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Abstract. Binary chalcogenides have found a wide range of applications due to the possibility of fast and 
reversible phase transitions, tunable band gap, and high charge carrier mobility. This paper presents the results 
of thermal and laser crystallization of InSe thin films deposited by vacuum thermal evaporation of synthesized 
material and covered with a protective SiO2 layer. The amorphous state of as-deposited InSe thin films was 
confirmed by Raman spectroscopy. Thermal and laser crystallization processes were studied using electrical 
resistivity measurements and optical microscopy respectively. The temperature and laser power ranges 
required for the crystallization of the InSe thin film were determined. The Raman spectroscopy showed that 
the degree of crystallinity of modified regions of InSe thin films can be tuned by varying the power of laser 
irradiation.

Keywords: chalcogenide materials, binary compounds, InSe, optical properties, structural properties, laser 
crystallization
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Introduction

In recent decades, thin chalcogenide films have attracted considerable attention due to their unique 
electrical and optical properties, which make it possible to implement various devices for storing and 
processing data, and for the modulation and conversion of optical radiation. Of special interest is the con-
trol of the properties of materials through changing the phase state or van der Waals gap reconfigura-
tion — for example, through the application of uniaxial compression (Stepanov 2024). Numerous ap-
plications of chalcogenide materials and greater attention to two-dimensional chalcogenide structures 
have fostered the study of AIIIBVI system. It includes InSe, which is an n-type layered semiconductor with 
a band gap of 1.2–1.3 eV (Darwish et al. 2013; Kovalyuk et al. 2005). InSe structures with a small number 
of layers allow an adjustment of the optical band gap in the range of 1.4–2.6 eV and are characterized 
by an extremely high mobility of charge carriers (Bandurin et al. 2017). 

Currently, the possibility of creating InSe-based photosensitive elements is widely discussed (Song 
et al. 2020). The formation of photodetectors with different architectures, including photodetectors with 
simultaneous use of 1D and 2D objects (Dai et al. 2018), has been described in previous studies (Feng 
et al. 2015; Wang et al. 2020). Besides, the use of InSe in flexible electronics (Zhao et al. 2019), optical 
fibers and for the implementation of photoinduced structural transformations (Xin et al. 2024) opens 
up significant prospects. 

Featuring prominently among the main methods for obtaining InSe film samples are the electrode-
position technique (Gopal et al. 2004), molecular beam epitaxy (Emery et al. 1989; Voigt et al. 2024b), 
chemical vapor deposition (Chang et al. 2018; Park et al. 2003), and thermal evaporation (El-Nahass et al. 
2012; Kobbi, Kesri 2004). Depending on the method, growth conditions, and parameters, InSe films can 
be also obtained as either amorphous or crystalline. In (Mustafa et al. 2010) InxSe1-x thin films were pre-
pared using the thermal evaporation technique, while the XRD analysis confirmed the amorphous 
structure of the deposited films. This film formation method enables the study of the crystallization 
process, which, in phase-change materials, is a lower-temperature and longer process compared to amor-
phization.

Unlike other chalcogenide materials, such as materials of the Ge–Sb–Te system (Prikryl et al. 2022; 
Rybin et al. 2021; Smayev et al. 2024), Sb2Se3 (Lebedeva et al. 2023), or MoS2 (Rani et al. 2017; Tran-Khac 
et al. 2019), phase transformation study by laser modification in InSe film samples has not produced 
many results so far. Laser irradiation with millisecond pulses of amorphous In2Se3 films prepared  
by thermal evaporation crystallizes thin film samples into a monoclinic phase (Khusayfan et al. 2024). 
At the same time, change in optical and electrical properties is attractive for optoelectronic devices and 
terahertz technology. The development of technology for creating a single-crystal InSe optical fiber was 
described in (Xin et al. 2024), where a polycrystalline fiber core was formed by stretching the molten 
InSe powder and re-crystallization of InSe induced by a CO2 laser was used to obtain the desired fiber 
characteristics.

This work studies the formation of InSe amorphous thin-film samples by vacuum thermal evapora-
tion and their optical, electrical, Raman spectra characteristics, and thermal and laser crystallization 
features.

Methods and materials

 A quartz ampoule containing semiconductor grade (5N) starting components, taken in stoichiomet-
ric proportions, was vacuum-sealed to a residual pressure of P = 10-2 Pa. Synthesis was performed 
by melting elements directly in a vacuumized quartz ampoule in a resistive heating furnace equipped 
with a rotation system for melt homogenization. The mixture was heated from room temperature to 660 °C 
at a heating rate of 1.5 °C/min. The melt was maintained for two hours at a temperature of 250 °C, which 
is above the melting point of selenium.

