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LIST OF ABBREVIATIONS

CSS – close spaced sublimation
Ts – substrate temperature
Te – evaporator temperature
Tw – wall temperature
ITO – indium-doped tin oxide
FESEM – field emission scanning electron microscope
FIB – focused ion beam
AFM – atomic force microscope
XRD – X-ray diffractometer
EDS – energy dispersive X-ray spectroscopy
RS – Raman spectrosopy
IR – infrared radiation
OM – optical microscope
RMS – root mean square
FWHM – full width at half maximum
λ – wavelenght, nm 
α – absorption coeficient, cm–1

I‒V – current-voltage
R – peak intensity ratio
Nd:YAG –neodium doped yittrium aluminium garnet
τ – pulse duration, ns
COD – crystallography open database
SILAR – successive ionic layer adsorption and reaction
I – intensity, MW/cm2

VSn – tin vacancies 
VS – sulphur vacancies
Sni – tin interstitials
Si – sulphur interstitials
CIGS – Cu(In,Ga)Se2

CZTS – Cu2ZnSnS4

F – force exerted on the impurity atoms in the presence of temperature gradient
Q* – heat of transfer for an atom or a vacancy
x – coordinate directed from the surface to the bulk of a semiconductor 
N – concentration of the impurity atoms
Ea –activation energy
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GENERAL OVERVIEW

Research topicality 
Binary compounds SnxSy have high potential use in optoelectronics. In particular, SnS₂ 

with n-type conductivity is a promising material for photodetectors and for window layers 
in solar cells (with the potential to replace CdS) due to high carrier mobility and wide 
band gap of 2.24 eV [1]. Whereas SnS p-type semiconductor exhibits unique properties for 
application in solar cells as absorber layer instead of the traditional CdTe and CIGS. These 
properties include the optimal band gap of 1.1 eV [2], [3] and the high optical absorption 
coefficient [4]. Hence, the theoretical efficiency of SnS solar cells is 24 % [5], [6]. Other 
important advantages of SnxSy compounds are their low-cost, earth abundance and non-
toxicity. Despite these facts, the record efficiency of SnS solar cells is only 4,4  % [7]. 
Ecouraging progress in efficiency of SnS based solar cells was achieved in Massachusetts 
Institute of Technology [8]. Such low efficiency is explained by non-homogeneity of SnxSy 
due to the formation of secondary phases and presence of different types of defects. 

Two-dimensional structure of SnxSy compounds opens pathway to their use in 
nanoelectronics. SnS2 are actively studied as a base layer for fast photo detectors analogously 
to WS2 and MoS2

The laser technology could give a new impulse to the development of high performance 
SnxSy based devices. Laser technology allows accomplishing of specific tasks related to the 
improvement of material performance, which cannot be solved by conventional approaches, 
such as thermal annealing and optimization of growth conditions. It is a powerful tool 
allowing the improvement of the crystal quality of highly disordered polycrystalline films 
as well as phase transition in compound semiconductors [9]. For SnxSy compounds, the 
controlling of secondary phase formation is an important task since SnS₂ could be easily 
transformed to SnS and vice versa by changing of volatile S concentration. On the other 
hand, the existence of SnxSy phases with different optical and electrical properties opens 
completely new opportunities to produce thin film heterojunction devices based on the same 
components of compound. 

Laser induced phase transitions are a new direction of research and can be used 
for the formation of more energy-efficient and cheaper micro/nanoscale structures in 
microelectronics and optoelectronics, whereas the existing methods, such as molecular 
beam epitaxy, chemical vapor deposition, etc. are expensive and are realized using 
complex equipment and technology. In addition, thermal mechanism of laser induced phase 
transitions, for example, using nanosecond laser radiation, has a significant advantage over 
the femtosecond laser induced phase transitions, as it does not create high pressure and 
therefore is not destructive to the structure.

The aim of the Thesis
The aim of the doctoral thesis is to develop a new method for inducing phase transitions 

in SnS2 thin films from SnS2 to SnS and from SnS to Sn by using the second harmonic 
Nd:YAG laser irradiation, thus obtaining a heterojunction with an electrical contact using 
one technological process.
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Tasks to be carried out
1.	 To obtain structural invesigations of SnxSy thin films, obtained by CSS method, 

before and after irradiation by laser.
2.	 To obtain surface morphology and chemical composition invesigations of SnxSy thin 

films, before and after thermal annealing at different annealing temperatures and 
duration, in order to determine optimal conditions for inducing phase transition from 
SnS2 to SnS.

3.	 SnS2 thin film surface irradiation by second harmonic Nd:YAG laser to locally 
induce phase transition in surface layer of SnS2 thin films to SnS phase in order to 
form SnS2/SnS heterojunction.

4.	 SnS2 thin film surface irradiation by second harmonic Nd:YAG laser in order to 
induce phase transition from SnS phase to metallic Sn phase in the surface layer of 
previously formed heterojuction SnS2/SnS.

