎ𝜈𝜈 = 𝐸𝐸𝑔𝑔 − 2𝐸𝐸𝑏𝑏 − 𝐸𝐸𝑘𝑘𝐸𝐸𝑘𝑘′ −
ℏ𝑘𝑘2

2𝜇𝜇
= 𝐸𝐸𝑔𝑔 − 2𝐸𝐸св − 𝛥𝛥𝛥𝛥                                        (5) 

 
where Eg is the bandgap, 𝜇𝜇 = ( 1

𝑚𝑚𝑒𝑒
+ 1

𝑚𝑚ℎ
)−1 is the 

effective mass of the electron-hole pairs, ℏ
2𝑘𝑘2

2𝑀𝑀
 is the total 

kinetic energy of the electron-hole pairs,        𝑀𝑀 = 𝑚𝑚𝑒𝑒 +
𝑚𝑚ℎ and E is the binding energy of the exciton, 
ℏ𝑘𝑘𝑒𝑒нач. (кон. ) is the moment of the electron before 
(after) the collision, 'kkE  and is the kinetic energy of 
the excitons before the collision. The formula 
determines: 
 

𝛥𝛥𝛥𝛥 = 1
𝜇𝜇
ℎ2

8
( 3
8𝜋𝜋
)2/3(𝑁𝑁

𝑉𝑉
)2/3                 (6) 

 
where N/V is the rate of generation of free media per 
unit volume. Experiments show that the dependence ∆ 
E of on the intensity of excitation is ∆E′∼  I0

⅓.  
Estimates according to formula (6) show that with 

a value of me=0.12m0, mh = 0.6m0 and A laser of ≈ 10 
MW/cm2, ∆E is equal to ~15 MeV, which is 
comparable to the experimentally found values for ∆E. 

Based on the above, it can be argued that the L line, 
which dominates in the luminescence spectrum of InSe 
nanoparticles, is due to the exciton-exciton interaction. 

 
4. CONCLUSION 
 

InSe nanoparticles with sizes of 7 – 30 nm were 
synthesized by laser ablation of In atoms with a liquid 
solution of SeO2. The bandgap of the InSe nanoparticle, 
calculated from the dependence, 𝛼𝛼2~𝑓𝑓(ℎ𝜈𝜈) turned out 
to be equal to Eg=2.15 eV. In the luminescence spectra 
of InSe nanoparticles excited by the second harmonic 
of the Nd:YAG laser      (ℏ𝜔𝜔 = 2,34eV), along with the 
emission of free excitons (λ=587 nm), long-wave 
radiation with a maximum of λ=592 nm associated with 
the interaction of excitons is also observed. The 
intensity of long-wave radiation by two orders of 
magnitude exceeds the intensity of free exciton 
radiation. The superliner dependence in the 
luminescence spectra indicates the presence of 
stimulated emission in InSe nanoparticles.  

____________________________________ 
 

 [1] G.A. Akhundov, V.M. Salmanov, A.A. Agaeva, 
G.L. Belenkiy. Investigation of the fast 
recombination channel in InSe under the 
excitation of a neodymium laser by light. 
Izvestiya VUZ SSSR, 7 (1972) 127-130. 

 [2] G.A. Akhundov, V.M. Salmanov, A.A. Agaeva, 
I.D. Yaroshetsky. Generation of the second 
harmonic in compounds AIIIBVI.  FTP, 7 (1973) 
1229-1232. 

 [3] G.A. Akhundov, V.M. Salmanov, A.A. Agaeva, 
I.D. Yaroshetsky. Determination of Light 
Absorption Cross-Section by Nonequilibrium 
Carriers Created by Ruby Laser in Indium 
Selenide Crystals. FTP, 7, (1973) 2225-2228. 

 [4] Salmanov, D.P. Dvornikov, I.D. Yaroshetsky. 
Observation of resonance radiation in the 
continuum spectrum of semiconductors. Letters 
to JETP, 20 (1974) 17-21. 

 [5] V.M. Salmanov, A.A. Aghasiev, A.Kh. Zeynalli, 
M.A. Sobeikh, V.I. Tagirov. Production and 
study of luminescence of InSe films under the 
influence of laser radiation. Izv. VUZ SSSR, 1 
(1978) 126-131. 

 [6] G.B. Abdullaev, V.M. Salmanov, V.I. Tagirov, 
A.G. Kazim-zade, M.M. Panakhov. Features of 
photoconductivity of anisotropic InSe crystals. 
FTP, 14 (1980) 1842-1846. 
 



V.M. SALMANOV, A.G. HUSEYNOV, G.B. IBRAGIMOV, M.B. JAFAROV, R.M. MAMMADOV, T.A. MAMMADOVA…..   

8 

 [7] G.B. Abdullaev, V.M. Salmanov, V.I. Tagirov, 
A.G. Kazim-zade, M.M. Panakhov. Intrabon 
light absorption by single crystals InSe induced 
by ruby laser radiation. FTT, 23 (1981) 3452-
3455. 

 [8] H. Bidadi, M. Kalafi, H. Tajalli,  
V.M. Salmanov. Exciton absorption in InSe 
crystals at picosecond excitation. Indian Journal 
of Physics, 68A (1994), 539-546. 

 [9] A.G. Kazim-zade, V.M. Salmanov,  
A.A. Agaeva. Optical radiation detectors based 
on layered GaSe and InSe crystals. ZTF, 77(12) 
(2007), 1325-1327. 