X-ray diffraction (XRD) patterns of the synthesized samples were studied using a D8 ADVANCE 
(Bruker) diffractometer to investigate the structure of the bulk InSe compound. Elemental analysis of the 
sample was performed using X-ray fluorescence (XRF) spectroscopy (M1 Mistral spectrometer).

Thermal analysis of the synthesized material was conducted using a TA Instruments Q600 SDT device, 
which enables simultaneous measurements of differential scanning calorimetry (DSC) and thermogra-
vimetry (TGA). The analyses were performed in an argon atmosphere with heating and cooling rates 
of 10 °C/min and the maximum heating temperature of 700 °C.
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The diffuse reflectance of the bulk InSe compound was determined using Cary 5000 (Agilent) spectro-
photometer equipped with an integrating sphere of 150 mm in diameter with a wavelength step of 1 nm.

The formation of amorphous films of the studied chalcogenide semiconductor was ensured by the va-
cuum thermal evaporation method using the UVN-2M setup. The film deposition process employed 
a molybdenum boat as a resistive evaporator. The pressure in the chamber was 4 × 10-3 Pa, with the dis-
tance of 15.5 cm between the substrate and the evaporator and the sample weight of ~ 5 mg. The samples 
were coated with a 20 nm thick SiO2 layer using the electron beam method to minimize material degra-
dation and oxidation during subsequent heat treatment. Corning glass 1737F was used as sample sub-
strates for laser irradiation and recording of Raman spectra, silicon substrates for determining thickness, 
phase and elemental composition, and oxidized silicon substrates for studying the temperature depen-
dence of specific resistivity. 

The elemental composition of the thin films was analyzed using a Tescan Amber scanning electron 
microscope equipped with an energy-dispersive X-ray (EDX) spectrometer. The thickness of the InSe 
thin films was determined using atomic force microscopy (AFM, scanning probe microscope Solver 
PRO", NT-MDT) in the semi-contact mode. The thickness of the SiO2 layer was estimated using an Ellips-
1881A ellipsometer. The temperature dependence of the resistivity of the thin films was measured 
in the range from room temperature to 300 °C. Measurements were carried out in an argon atmosphere 
with heating/cooling rates of 5 °C/min. 

The structure of the synthesized bulk material and thin films before and after thermal or laser treat-
ment was identified using Raman spectroscopy. The Raman spectra were measured at room temperature 
using a Centaur U HR spectrometer (λ = 532 nm, edge filter from 50 cm-1, monochromator with a dis-
persion of 1.3 nm/mm and spectral resolution of at least 1 cm-1). The spectrum accumulation time was 
1 min, and the laser radiation power, 0.4 mW. 

The irradiation of amorphous InSe films was carried out using a continuous wave Nd3+:YAG laser 
with a wavelength of 532 nm. The laser radiation (TEM00 mode) was focused using a lens with a focal 
length of 100 mm, resulting in a spot with a diameter of about 50 μm on the film surface. The exposure 
time was 100 ms. The laser exposure was studied at light beam powers in the range from 10 to 330 mW. 
Since the crystalline phase of InSe is characterized by a higher reflection coefficient in the visible range 
than the amorphous one (El-Nahass et al. 2012), the results of the laser radiation on thin films were 
analyzed using an optical microscope (Altami MET 3T).

Results and discussions

InSe bulk samples
The X-ray fluorescence analysis of the elemental composition of the bulk InSe sample revealed a spectrum 

containing only the analytical peaks corresponding to selenium (Se) and indium (In). No impurities were 
detected above the detection limit of the device. An assessment of the elemental composition led to con-
centration values of Cwt.%In = 59.2 ± 0.8% and Cwt.%Se = 40.8 ± 1.1%, which are close to the expected ones.

The phase analysis of the InSe compound was performed using XRD and was followed by the Rietveld 
method applied in the TOPAS 4.2 software package. We established that the material crystallizes into 
a hexagonal structure. The refined unit cell parameters are a = 4.005 Å, b = 4.005 Å, and c = 16.400 Å. 
These parameters are consistent with literature data (Alieva et al. 2020).