Theses to be defended
1.	 Phase transition from hexagonal SnS2 phase to orthorhombic SnS phase is 

induced by the second harmonic Nd:YAG laser irradiation with laser intensity 
from 7.0‒11.0  MW/cm2. In the case of applying laser irradiation intensity from 
12.0‒15.0  MW/cm2, metallic Sn phase is formed on the surface of SnS. By 
exceeding laser intensity over the intensity threshold Ith = 15.0 MW/cm2, ablation of 
SnS2 material takes place. 

2.	 SnS2SnS and SnSSn phase transition mechanism relates to S atom drift towards 
the irradiated surface of the sample in the presence of the temperature gradient, 
followed by S evaporation.

Novelty of the research
For the first time, the posibility of obtaining SnS2/SnS heterojunction and metallic 

Sn contact on the surface of SnS by using one technological task using second harmonic 
Nd:YAG laser irradiation was demonstrated.

Practical significance
The present study is focused on the development and implementation of innovative 

approach for the production of low-cost optoelectronic devices based on non-toxic earth 
abundant materials. Successful implementation of the proposed approach will allow 
replacing the currently used complicated multistage technological process of deposition of 
multi layers for formation of p-n heterojunction structure by a simple laser irradiation based 
technique. Also, irradiation-based improvement of crystalline quality will help to fully 
realize such advantages of SnxSy compounds as high carrier mobility and two-dimensionality. 
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LITERATURE REVIEW

Experimental practice is often connected with systems of a wide variety of characters, 
therefore phase and component concepts are used for their description. The phase is a 
chemically and thermodynamically homogeneous part of the system, which has an interface, 
separating it from other parts of the system, and which consists of simple parts called 
components [10]. If the composition of matter corresponds to the same chemical formula 
but has different thermodynamic characteristics, it is already another phase. It refers also to 
the same matter in the form of a melt. Depending on the number of phases, one-phase or 
homogeneous systems and multiphase or heterogeneous structures are distinguished.

Transformations in the phase structure of a system are called phase transitions, and 
are realized in two cases: 1) if the number of simultaneously arbitrarily varied parameters 
exceeds the number allowed by the number of thermodynamic degrees of freedom in 
the system; and 2) if any of system parameters changes in such a wide interval that the 
phase in question becomes unstable and therefore transforms into another phase [11]. The 
most important examples of phase transitions are 1) the change of the aggregate state of 
the matter, which is realized as a transition from an energetically unpreferable phase to 
an energetically preferable one; 2) various crystalline modifications characterized by 
the transformation of a matter from one allotropic modification to another; 3) change of 
electric and magnetic properties of the matter due to phase transitions  – ferromagnetic, 
segnetoelectric, segnetomagnetic, antiferromagnetic and antisegnetomagnetic phase 
transition; as well as 4) phenomena such as superconductivity and superfluidity, which are 
observed only at low temperatures close to absolute zero [11].

Phase transitions are divided into two broad categories: first-order and second-order 
phase transitions. 

In the phase transition of first order, variation of temperature, pressure or other parameter 
leads to a jump-like change in such most important primary parameters as density, 
accumulated amount of internal energy, concentration of components, etc.The most typical 
examples of the first-order phase transitions are melting and crystallization, evaporation and 
condensation, sublimation and desublimation [12].

At the second-order phase transition, density and internal energy remain unchanged, 
therefore, such phase transitions can not be observed with unaided eye. Jump-like changes 
occur in the derivatives with respect to temperature and pressure: heat capacity, thermal 
expansion coefficient, various sensitivities, etc. The second-order phase transition occurs in 
cases where the symmetry of structure of the matter changes (the symmetry may completely 
disappear or decrease). The second-order phase transition, resulting from the change in 
symmetry, is described by Landau theory [13]. 

From the perspective of tin-chalcogenides phase diagram it can be seen that, three 
intermediate phases  – SnS, Sn2S3 and SnS2 are formed in Sn-S system [14]. It should be 
noted, that SnS and SnS2 melt congruently, whereas Sn2S3 melts peritectically forming a 
liquid and SnS2. 

From a thermodynamic perspective, the window beneficial for growing and stabilizing 
single phase SnS2 films is relatively large [15]. The growth conditions beneficial for growth 
of SnS films are much more restricted than for SnS2, therefore to expand the stability 
window, S/Sn ratio should be equal or little bit above the stoichiometric SnS composition. 
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Due to the increase of sulphur concentration, stability window narrows and the risk of 
formation of SnS2 and Sn2S3 phases increases. 

SnS2 has CdI2-like crystal structure that consists of densely packed atomic layers of 
tin placed between two layers of sulfur. This compound can exist in the form of several 
polytypes [16], [17]. The band gap of SnS2 changes in the range of 2.12–2.14 eV depending 
on the method of obtaining material and their polytype [4], [18]–[21].

SnS2 shows contrasting defect properties to SnS [22]. Undoped SnS shows p-type 
behaviour, whereas SnS2 shows n type, which are mainly attributed to the tin vacancies and 
tin interstitials, respectively. The defect features in Sn2S3 can be described as a combination 
of those in SnS and SnS2, intrinsically Sn2S3 showing n-type behaviour. However, the 
conversion to p-type can be attained by doping with a large monovalent cation, namely, 
potassium. The ambipolar dopability, coupled with the earth abundance of its constituents, 
indicates great potential for electronic applications, including photovoltaics.

