
Chalcogenide Letters                                                                      Vol. 21, No. 2, February 2024, p. 125 - 133 
 

 
The impact of annealing on the optoelectronic properties  

of tin selenide thin films for photovoltaics 
 
M. Jabeena, N. Alib,*, Z. Alic, H. Alib, A. A. A. Bahajjajd, B. Haqe, S. H. Kime 
aGovernment Graduate college for women south City okara, Pakistan 
bDepartment of Physics, Government Post graduate Jahanzeb College Saidu 
Sharif Swat, 19130, Pakistan 
cNational Centre for Physics, Islamabad, 44000, Pakistan 
dDepartment of Chemistry, College of Science, King Saud University, Riyadh 
11451, Saudi Arabia 
eFaculty of Science Education, Jeju National University, Jeju 63243, Republic of 
Korea 
 
In this study, Tin selenide (SnSe) was prepared via thermal evaporation from tin ingots 
and selenium powder followed by annealing at 250°C in an inert atmosphere of Argon gas. 
Two samples were used for characterization purposes, as-deposited and annealed. The 
structural parameters including particle size, strain, dislocation density, and number of 
crystallites per unit area were calculated from XRD while the optical properties including 
band gap were extracted from UV-visible spectroscopy. Four probe techniques were used 
to measure the electrical properties.  
 
(Received October 30, 2023; Accepted February 1, 2024) 
 
Keywords: SnSe thin films, Solar cells, XRD, SEM, Spectroscopy  
 
 
1. Introduction  
 
The demand of electrical energy is increasing dramatically due to world population. The 

present sources of energy are not sufficient to provide the needs of the world and therefore the 
researchers are developing new energy technologies. The renewable energy resources have 
potential to face the future population challenges. There are many renewable energy technologies 
and among them solar energy has received much attention due to its free ingredients and steady 
output. Solar energy is a natural source of energy and is available freely to the whole world. It is 
an evergreen source of energy and requires suitable devices for conversion and storage for the 
benefit of human beings. Photovoltaics has paved the way for the conversion of energy while the 
battery is used for the storage process [1]. In photovoltaics, the Solar cell is a particular device that 
is used consistently for its conversion into electrical energy. There are many solar cells already 
commercialized and have been used for conversion purposes. However, their efficiency and other 
parameters are not suitable to meet the current world requirements. It is therefore suggested to 
reduce the cost of solar cells and increase the output parameters. The use of silicon, cadmium 
telluride, zinc telluride, etc. are already commercialized solar cells, and their output parameters are 
stuck to one point as no increase in their efficiency was observed in the last few years. The 
researchers are now working on new materials as an absorber layer to be used as an alternative to 
silicon and other thin film materials. Tin selenide (SnSe) is one such material whose properties as 
an absorber layer have not been studied extensively yet [2].  

Tin selenide (SnSe) is a binary compound composed of tin (Sn) and selenium (Se). It is a 
crystalline material that belongs to the group IV-VI semiconductors, also known as chalcogenides. 
Tin selenide has gained significant attention in recent years due to its unique electronic, thermal, 
and optical properties, which make it a promising material for various applications. One of the 
notable properties of tin selenide is its excellent thermoelectric performance. It exhibits a high 
thermoelectric figure of merit (ZT), which is a measure of a material's efficiency in converting 
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waste heat into electricity [3-5]. This makes tin selenide suitable for thermoelectric applications, 
such as waste heat recovery in power generation, automotive waste heat recovery, and other 
energy harvesting devices. Tin selenide also exhibits interesting electronic properties, including a 
narrow bandgap and high carrier mobility, which make it potentially suitable for optoelectronic 
applications such as photovoltaics, photodetectors, and optoelectronic switches. Additionally, tin 
selenide has been studied for its potential in other applications, such as phase change memory, as a 
catalyst for chemical reactions, and as a component in thin-film transistors. Tin selenide can be 
synthesized through various methods, including physical vapor deposition (PVD), chemical vapor 
deposition (CVD), and solution-based methods. Its properties can be tuned by adjusting the 
synthesis conditions and doping with other elements to modify its electronic and thermal 
properties [6].  