The DSC and TGA measurements are presented in Fig. 1. The DSC curves exhibit two distinct en-
dothermic peaks, one at 602 °C and the other at 620 °C. The melting temperature of the material, estab-
lished as 602 °C, agrees with literature data (Bergeron et al. 2020). According to (Tedenac et al. 1997; 
Vassilev et al. 1998), the higher-temperature endothermic peak at 620 °C corresponds to the liquidus 
temperature of the InSe compound. After this peak, a sharp decrease in mass is observed in the TGA 
data, which is attributed to the evaporation of the material.

Fig. 2 shows the Raman spectrum obtained for the bulk material. Due to the crystalline nature 
of the material, the spectrum was decomposed into a set of peaks using the Lorentz function (Strubbe et al. 
2015; Yuan, Mayanovic 2017). The positions of the peak maxima for the polycrystalline material are 
recorded near 111, 173, and 224 cm-1, which corresponds to the vibrations of the А1

1g, E
1

2g, and А2
1g modes 

of InSe structural units (Wu et al. 2019; Xie et al. 2021). The signal in the region of 120–145 cm-1 can 
be attributed to a small number of chains of Se atoms between InSe clusters, which can be more sig-
nificant in the amorphous state, while the signal around 245 cm-1 may be associated with two-phonon 
scattering (Weszka et al. 2000).
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Fig. 1. DSC and TGA measurements of synthesized polycrystalline InSe

Fig. 2. Raman spectrum of bulk InSe

The results of the diffuse reflectance spectra measurements for the milled synthesized InSe are pre-
sented in Fig. 3. These data were processed using the Kubelka–Munk equation, which enabled the de-
termination of the optical absorption edge (Kortüm et al. 1963)

 , (1)

where Rd is diffuse reflection and F(Rd) is a parameter proportional to the absorption coefficient.

( ) ( )21
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Fig. 3. Spectral dependence of the diffuse reflection of bulk InSe and estimation of the optical band gap (inset)

The optical band gap of the synthesized InSe material was determined from the intersection point  
of the tangent with the abscissa axis in the F(Rd) energy dependence (Tarasov et al. 2023) as illustrated 
in Fig. 3 (inset). The obtained value of the optical band gap is 1.2 eV, which is in agreement with literature 
data (Olguín et al. 2003).

InSe thin-film samples
EDX microanalysis of the InSe thin films revealed spectrograms presented in Fig. 4, which clearly 

exhibit pronounced reflections corresponding to indium and selenium. Additionally, the spectra show 
peaks associated with a low carbon content. The study of areas of 200×200 mkm2, shown in the upper 
images in Fig. 4, confirm the uniformity of In and Se distribution over the surface of the studied sample.

Fig. 4. EDX results of InSe thin film deposited by vacuum thermal evaporation.  
The upper images show the distribution of In and Se elements over the film surface,  

while the lower graph shows the elemental composition of the studied area
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According to the atomic force microscopy measurements, the thickness of the deposited films was 
16 nm with a surface roughness not above 1 nm. Ellipsometry made it possible to obtain the thickness 
of the protective SiO2 layer, which was approximately 20 nm.

The temperature dependence of the resistivity of the InSe thin film is presented in Fig. 5. The sample 
was heated from room temperature to 300 °C. A notable feature in this dependence is a sharp decrease 
of resistivity from 5×103 to 1×10-1 Ohm×cm, observed in the temperature range from 210 to 235 °C. This 
significant drop is attributed to the crystallization of the thin film.

Fig. 5. Temperature dependence of the resistivity of the InSe thin film

To identify the expected structural changes, Raman spectra were measured for the as-deposited  
InSe film and the film annealed in an argon atmosphere for 20 minutes at 250 °C. The results are shown  
in Fig. 6.

Fig. 6. Raman spectra for the as-deposited amorphous film and the film annealed at 250 °C

https://www.doi.org/10.33910/2687-153X-2025-6-2-93-103
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The Raman spectroscopy showed that the shape of the spectra of the InSe films thermally treated  
at 250 °C and coated with a protective SiO2 layer differs significantly from the spectra obtained from 
the initial amorphous films. As a result of the thermal treatment, peaks near 114, 210, and 224 cm-1 ap-
pear in the spectrum; the last two peaks are quite narrow. Comparison of the positions of these peaks 
with the peaks in the spectrum obtained from the polycrystalline bulk material (Fig. 2) showed that these 
peaks correspond to the А1

1g and А2
1g (114 and 224 cm-1) vibrational modes of InSe structural units, 

characteristic of the crystalline state (Wu et al. 2019; Xie et al. 2021). Additionally, a narrow peak at about 
210 cm-1, which appears relative to the spectrum of the polycrystalline bulk material, can be attributed 
to E'(LO) vibrations, which appear along with the А1

1g and А2
1g peaks for polycrystalline InSe in the form 

of hexagonal sheets (Choi et al. 2003). A similar peak was observed for hexagonal InSe film synthesized 
on a graphite (HOPG) substrate (Voigt et al. 2024a).