The properties of tin disulphide compounds are summazied in Table 1.1. 
Table 1.1 

Properties of SnxSy compounds

Compound Colour
Concentration Conductivity 

type
Crystal lattice 

structure

Band gap 
at the room 

temperature, eVS, % Sn, %

SnS Dark gray 50.46 49.54 p orthorombic ~1.4
SnS2 Yellow 68.42 31.58 n hexagonal ~2.1 
Sn2S3 Black 60.12 39.88 n hexagonal ~1.1 

Tin disulfide thin films can be obtained using the following methods: ionic layer 
adsorption and reaction (SILAR) [23], spray pyrolysis [24]–[27], thermal vacuum 
evaporation [21], [28], plasma-enhanced chemical vapour deposition (PECVD) [29] and 
dip-coating [30]. Each of the methods of obtaining SnS2 thin films has its advantages and 
disadvantages. For example, the spray pyrolysis method allows one to obtain a low-cost 
thin layer of semiconductor. However, thin film obtained by this method has low crystal 
quality, which could be improved by post-growth annealing of material in toxic H2S gas 
[30], [31]. CSS method is also widely used for obtaining high quality thin films of binary 
semiconductors [32]–[34], nevertheless for deposition of SnS2 thin films it was used only 
in this work [35].

Phase transition mechanism in SnxSy compounds could be explained by the fact that 
sulphur binding energy is smaller than tin binding energy, therefore due to the evoporation 
of sulphur atoms phase transition from hexagonal SnS2 phase to orthorombic SnS phase 
takes place.

Literature data suggests that different approaches have been used to obtain phase 
transition from SnS2 to SnS [36], but in this case it is not possible to obtain heterostructure 
between SnS2 and SnS phases. 

Irradiation by laser has been rearly used in the processing of SnxSy compounds [37]. At 
the same time, laser irradiation could be considered as an effective method for controllable 
phase transition in SnxSy. Irradiation by the pulse laser is a fast and effective way, which 
could be effectively used for modification of chemical and phase composition of SnxSy thin 
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films. This opens new possibilities to obtain materials with technological advantages for use 
in SnxSy-based solar cells and other optoelectronic devices.

Tin sulfides SnS, Sn2S3, and SnS2 are investigated for a wide variety of applications 
such as photovoltaics, thermoelectrics, two-dimensional electronic devices, Li ion battery 
electrodes, and photo-catalysts [22].

The most extensively studied thin film solar cells are based on CuIn(Ga)Se2 (CIGS) and 
CdTe as absorber layer materials. CIGS and CdTe are showing high efficiency reached in 
solar cells (19.2 %, and 16.5 %, respectively), while a serious drawback of mass production 
of solar cells based on these materials are the problems related to cadmium toxicity and 
indium scarcity [4]. However, an alternative absorber layer for low cost thin film solar cells 
technology with competitive properties, such as, low toxicity, abundance, high absorption 
coefficient (>104 cm–1) and direct band gap laying between 1.3 and 1.5 eV, is semiconductor 
SnS. 

Laser is a device that allows delivering large amount of energy in a confined space. The 
type of laser interaction is dependent on many factors, such as wavelength, pulse duration, 
intensity and dose. Laser irradiation induces changes locally in the materials chemical 
composition, crystal structure and its morphology. 

Laser-induced phase transitions [38]–[44] have attracted considerable interest of 
researchers. Plasma and thermal-induced phase transition mechanisms are known. The 
first one is valid for ultra-short laser pulses in femtosecond range, the second one  – for 
picosecond and longer laser pulses. In the first case [42]–[44], only the electron system 
is excited during the laser pulse, and the motion of atoms occurs due to a high pressure, 
created by laser beam. In the second case, the motion of atoms can occur due to the melting 
[41], [45] as the lattice is heated or in solid phase without melting [46], [47].

The thermogradient field effect plays major role in redistribution of the impurity atoms 
and intrinsic point defects [48], as a result, interstitial atoms drift towards the temperature 
gradient but vacancies – in the opposite direction. The drift of impurity atoms depends on 
the size of host and impurity atoms. 
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EXPERIMENTAL METHODOLOGY

1.	 Preparation of SnS2 thin films 

SnS2 thin films were obtained in vacuum chamber VUP-5M by CSS method. SnS2 
polycrystalline thin films were deposited on ultrasonic cleaned ITO (300 nm thickness) 
coated glass substrates. The stoichiometric powder of SnS2 was used as an initial material for 
evaporation. The temperature of the evaporator and substrate was 675 °C and 200–450 °C, 
respectively. The difference in temperature ensured that the SnS2 vapors were sublimated 
on the glass substrate. The time of deposition was 4 min. Pressure during deposition was 
5 × 10‒3  Pa. The distance between the evaporator and the substrate was 1 cm.