SnSe is cheap, non-toxic, and highly abundant material. The high absorption coefficient 
and high yield for charge carriers with large diffusion length and small recombination length make 
it very impressive for photovoltaics. Tin selenide belongs to the binary compound family of group 
IV-VI [7]. Physical properties of SnSe deposited via atomic layer deposited (ALD) thin films were 
first reported by Drozd et al.in 2009 [8]. They used different substrates for the deposition of SnSe 
thin films such as mica, silicon, and quartz within the temperature range of 200-400°C. Thin film 
deposition was carried out at a substrate temperature of 300°C and showed sphere-shaped grain 
having a low band gap (Eg=1.15 eV). Shengiae et al. [9]  reported the synthesis of tin selenide by 
electrochemical atomic layer deposition with high open circuit voltage and short circuit current. 
Mott–Schottky studies showed that tin selenide is a p-type semiconductor with a band gap of 1.25 
eV. Terada reported a two-step evaporation method for tin selenium alloy  [10]. He also showed 
that the evaporation method is superior in controlling SnSe thin film thickness and impurity 
contents of the deposited film. Bennouna and Tran prepared a thin film of tin selenide at 
350A°/min deposition rate and reported its optoelectronic and structural properties. The electronic 
state density of states was also reported by Reddy et al. [11] with UV electron spectroscopy which 
resulted in an electron affinity and first threshold of 4.70 eV and 5.60 eV respectively. It has been 
noticed that the resistivity of as-deposited thin films decreases with the increase in annealing 
temperature, whereas an increase in the Hall mobility and carrier density was also observed. The 
250 nm thin film deposited at room temperature showed the carrier concentration, resistivity, Hall 
mobility, and band gap as 4.40×1017 cm-3,, 33.0 Ω-cm, 8.90 cm2 V-1 s -1, and 1.21 eV, respectively 
[12]. The properties of tin selenide are rapidly changing by changing substrate nature and source 
temperature so large numbers of study is available on thin film growth and characteristic by 
changing thickness and temperature. Despite its promising properties, tin selenide also faces 
challenges in terms of stability, scalability of synthesis, and device integration. Further research 
and development efforts are ongoing to fully understand and optimize the properties of tin selenide 
for various applications, and to address these challenges to enable its practical use in commercial 
applications. In the current study, thin films of SnSe will be studied and the effect of annealing 
temperature will be comprehended.  

 
 
2. Experimental  
 
It's important to note that this is a general synthesis method, and specific details may vary 

depending on the intended application or research requirements. The thermal evaporation method 
is utilized for the deposition of tin selenide thin films. The thermal evaporation technique is a 
physical vapor deposition (PVD) technique that is used to deposit a target material on a 
commercial glass substrate. The benefit of this method is that the evaporation is performed in a 
high vacuum environment at a pressure of 10-4 torr as the substrate is less contaminated and the 
thin film prepared is in pure form. The heat energy is transferred to the source material and is 
vaporized and deposited on the substrate after condensation. [12]. The source material is placed in 
a molybdenum boat and it is heated by a current source rated 15A.  Two source techniques were 
utilized for the fabrication of the thin films and the starting materials were tin granules and 
selenium powder. The distance between the substrate to source was kept at 15 cm. The thickness 
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of the film is about 500 nm measured by a quartz crystal monitor. After deposition, the thin film 
was annealed (heat treatment) in an inert atmosphere for one hour.     

                    

 
 

Fig. 1. Schematic diagram for thermal evaporation technique. 
 
 
3. Results 
 
The structural analysis of tin selenide (SnSe) involves the determination of its crystal 

structure, which provides important information about its arrangement of atoms and bonding. The 
most stable phase of SnSe is the orthorhombic structure, which exhibits an anisotropic layered 
structure. X-ray Diffraction (XRD) is a widely used technique to determine the crystal structure of 
materials. It involves exposing a sample to X-rays and analyzing the resulting diffraction pattern. 
By measuring the angles and intensities of the diffracted X-rays, the positions of atoms in the 
crystal lattice can be determined. XRD can provide information about the unit cell dimensions, 
symmetry, and atomic positions in SnSe. XRD analysis of the as-synthesized and 250°C annealed 
samples is shown the figure 2. The first peak is formed at the position of 26.36 and the 
corresponding miller indices (210) the second, third, fourth, fifth, and sixth peaks are respectively 
formed at positions of 29.28, 39.28,42.99, 47.36, and 48.35, and the miller indices for these 
positions are (111), (311), (202), (511) and (240) respectively. This diffraction peak matches the 
standard diffraction peak and corresponds to JCPDS 01-089-0233 and the structure of SnSe is 
orthorhombic at this temperature. The crystallite size was calculated by the Debye Scherer 
equation and is 63 nm [13, 14]. The larger the particle size the greater its ability to absorb 
light [15]. It is noted that with an enhancement in annealing temperature, the grain size has a 
higher value as can be seen from the XRD graph. The absorbance and conductivity have a direct 
relation with grain size and this high value of grain size is a characteristic of the absorbing layer.  