Fig. 7. Optical microscope images of a laser-irradiated InSe thin film in reflected (a) and transmitted (b) 
backlight modes (the regions where Raman spectra were measured are marked with the * symbol)

(a)

(b)
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The optical microscopy images of the InSe films illuminated by a cw-laser were obtained in reflected 
(Fig. 7a) and transmitted (Fig. 7b) backlight regimes. It is evident from the figures that all illuminated 
areas can be divided into three groups. The first group consists of areas resulting from irradiation with 
laser powers ranging from 18 to 96 mW. The reflectivity of the film remains unchanged or undergoes only 
minor changes. An analysis of the Raman spectra reveals that in this case laser exposure does not induce 
any phase transformation of InSe. Corresponding Raman spectra are identical to those obtained from 
the original as-deposited (non-irradiated) film, as illustrated by the black and green curves in Fig. 8.

The second group comprises areas formed as a result of laser exposure with powers from 96 to 207 mW. 
The reflectivity of these areas is significantly higher than that of the as-deposited amorphous film.  
The Raman spectra exhibit peaks with maxima near 112, 210, and 225 cm-1, which are characteristic 
of a crystalline phase of InSe. As the radiation energy goes up from 164 to 207 mW, the intensity of these 
peaks also increases, indicating a rise in the degree of crystallinity of the modified InSe areas. This sug-
gests that higher laser powers enhance the crystallization process.

Fig. 8. Raman spectra of the InSe thin film coated with SiO2 in areas after laser exposure with a different power

The third group comprises areas resulting from irradiation with a laser power exceeding 207 mW.  
As follows from Fig. 7, the central part of the irradiated area, where the laser radiation energy is maximal 
due to Gaussian intensity distribution, shows material ablation or degradation. That is clearly confirmed 
by the fact that the irradiated areas of the film (at powers above 216 mW) become bright in the optical 
microscope transmission mode (Fig. 7b), i. e. the transparency of the samples increases with the destruc-
tion of InSe, tending to the transmission of the glass substrate. The higher the radiation energy,  
the larger the ablation or degradation area. At the periphery of the irradiation area, corresponding  
to the tails of the Gaussian radiation intensity distribution, regions with increased reflectivity are observed. 
These regions are similar to those in group 2 but display a lower intensity in both the specific peaks and 
the overall Raman spectrum compared to areas modified by laser powers between 117 and 207 mW. This 
reduction in intensity is attributed to the partial evaporation of the material due to the small thickness 
of the InSe film and the SiO2 protective film. This is also confirmed by the fact that the ablation thre shold 
of SiO2 is obviously not exceeded by the laser action used in present work (Mangersnes et al. 2010; Rublack 
et al. 2011).

Conclusions

Studies of InSe bulk samples showed that the synthesized material is close to the declared stoichio-
metric composition, with the melting point of 602 °C and the optical band gap of 1.2 eV. The use of va-
cuum thermal evaporation enabled the production of thin amorphous films, opening up opportunities 
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for studying phase transformations in InSe upon heating or as a result of laser irradiation. Thin-film InSe 
samples were passivated with a SiO2 film for protection against oxidation and mechanical damage. 

The temperature dependence of film resistivity showed that phase transition from the amorphous 
to the crystalline state is in the range from 210 to 235 °C. Raman studies performed for the film annealed 
at 250 °C confirmed its crystallization by the presence of characteristic peaks. Laser irradiation of thin 
films was carried out in the power range from 10 to 330 mW. At low optical powers (up to 96 mW), film 
crystallization is practically not observed, either with an optical microscope or by Raman spectroscopy. 
At powers from 96 to 207 mW, film crystallization occurs partially, and with an increasing power, the in-
tensity of the Raman scattering peaks corresponding to the crystalline phase rises. Above 207 mW, film 
ablation begins, and InSe destruction is observed within the irradiated areas. Thus, threshold values 
of temperatures and laser powers necessary for the crystallization of amorphous InSe thin films formed 
by vacuum thermal evaporation were determined.
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