CSS method has relatively low costs and allows to produce high-quality semiconductor 
thin layers under growth conditions close to the thermodynamic equilibrium.

2.	 Thermal vacuum annealing of SnS2 thin films

The annealing of the samples was performed in a vacuum oven (10‒4 Pa) at 300 °C, 
400 °C, 500 °C for 30 min, 60 min, 90 min for each temperature and at 600 °C for 30 min. 
For the convenience, abbreviated names of the samples, which contain corresponding 
annealing conditions, were used. For instance, S300-30 means that the sample has been 
annealed at 300 °C for 30 minutes.

3.	 Laser irradiation of SnS2 thin films by  
second harmonic Nd:YAG laser 

Laser irradiation of SnS2 thin films was performed in air by the second harmonic of 
Nd:YAG laser (Ekspla NL301G irradiation (λ = 532 nm, τ = 4 ns) in a scanning regime 
with different number of nanosecond pulses and intensities, which do not exceed material 
ablation intensity thershold. The samples were irradated with different laser intensities 
from 7 MW/cm2 to 15 MW/cm2. Careful study was performed for laser intensities 
I1 = 8.5 MW/cm2 and I2 = 11.5 MW/cm2. The samples were placed on the two-coordinare 
manipulator, which was controlled by a special computer software, thus allowing to control 
the speed of movement and movement step. The focused laser beam (spot diameter of 
1.5  ×  10–3 and 1.3  ×  10–3 m for I1 and I2 intensities, respectively) was scanned over the 
sample surface with constant speed of 1.6 × 10‒4 m/s and duration of impulse pf 4 ns. The 
scanned area was 0.56 × 10‒4 m2 for both I1 and I2 intensities.

4.	 Investigation of properties of SnxSy thin films before and after 
different treatments

The obtained SnxSy samples were characterized before and after different treatments, by 
using OM, FESEM, FIB/SEM, EDS, AFM, RS and XRD analyses. I‒V characteristics were 
measured after SnxSy samples have been irradiated by laser. 
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The surface morphology and chemical composition of the thin films were investigated 
using FEI Nova NanoSEM 650 Schottky field emission scanning electron microscope 
(FESEM) with an integrated Apollo X energy dispersive spectroscope (EDS). The thickness 
was measured by FESEM directly from the cross-section of the samples.

Cross-section analysis was also performed with field emission scaninng electron 
microscope Helios NanoLab 650 DualBeam (FEI, The Netherlands) equipped with gallion 
ion source and platinum deposition system and INCA Energy (Oxford Instruments) EDS. 

Room temperature Raman spectroscopy (RS) spectra were studied using Renishaw 
InVia 90V727 micro-Raman spectrometer. The semiconductor infrared (λ = 785 nm) and Ar 
green (λ = 514 nm) laser were used as an excitation source.

To study the microstructure of the surface and estimate its roughness NT-MDT atomic 
force microscope (AFM) in a semi-contact mode was used.

Structural analysis was carried out with the help of DRON-4-07 and Rigaku Ultima+ 
X-ray diffractometers (XRD) using CuKα radiation source and operating in Bragg-Brentano 
geometry.

Industrial optical microscope (OM) Nikon ECLIPSE LV150 was used to evaluate SnxSy 
sample surface morphology.

5.	 I–V Characteristics

Measurements of the dark current-voltage (I‒V) characteristics of ITO/SnxSy/Al 
multilayer structures were carried out using Keithley M 6487 pico-amperemeter. In 
order to avoid formation of Schottky barriers and hence misinterpretation of the results 
of I‒V  measurements ohmic Al contacts for the samples were obtained. The Al contacts 
were deposited by the thermal vacuum evaporation on the surface of as-grown samples and 
immediately after laser irradiation with different laser intensities at a substrate temperature 
of 100 °C.
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RESULTS

1.	 Characterization of properties of obtained SnS2 thin films

Surface and cross-section SEM analysis of single phase SnS2 thin films, obtained by 
close space sublimation method, shows that thin films consist of plate-like crystallines, the 
height of which is similar to the thin film thickness (Fig.1). It was established that the films 
obtained in the range of the substrate temperature 300 °C to 450 °C are polycrystalline and 
consist of platelet-shaped grains. The average grain size varies in the range of 0.7–1.2 and 
depends on substrate temperature Ts. Similar shape of crystallites in SnS2 thin films were 
also observed in [49]–[51].

Fig. 1. SEM images of the surface of as-deposited SnS2 films at (a) 300 °C, (b) 400 °C, 
and (c) 450 °C, and (d) typical cross-section.

The influence of substrate temperature on the chemical composition of films was studied 
with EDS. It was established that the composition of all investigated films was close to 
stoichiometric (35 ± 5 and 65 ± 5 at % for Sn and S, respectively)

The results of AFM study show that the thickness of the platelet-shaped grains decreases 
from bottom to top in the direction perpendicular to the surface (i.e., perpendicular to the 
growth front).