                                   
   𝐷𝐷 = Kλ

𝛽𝛽cos (Ɵ)
                                                                                (1) 

 
where, 
D is the crystallite size 
K is the Scherer’s constant (k=0.9), 
λ is the wavelength of Cu monochromatic kα lines. ( λ =1.54060 A⁰) 
𝛃𝛃 is the peak broadening (𝛃𝛃=0.25279 rad) 
Ɵ is the peak position (Ɵ=29.28⁰) [10]. 
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Fig. 2. XRD analysis annealed at temperature 250⁰C. 
 
 
The structural parameters for tin selenide annealed thin film are calculated and tabulated in 

table 1.  
 

Table 1. Structural parameters of 250℃ annealed tin selenide thin film. 
 

No. parameter             formula               value    reference 

1     Crystalline size (D)                          𝐷𝐷 = 𝐊𝐊𝐊𝐊
𝜷𝜷𝐜𝐜𝐜𝐜𝐜𝐜 (Ɵ)

                                 63 nm                                  [16] 

2     Strain (ϵ)                                           ɛ = 𝜷𝜷
𝟒𝟒𝟒𝟒𝟒𝟒𝟒𝟒 (Ɵ)

                                  11.14                                    [17] 

3     Dislocation density (δ)             δ = 1
𝐷𝐷2

                          2.52×1014 m-2                                    [18] 

4     Number of crystallite per                      N = 𝑡𝑡
𝐷𝐷3

                                2.62×1015 m-2                                           [19] 
        unit area (N)  

 
 
The transmittance analysis of tin selenide is shown in the following figure 3. The 

transmission decreases with an increase in the annealing temperature. The transmittance edge 
increases from 650 nm for the as-deposited to 750 nm for 250°C annealed samples. The 
transmittance is lowest in the visible region for the annealed sample at a temperature of 250°C. It 
means that SnSe absorbs nearly all the photons of visible range.   

The graph of absorption coefficient  measured in cm-1 on y-axis and wavelength λ 
measured in nm on x-axis give us absorption coefficient which is given by the following relation 
[20]. 

 
α = 4𝜋𝜋𝜋𝜋

𝜆𝜆
 

 
where, 
K is the extinction coefficient of the material 
and λ is the wavelength measured in nanometers. 

The absorbance spectrum of tin selenide (SnSe) thin films typically depends on various 
factors such as film thickness, crystallinity, and temperature. SnSe is a semiconductor material that 
exhibits strong absorption in the infrared (IR) to near-infrared (NIR) wavelength range. The 
absorbance spectrum of SnSe thin films is often measured using techniques such as UV-Vis-NIR 
spectroscopy. In general, SnSe thin films show high absorption in the mid-infrared (MIR) range, 
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with a relatively low absorbance in the visible and near-infrared (NIR) regions. The absorbance 
spectrum typically exhibits a broad peak in the MIR range, which is associated with the 
characteristic vibrational modes of SnSe crystals [21, 22]. The position, width, and intensity of this 
peak can vary depending on the film thickness, deposition conditions, and crystal structure. 

Additionally, the absorbance spectrum of SnSe thin films can also be influenced by the 
presence of defects, impurities, and surface roughness. Defects and impurities can introduce 
additional energy states within the bandgap of SnSe, leading to changes in the absorbance 
spectrum. Surface roughness can also affect the optical properties of thin films, such as scattering 
and interference effects, which can result in modifications to the absorbance spectrum. The 
absorbance of the SnSe is large in visible range which can be observed from the figure. The low 
band gap of SnSe leads to high absorbance [23]. The absorption coefficient of the sample annealed 
at a temperature of 250°C is (2×104/cm) in the visible spectrum. The absorbing material must have 
high absorption coefficient such that it may absorb nearly all the photons falling over it. The 
absorption coefficient of SnSe calculated in this work has a higher value than silicon-based 
devices.  