 [10] A.G. Kazimzadeh, V.M. Salmanov,  
A.G. Huseynov, L.G. Hasanova,  
R.M. Mammadov. Optical nonlinearities in 
GaSe and InSe crystals under laser excitation. 
Optics and Spectroscopy, 116(4) (2014), 130-
134. 

 [11] A.H. Kyazym-zade, V.M. Salmanov,  
M. Karabulur, A. Dincher, A.H. Huseynov, M.A. 
Dzhafarov. Structure, optical and luminescent 
properties of GaSe and InSe nanoparticles. 
Journal of Current Research. USA, 7(7) (2015), 
18321-18326. 

 [12] A.G. Kazim-zade, V.M. Salmanov,  
A.G. Huseynov, R.M. Mammadov,  
A.A. Salmanova, F.Sh. Akhmedova. Features of 
optical absorption and photoconductivity of 
indium monoselenide under laser excitation. 
Izvestiya VUZov, Tomsk, 60(10) (2017), 30-33. 

 [13] A.G. Kazimzade, V.M. Salmanov,  
A.G. Huseynov, R.M. Mammadov, Z.A. 
Aghamaliev, A.A. Salmanova, F.Sh. 
Akhmedova. Inversion of the conductivity type 
of n-InSe thin films under the influence of laser 
radiation. JTF, 89(4) (2019), 599–562. 

 [14] Z.D. Kovalyuk. Indium monoselenide – a 
revolution in nanoelectronics. www.2 
geek.ru/news/336. 

 [15] N. Balakrishnan, Z.R. Kudrynskyi, E.F. Smith, 
M.W. Fay, O. Makarovsky, Z.D. Kovalyuk, 
 L. Eaves, P.H. Beton and A. Patanè. 
Engineering p–n junctions and bandgap tuning 
of InSe nanolayers by controlled oxidation. IOP 
Publishing Ltd 2D Materials, 4(2) 
(2017), 025043-0250047. 

 [16] D.A. Bandurin, A.V. Tyurnina, G.L. Yu,  
A. Mishchenko, V. Zólyomi, S.V. Morozov,  

R.K. Kumar, R.V. Gorbachev, Z.R. Kudrynskyi, 
S. Pezzini, Z.D. Kovalyuk, U. Zeitler,  
K.S. Novoselov, A. Patanè, L. Eaves,  
I.V. Grigorieva, V.I. Fal'ko, A.K. Geim &  
Y. Cao. High electron mobility, quantum Hall 
effect and anomalous optical response in 
atomically thin InSe. Nature Nanotechnology, 3 
(2016), 223-227. 

 [17] G.N. Makarov. Application of lasers in 
nanotechnology: production of nanoparticles 
and nanostructures by laser ablation and laser 
nanolithography. Advances in Physical 
Sciences, 183(7) (2013), 673-677. 

 [18] C.W. Yang. Laser ablation in liquids: 
Applications in the synthesis of nanocrystals. 
Progress in Material Science, 52 (2007), 648-
651. 

 [19] N.G. Semaltianos. Nanoparticles by Laser 
Ablation. Critical Reviews in Solid State and  
Material Science, 35 (2010), 105-109. 

 [20] B.N. Chichkov. Femtosecond, picosecond and 
nanosecond laser ablation of solids. 
Nanoparticles by Laser Ablation. Applied 
Physics A, 63 (1996), 109-112. 

 [21] S.I. Drapak, S.V. Gavrilyuk, Z.D. Kovalyuk, O.I. 
Litvin. Intrinsic oxide that appears on the surface 
of a gallium selenide chip as a result of long-
term storage. Applied Physics, 1 (2011), 115-
120. 

 [22] S.S. Mao. Nanolasers: Lasing from nanoscale 
quantum wires. Int. J. of Nanotechnology. 1 
(2004), 42-46. 

 [23] A.Frova, Ph. Schmid, A. Grisel, F. Levi. 
Anisotropic thermal conductivity of layered 
indium selenide. Sol.Stat. Commun. 23 (1977), 
45-51.   

 [24] V.L. Bakumenko, Z.D., Kovalyuk,  
L.N. Kurbatov, V.F. Chishko. Optical Properties 
of InSe Single Crystals in the Region of the 
Fundamental Absorption Edge.  FTP, 10(6) 
(1976), 1045-1051. 

 [25] L. Pavesi, J.L. Staehli, Vito Capozzi. Mott 
transition of the excitons in GaSe. Phys. Rev. B, 
39 (1989), 10982-10987. 

 [26] G. Micocci, A. Rizzo, P. Siciliano, A.Tepore. 
Deep level transient spectroscopy 
measurements in InSe single crystals. Phys. 
Stat. Sol (a), 114 (1989), 253-257. 

 
 
 
 
 

    Received: 02.04.2024 
 

https://iopscience.iop.org/article/10.1088/2053-1583/aa61e0/meta
https://iopscience.iop.org/article/10.1088/2053-1583/aa61e0/meta
http://iopscience.iop.org/journal/2053-1583
http://iopscience.iop.org/volume/2053-1583/4
http://iopscience.iop.org/issue/2053-1583/4/2
http://iopscience.iop.org/issue/2053-1583/4/2
https://www.nature.com/articles/nnano.2016.242
https://www.nature.com/articles/nnano.2016.242
https://www.nature.com/articles/nnano.2016.242
https://journals.aps.org/prb/abstract/10.1103/PhysRevB.39.10982
https://journals.aps.org/prb/abstract/10.1103/PhysRevB.39.10982