From the XRD patterns of the powder and SnS2 films deposited at different substrate 
temperatures, it was found that the detected peaks correspond to the hexagonal phase of 
SnS2 and orthorhombic phase of Sn2S3. Reflections from the crystallographic planes (001), 
(100), and (002) of the hexagonal phase of SnS2 had the strongest intensity, while the 
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intensity of Sn2S3-related peaks was very weak. Thus, it could be concluded that the films 
obtained in the temperature range of 200–450 °C contain mostly hexagonal phase SnS2 
with a small amount (< 3‒5 %) of Sn2S3 phase.

Raman analysis of SnS2 thin films confirmed the presence of SnS2 with a peak at 
314.5 cm‒1 and a weak peak at 205.6 cm‒1. According to theoretical [52] and experimental 
works [52]–[54], these peaks of SnS2 are related to A1g and Eg modes, respectively. The 
FWHM of the peak dominating the A1g mode was no more than 12 cm‒1, which indicates 
a high structural quality of the films. As only the A1g and Eg modes were detected, we can 
conclude that the obtained films have 2H structure of the SnS2 polytype [54], [55]. Thus, 
these results confirm the data of XRD study indicating that the films have a single-phase 
hexagonal structure.

2.	 SnS2 – SnS phase transition by thermal vacuum annealing

Simple approach was demonstrated to obtain single-phase SnS thin films by thermal 
vacuum annealing of SnS2 layer obtained by the close-spaced sublimation (CSS) method. 
It was found that initial non-annealed SnS2 thin film exhibit typical for SnS2 chemical 
composition ratio of Sn/S = 0.49.

EDS measurement reveals that the Sn/S concentration ratio (δ) of the non-annealed 
SnS2 film is 0.49 (Fig. 2(a), inset). This value is in good correlation with the reference 
stoichiometric composition of SnS2 [14]. It was found that δ value for sample S400-90 
is 0.63, which indicates the decreasing of sulphur concentration towards Sn-rich material 
(Sn2S3 and SnS) due to its evaporation. Nearly stoichiometric chemical composition for SnS 
material [14] of δ=0.96 was obtained for samples S500-30, S500-60 and S500-90 (Fig. 2(d), 
inset). These results indicate that a post-growth treatment of SnS2 films at 500 °C leads to 
the thermal-induced SnS2-SnS phase transition.

It was shown that the concentration of S gradually decreases with increasing annealing 
temperature and time. It was found that annealing of the samples at 500 °C for 90 min. 
provides phase transition from hexagonal SnS2 to orthorhombic SnS. As it is shown in 
Fig.3, the shape and the size of platelet-like crystallites were not changed after thermally 
induced phase transition from SnS2  SnS, however, the nano-porous structure was formed.

Annealing of the samples at temperatures below 400 °C (S300-30, S300-60 and S300-90) 
does not lead to any changes in XRD patterns comparatively with the non-annealed SnS2 
sample. While, the XRD pattern of sample S400-90 shows intensive reflections from (220), 
(111), (121), (221) planes of orthorhombic Sn2S3 phase [56] and (211), (160) planes of 
orthorhombic SnS phase [57]. 

The XRD study of the sample S500-30 revealed a significant change in phase composition 
after annealing. Namely, the SnS-related lines were observed. Only one reflection from 
(001) plane of SnS2 phase on XRD spectrum was detected. Thus, a thermal-induced phase 
transition from hexagonal SnS2 to orthorhombic SnS takes place. Further increasing of 
annealing time to 60 min (S500-60) leads to declining in the intensity of (001) SnS2-related 
line. Finally, sample S500-90 shows pure SnS phase without traces of SnS2-related (001) 
line. It is also worth noting that high intensity of SnS-related lines with low background in 
XRD pattern indicates high crystal quality of tin monosulphide films. 
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Fig. 2. Surface and cross-sectional morfology of the samples: (a) non-annealed sample – 
FESEM image of the surface and (b) cross-section; (c) 3D AFM topography with its 

profile; (d) sample S500-90 ‒ FESEM image of the surface, and (e) cross-section; (f) 3D 
AFM topography with its profile. The chemical composition (δ=Sn/S) measured by EDS 

are presented in insets.

Fig. 3. SnS2 surface FESEM imges: a) before thermal treatment,  
b) after thermal treatment at 500 °C, 90 min.
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The Raman spectra of as-deposited and annealed at different temperatures samples are 
presented in Fig. 4. As could be seen from Fig. 4(a) the Raman spectrum of the non-annealed 
sample shows a weak peak around 205 cm‒1 and a strong peak at 314.5 cm‒1 which could be 
assigned to Eg and A1g optical vibration modes of 2H-SnS2 polytype, respectively [55]. The 
RS study does not reveal presence of any traces of Sn2S3 or SnS phases in samples S300-30 
and S300-60, while the Raman spectrum of sample S300-90 (Fig. 4(b)) shows one additional 
weak peak at 96.5 cm‒1. According to the reference data [53], this peak corresponds to Ag 
mode of SnS compound. It should be noted that XRD analysis shows no secondary phases for 
the same sample. It can be explained by the small amount of SnS phase in the film. Increasing 
of annealing temperature to 400 °C (S400-90) leads to increasing in relative intensity of Ag 
mode of SnS (Fig. 4(c)). The presence of other strong peaks at 285 cm‒1 and 225 cm‒1 related 
to the Ag mode of SnS and a weak peak at 154 cm‒1 of Sn2S3-related Ag mode in this sample 
were also found [58]. However, the strong mode of SnS2 at 314.5 cm‒1 was still observed. It 
indicates formation of a mixture of SnS, SnS2 and Sn2S3 phases in sample S400-90.