 
 

 
 

Fig. 3. Transmittance spectrum of tin selenide (as deposited and annealed). 
  

 

 
 

Fig. 4. Spectrum for absorption coefficient. 
 
 
The band gap of tin selenide (SnSe) can be calculated using various methods, such as 

density functional theory (DFT) calculations, empirical pseudopotential method (EPM) 
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calculations, and experimental measurements [24, 25]. Experimental techniques, such as optical 
spectroscopy or electrical measurements, can be used to directly measure the band gap of SnSe. 
For example, using techniques like UV-Vis-NIR spectroscopy, the absorption edge in the spectrum 
can be determined, and the band gap can be estimated from the onset of absorption. Electrical 
measurements, such as temperature-dependent conductivity or Hall effect measurements, can also 
provide information about the band gap of SnSe. It's important to note that the calculated or 
measured band gap of SnSe may vary depending on the method used, the level of approximation, 
and the specific conditions of the calculation or measurement. The band gap is calculated by using 
the following relation [15, 16, 17].  

 
αhv = A (hν – Eg )n 

 
By plotting αhν on the y-axis and hν on the x-axis and using the given relation as in 

reference  [26, 27] we get the value of the band gap. Here α represent the absorption coefficient 
and h is the planks constant and Eg is the band gap energy. For direct transition n =  and for 
indirect transition n =2  [28]. The value of the band gap reduces with an increase in film 
thickness.  The band gap of the SnSe is obtained by plotting a graph between 2 and. The band gap 
value can be obtained by extrapolating the linear part of the graph on the x-axis as shown in figure 
5. The band gap value that was obtained in the current work is 1.36 eV and 1.28 eV for the as-
deposited and annealed sample.  

 

 
 

Fig. 5. Band gap calculation for SnSe as deposited and annealed samples. 
 
 
SEM analysis can provide valuable information about the surface morphology, 

microstructure, elemental composition, and surface modifications of SnSe materials, which can 
help in understanding their properties and performance for various applications, such as 
thermoelectrics, optoelectronics, and energy conversion devices [25]. Scanning Electron 
Microscopy (SEM) analysis is a powerful imaging technique that can be used to investigate the 
surface morphology, microstructure, and elemental composition of tin selenide (SnSe) materials. 
SEM analysis involves bombarding the surface of the material with a focused electron beam and 
collecting the signals emitted from the surface to create high-resolution images. Figs. 6(a) and 6(b) 
show the SEM images of the as-deposited and annealed samples.  The as-deposited thin film in 
figure 6(a) shows that the SnSe is widely spread with no uniform pattern and most of the textures 
are still discrete, with only a few features starting to connect with each other. For the annealed 
sample, all of the texture features are connected with each other to cover the entire surface. 
Therefore, a zoom-in-top view of a sample figure 6(b) shows the particle size of about 70nm in 
agreement with the size calculated from XRD. It is obvious in the annealed sample that the grain 
boundaries have become more peculiar and concentrated which might lead to an enhancement in 
the carrier concentrations thereby leading to increase in the electrical conductivity of the annealed 
thin film. 
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Fig. 6. SEM images for as deposited and annealed samples. 
 
 
Current-voltage (IV) analysis is a commonly used technique to investigate the electrical 

properties and behavior of tin selenide (SnSe) materials. IV analysis involves measuring the 
current flowing through a SnSe sample as a function of the applied voltage, which can provide 
important information about the electrical conductivity, carrier mobility, and device performance. 
IV analysis of SnSe materials can be performed using different setups, such as two-probe, four-
probe, or Hall effect measurements, depending on the specific research or application 
requirements. For electrical conductivity, IV analysis can provide information about the electrical 
conductivity of SnSe materials, which is a measure of their ability to conduct electric current. By 
measuring the current flowing through a SnSe sample as a function of the applied voltage, the 
electrical conductivity can be calculated using Ohm's law (σ = J / E), where σ is the electrical 
conductivity, J is the current density, and E is the electric field. IV analysis can reveal the 
dependence of the electrical conductivity on temperature, doping, or other factors, which can 
provide insights into the charge transport mechanisms and electrical properties of SnSe materials. 
The current-voltage graphs for the 250°C annealed and as-deposited SnSe thin films 
are demonstrated in Figure 7. The straight correlations between current and annealing 
temperatures can be obtained for both the samples with an incremental increase in current with 
respect to the applied voltage. The rise in the current due to variation in applied voltage is noted 
for the annealed sample which is an indication of the good semiconductor nature of the SnSe thin 
film material. The increase in electrical conductivity of the annealed thin film can be attributed to 
contracting of grain size density and increased grain size due to annealing temperatures leading to 
enhancement of carrier concentrations.       