The Raman spectrum of the samples S500-30, S500-60 and S500-90 showed only peaks 
of SnS-related modes. Namely, the peaks of Ag mode at 95, 193 and 220 cm‒1 as well as 
SnS-related B2g mode at 164 cm–1 were detected (Fig. 4 (d)). At the same time, XRD analysis 

Fig. 4. Raman spectra of samples: (a) non-annealed sample; (b) S300-90 min.;  
(c) S400-90 min.; and (d) S500-90. 
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of samples S500-30 and S500-60 revealed traces of SnS2 phase. Considering the fact that 
absorption of SnS phase for infrared Raman laser (λ  =  785) is around 200 nm we can 
conclude that tin disulphide phase is located near the substrate where less intensive sulfur 
evaporation takes place. Thus, RS study confirms the results of XRD analysis showing that 
the sample S500-90 is a single-phase SnS.

3.	 Laser-induced phase transitions in SnxSy

The colour change of samples after irradiation was visually observed. Namely, the 
colour of the surface of the non-irradiated sample irradiated with I1 intensity changed from 
yellow, typical for SnS2 [4], to dark gray SnS-like colour, which is the evidence of sulfur 
evaporation and phase transition from SnS2 to SnS. The colour of the surface of the same 
regime of irradiation irradiated with intensity I2 changed to gray. However, the colour of the 
irradiated surface was lighter. 

The FESEM image of the surface of the non-irradiated SnS2 film (before irradiation) is 
shown in Fig. 5(a). As can be seen, the thin films consist of plate-like crystallites randomly 
oriented in a plane parallel to the surface. Higher magnification FESEM image (Fig. 5(a), 
insert) shows that the length of crystallites is about 1 µm and their thickness is less than 
100 nm. It should be noted that the surface of thin film is homogeneous, i.e. free of any 
large-scale defects and precipitates. The plate-like structure of crystallites is clearly visible 
on FESEM cross-sectional image presented in Fig. 5(b). Also, it could be seen that the 
crystallites are well oriented along the plane perpendicular to the surface, in contrast to 
random growth orientation in the plane parallel to the surface. Such growth orientation is 
preferable for thin film solar cells. The orientation of crystallites coincided with the direction 
of current flow and hence less recombination of free carriers on the grain boundaries could 
be expected. The thickness of the films is about 4.1 µm. 

The irradiation of surface with the 8.5 MW/cm2 intensity leads to agglomeration and 
coalescence of grains and formation of islands with 1 µm length (Fig. 5(c)). As could be 
seen from Fig. 5(c), insert), the surface of the islands is rather homogeneous and does not 
contain any defects, such as cracks, holes or voids. It should be noted that the image of 
cross-section FESEM (Fig. 5(d)) clearly shows that the surface after laser irradiation is 
smoothed and the shape of crystallites has become more roundish. Also, the thickness of the 
samples has decreased to 3.6 µm due to evaporation of material. 

Application of more intensive laser irradiation of 11.5 MW/cm2 leads to further 
enlargement of islands due to agglomeration, and the distance between islands increases. 
As follows from Fig. 5(e) the average length of islands varies from 1 µm, in this case they 
have a circular shape (Fig. 5(e), inset), to 5 µm for oblong islands. The cross-section view 
(Fig. 5(f)) shows that crystallites coalesced to form drop-like islands with an average height 
of 2.8 µm. 

The EDS analysis of the sample irradiated with the intensity of 8.5 MW/cm2 (dark 
gray surface) confirms our assumption that the change in colour from initial yellow to dark 
gray is due to evaporation of sulphur from the surface. Namely, the surface composition 
of the irradiated sample is δ  =  0.72 (Fig. 5(c)). The EDS analysis of the cross-section 
(Fig. 5(d)) shows that thickness of the layer with composition δ  =  0.72 is about 1 µm. 
The chemical composition directly next to this layer was δ = 0.61 which is more Sn-rich 
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than the composition of the nonirradiated sample at the same depth. While chemical 
composition in the middle of sample cross-section and at the substrate is similar to those in 
the nonirradiated sample. This reflects that depth of the impact of laser irradiation with the 
intensity of 8.5 MW/cm2 is about 2 µm.

Fig. 5. FESEM images of surface and cross-section of the samples. Non-irradiated sample: 
(a) surface, (b) cross-section; sample annealed with laser intensity of 8.5 MW/cm2:  
(c) surface, (d) cross-section; sample annealed with laser intensity of 11.5 MW/cm2:  

(e) surface, (f) cross-section. Results of EDS study of chemical composition (δ = Sn/S) for 
the surface are presented in insets, and for the cross-section in rectangles  

(position of δ values in images of cross-section correspond to the spot of measurement).

EDS analysis of the surface irradiated with the intensity of 11.5 MW/cm2 (light gray 
surface) shows that the increasing of laser intensity leads to more intensive evaporation 
of sulfur and hence enrichment of the surface with metal. Namely, the surface chemical 
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composition was found to be δ = 0.87 (Fig. 5(e)). Also, as follows from Fig. 5(f) the sulphur 
loss is taking place throughout the depth of the sample. In particular, the concentration of 
Sn monotonically decreases with depth increasing from δ = 0.87 on the surface to δ = 0.72 
at the substrate. Thus, due to the decreased influence of laser irradiation with depth the 
gradient in Sn concentration was formed.

FIB-SEM images (Fig. 6) show the cross-section of obtained samples, which were 
obtained by focused ion beam. 

Fig. 6. FIB-SEM cross-section images of SnS2 thin films a) before and after irradiation 
with different Nd:YAG laser intensities: b) 8.5 MW/cm2; and c) 11.5 MW/cm2. 



21

After irradiation with second harmonic Nd:YAG laser, significat changes in the structure 
of SnS2 thin films were observed, namely, irradiation with laser intensity of 8.5 MW/cm2 
led to interaction volume of about 1 µm, while, the increase of laser radiation intensity up 
to 11.5 MW/cm2 led to changes in chemical composition throughout the whole thin film 
forming island-like formations consisting of double layered structure.

The irradiation of the sample with the intensity of 8.5 MW/cm2 strongly affected the 
texture of films. As could be seen from XRD pattern the absolute and relative intensity 
(with respect to the (100) and (101) lines) of the (001) line is significantly decreased 
while the intensities of line (100) and (101) are increased. This indicates that the bounds 
along c-direction due to the long-distance van der Waals force are broken and the lattice 
is compressed. We speculate that this effect could lead to increasing in conductivity of 
irradiated thin film since the mobility along c-direction is much smaller than along 
a-direction [57]. In addition to the reorientation of crystal lattice the formation of new 
phases in irradiated samples were observed. Namely, the (111) SnS-related line at 31.80 
becomes clearly visible. Also, weak peaks at 16.20 and 26.60, which correspond to the 
reflections from (120) and (111), respectively of Sn2S3 phase, were detected. Considering 
the results of EDS analysis of cross-section of the irradiated sample it could be concluded 
that SnS and Sn2S3 phases are mostly located at the surface layer. 

For the sample irradiated with the intensity of 11.5 MW/cm2 the high (100) and 
(101) texture of SnS2 phase remains the same. However, the increasing intensity of (111) 
SnS-related line as well as (120) and (111) Sn2S3-related lines indicates increasing of 
concentration of these phases. Moreover, the highest intensity of the SnS-related (111) line 
at 31.80 shows that SnS phase is dominant over SnS2 and Sn2S3 phases.

For the reliable Raman phase analysis of SnxSy compounds the energy of excitation 
should be close to the band gap of the studied phase. In this case, one can expect high 
absorption of excitation radiation or even resonance conditions [59] and hence high signal 
to noise ratio of the Raman spectra. Taking into account the difference between the band 
gap energies of SnS2, Sn2S3 and SnS2 compounds we used two wavelengths of excitation. 
Namely, for identification of SnS2 phase the excitation with 514 nm green laser is optimal, 
since the energy of excitation (E = 2.41 eV) is close to the band gap of SnS2 Eg = 2.24 eV. 
While for the identification of Sn2S3 and SnS2 phases with the band gaps of (Eg = 1.09 eV) 
and Eg = 1.35 eV the 785 nm IR excitation (E = 1.58 eV) is more suitable.

As could be seen from Fig. 7(b), the irradiation of the samples with I1 intensity leads 
to the appearance of additional three broad weak peaks centered at 92, 186 and 227 cm‒1. 
Considering the results of EDS and XRD study for the irradiated sample we assumed that 
these peaks are related to SnS and SnS2 phases. According to the selection rules [56] the 
presence and frequencies of Raman modes depend on the orientation of crystal lattice in 
respect of the direction of the incident and scattered photons. As it was shown in [58] and 
[56], for most cases the Ag mode related to bonding in the a–c plane is dominant for both 
SnS and Sn2S3 phases. As could be seen from Fig. 7(c) the peak at 92 cm‒1 consists of two 
overlapping peaks at 88 cm‒1 and 95 cm‒1 related to Ag mode of Sn2S3 and SnS phases 
respectively. The broad weak peak at 189 cm‒1 also could be assigned to Ag mode of SnS 
phase. We speculate that another broad weak peak centred at 227 cm‒1 related to two close 
Ag modes of SnS and Sn2S3 at around 220 and 236 cm‒1 correspondently. But it is difficult 
to distinguish the exact position of the peaks. It should be noted that 310 cm‒1 Sn2S3 was 
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not observed on the spectrum, probably due to overlapping with the broad A1g mode of SnS2 
phase at 314.7 cm‒1.