  

 
 

Fig. 7. The current-voltage characteristics for tin selenide thin films. 
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4. Discussions 
 
XRD analysis can provide information about the crystal structure, crystal phase, and 

crystallinity of SnSe materials. The XRD pattern of SnSe exhibits sharp diffraction peaks, 
indicating a well-defined crystalline structure. The positions and intensities of the diffraction peaks 
was used to determine the crystal phase, lattice parameters, and crystal size. SEM analysis have 
provided high-resolution images of the surface morphology and microstructure of SnSe materials. 
The absorption spectrum of SnSe thin films was measured using UV-Vis spectroscopic techniques. 
The absorption spectrum typically shows the absorption intensity as a function of wavelength, and 
provided information about the optical band gap, absorption edges, and excitonic transitions in 
SnSe material. The absorption spectrum also determined the optical properties and band gap of 
SnSe, which are important for understanding its potential for optoelectronic applications. IV 
analysis have provided information about the electrical conductivity of SnSe materials. IV 
measurements revealed the current-voltage characteristics, such as the electrical conductivity and 
semiconducting behavior of the SnSe material. This study is a step to comprehend SnSe material 
for its utilization in photovoltaics as an absorber layer. 

 
 
5. Conclusion 
 
The optoelectronic properties of tin selenide semiconductor were studied and compared 

for photovoltaic application for the as-deposited and at the annealing temperature of 250° C.  The 
SnSe thin film prepared by thermal evaporation technique with ⁓500 nm thickness has low 
transmittance in the visible region and absorbs nearly all photons of the visible spectrum. The 
absorption coefficient of the thin film increases with annealing temperature and is found to be of 
the order of 104 cm-1 for a 250°C annealed sample. The band gap of tin selenide thin films is 1.36 
eV and 1.28 eV respectively for the as-deposited and annealed sample. The IV characteristics 
confirm the ohmic behavior of tin selenide thin films.  

 
 
Acknowledgements 
 
This work was funded by the Researchers Supporting Project Number (RSPD2024R763) 

King Saud University, Riyadh, Saudi Arabia. The authors are also thankful to HEC Pakistan for 
support.  

 
 
References 
 

[1] Hamakawa, Y., Thin-film solar cells: next generation photovoltaics and its applications. Vol. 
13. 2003: Springer Science & Business Media. 
[2] Barrios-Salgado, E., M. Nair, and P. Nair, ECS Journal of Solid State Science and Technology, 
2014. 3(8): p. Q169; https://doi.org/10.1149/2.0131408jss 
[3] Goldsmid, H., Conversion efficiency and figure-of-merit, in CRC handbook of thermoelectrics. 
2018, CRC Press. p. 19-26. 
[4] Kim, C. and S. Hong, Current Applied Physics, 2023. 50: p. 153-160; 
https://doi.org/10.1016/j.cap.2023.04.008 
[5] Bhattacharya, G., S. Das, and A. Venimadhav, Current Applied Physics, 2023. 49: p. 91-99; 
https://doi.org/10.1016/j.cap.2023.02.015 
[6] Liu, S., et al., Nanostructured SnSe: Synthesis, doping, and thermoelectric properties. 2018. 
123(11): p. 115109; https://doi.org/10.1063/1.5018860 
[7] Barrios‐Salgado, E., et al., Physica Status Solidi (A), 2017. 214(10): p. 1700036; 
https://doi.org/10.1002/pssa.201700036 

https://doi.org/10.1149/2.0131408jss
https://doi.org/10.1016/j.cap.2023.04.008
https://doi.org/10.1016/j.cap.2023.02.015
https://doi.org/10.1063/1.5018860
https://doi.org/10.1002/pssa.201700036


133 
 
[8] Drozd, V., et al., Journal of Physics D: Applied Physics, 2009. 42(12): p. 125306; 
https://doi.org/10.1088/0022-3727/42/12/125306 
[9] Reddy, V.R.M., et al., Journal of Materials Science: Materials in Electronics, 2016. 27(6): p. 
5491-5508; https://doi.org/10.1007/s10854-016-4563-9 
[10] Bube, R.H., Photovoltaic materials. 1998; https://doi.org/10.1142/p054 
[11] Minnam Reddy, V.R., et al., Journal of Materials Science: Materials in Electronics, 2016. 
27(6): p. 5491-5508; https://doi.org/10.1007/s10854-016-4563-9 
[12] Rao, T.S. and A. Chaudhuri, Journal of Physics D: Applied Physics, 1985. 18(6): p. L35; 
https://doi.org/10.1088/0022-3727/18/6/003 
[13] Lahneman, D.J., et al., Current Applied Physics, 2023. 47: p. 9-14; 
https://doi.org/10.1016/j.cap.2022.12.006 
[14] Bondar, N.V., Y.P. Pyryatynsky, and N.A. Matveevskaya, Current Applied Physics, 2023. 48: 
p. 114-122; https://doi.org/10.1016/j.cap.2023.01.007 
[15] Gassoumi, A. and M. Kanzari, Chalcogenide Letters, 2009. 6(4). 
[16] Ali, N., et al., Materials Letters, 2013. 100: p. 148-151; 
https://doi.org/10.1016/j.matlet.2013.02.097 
[17] Ali, N., et al., Applied Physics A, 2017. 123(4): p. 282; 
https://doi.org/10.1007/s00339-017-0879-4 
[18] Lalitha, S., et al., Solar energy materials and solar cells, 2004. 82(1-2): p. 187-199; 
https://doi.org/10.1016/j.solmat.2004.01.017 
[19] Chander, S. and M. Dhaka, Physica E: Low-dimensional Systems and Nanostructures, 2016. 
76: p. 52-59; https://doi.org/10.1016/j.physe.2015.09.044 
[20] Ali, N., et al., Solar Energy, 2015. 113: p. 25-33; 
https://doi.org/10.1016/j.solener.2014.12.021 
[21] Perkampus, H.-H., UV-VIS Spectroscopy and its Applications. 2013: Springer Science & 
Business Media. 
[22] Picollo, M., M. Aceto, and T.J.P.s.r. Vitorino, UV-Vis spectroscopy. 2018. 4(4): p. 20180008; 
https://doi.org/10.1515/psr-2018-0008 
[23] Rocha, F.S., et al., Experimental methods in chemical engineering: Ultraviolet visible 
spectroscopy-UV‐Vis. 2018. 96(12): p. 2512-2517; 
https://doi.org/10.1002/cjce.23344 
[24] Lippens, P. and M.J.P.R.B. Lannoo, Calculation of the band gap for small CdS and ZnS 
crystallites. 1989. 39(15): p. 10935; https://doi.org/10.1103/PhysRevB.39.10935 
[25] Mohammed, A. and A. Abdullah, Scanning electron microscopy (SEM): A review. in 
Proceedings of the 2018 International Conference on Hydraulics and Pneumatics-HERVEX, Băile 
Govora, Romania. 2018. 
[26] Shahzad, N., et al., Chalcogenide Letters, 2020. 17(7): p. 347-351; 
https://doi.org/10.15251/CL.2020.177.347 
[27] Ali, N., et al., Optik, 2020. 220: p. 164935; https://doi.org/10.1016/j.ijleo.2020.164935 
[28] Shahzad, N., et al., Digest Journal of Nanomaterials & Biostructures (DJNB), 2021. 16(1). 
 

https://doi.org/10.1088/0022-3727/42/12/125306
https://doi.org/10.1007/s10854-016-4563-9
https://doi.org/10.1142/p054
https://doi.org/10.1007/s10854-016-4563-9
https://doi.org/10.1088/0022-3727/18/6/003
https://doi.org/10.1016/j.cap.2022.12.006
https://doi.org/10.1016/j.cap.2023.01.007
https://doi.org/10.1016/j.matlet.2013.02.097
https://doi.org/10.1007/s00339-017-0879-4
https://doi.org/10.1016/j.solmat.2004.01.017
https://doi.org/10.1016/j.physe.2015.09.044
https://doi.org/10.1016/j.solener.2014.12.021
https://doi.org/10.1515/psr-2018-0008
https://doi.org/10.1002/cjce.23344
https://doi.org/10.1103/PhysRevB.39.10935
https://doi.org/10.15251/CL.2020.177.347
https://doi.org/10.1016/j.ijleo.2020.164935

	3. Results
	5. Conclusion