Fig. 7. Raman spectra of the samples obtained with excitation by the green Ar laser 
λ = 514 nm: (a) non-irradiated sample; (b) samples annealed with a laser of 8.5 MW/cm2 

and (c) 11.5 MW/cm2 intensities.

As was shown in XRD and EDS analysis, the irradiation of the sample with higher 
intensity of 11.5 MW/cm2 results in increasing of concentration of SnS and Sn2S3 phases. 
This finding was confirmed by Raman spectroscopy. Namely, the relative intensity of the 
SnS and Sn2S3-related modes are significantly increased, while the intensity of A1g mode of 
SnS2 phase is decreased Fig. 7(c). At that, the SnS-related Ag mode is dominant. Moreover, 
one more SnS-related B3g mode at 162 cm‒1 was observed. 

In contrast of Raman spectra measured with green excitation, the spectra obtained with 
IR excitation show strong SnS and Sn2S3-related modes even for the sample irradiated with 
I1 intensity. Moreover, the SnS-related Ag mode at 221 cm‒1 is dominant on both spectra of 
samples irradiated with I1 and I2 intensities. As discussed above, it could be explained by 
the fact that relatively narrow band gap SnS and Sn2S3 compounds interact much stronger 
with IR than green wavelength radiation. As a result, three peaks of SnS-related Ag mode at 
95 cm‒1, 187 cm‒1 and 221 cm‒1 and peak which could be assigned to the B2g mode at 288 
cm‒1 as well as three peaks of Sn2S3-related Ag mode at 88 cm‒1, 154 cm‒1 and 309 cm‒1 are 
clearly observed.
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The mechanism of laser induced phase transitions in SnxSy thin films
The mechanism of laser induced phase transition from SnS2 to SnS is characterized by 

the formation of heterostructures, such as SnS2/SnS, due to generation of S interstitials, 
which has lower defect formation energy Vs = 1.80 eV than Sn VSn = 3.16 eV [4], and 
its drift towards the irradiated surface of the sample in the gradient of temperature field, 
the so-called thermogradient effect (TGE) [48]. When the interstitials reach the surface, 
the intensive evaporation of S atoms takes place. When the ration of Sn/S is close to  the 
stoichiometric content of 50:50, the first order phase transition of hexagonal SnS2 to 
ortorombic SnS takes place. A similar mechanism of laser induced phase transition of SnS 
to Sn is proposed.

I–V characteristics 
The I–V curves measured for non-irradiated SnS2 and irradiated with the intensities of 

I1 and I2 samples are shown in Fig. 8. As can be seen, the I‒V curve of ITO/SnS2/Al sample 
is linear (ohmic). This means that there are no electrical barriers between SnS2 and Al, or 
ITO contacts. 

The I‒V curve of the sample irradiated with the intensity of I1 shows typical diode 
behaviour. Alternately, for the I‒V curve of the sample irradiated with the intensity of I2, the 
current rectification was much less pronounced. 

Fig. 8. The current-voltage dependencies of ITO/SnxSy/Al samples: (1) nonirradiated; 
(2) samples irradiated with a laser of 8.5 MW/cm2 and (3) 11.5 MW/cm2 intensities

Taking into account the results of EDS analysis of the samples cross-section, it could 
be concluded that in the case of laser irradiation with I1 intensity a two-layer n-SnS2/p-SnS 
junction was formed which is reflected in diode behaviour of I–V curve.
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4.	 Formation of metallic layer of Sn on the surface of SnS2-SnS 

By increasing laser intensity from 12 MW/cm2 to 15 MW/cm2 on the surface of 
previously formed SnS2-SnS heterostructure (Fig. 9(a)) a metallic Sn contact is formed 
(Fig. 9(b)). A phase transition from SnS to Sn metallic phase is induced, which is cannot 
be detected using Raman spectrosocpy method. Therefore, Raman spectrum band was not 
detected, which shows that Sn metallic phase is formed on the surface layer. 

 a)	 b)

Fig. 9. Optical microscopy images of the sample surface showing phase transition from 
SnS2 to SnS and Sn.

The presence of metallic Sn phase on the surface of the sample was confirmed by 
resistivity measurements, which were carried out by using digital multimeter (Model: 
GDM-8135) with the smallest scale value of 0.1 Ω. It was found that the sample resistance 
tends to zero.
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GENERAL CONCLUSIONS

1.	 The results of FESEM, XRD, Raman spectroscopy and EDS analysis confirm, that CSS 
method is suitable for the deposition of high crystal quality, stoichiometric, single-phase 
and homogeneous SnS2 thin films and these thin films have a hexagonal structure of 
2H-SnS2 polytype. 

2.	 The thermal vacuum annealing of the initial SnS2 thin films at 500 °C (S500-30, S500-60 
and S500-90) leads to the decreasing of sulphur concentration and hence provides 
thermal-induced phase transition from hexagonal SnS2 to orthorhombic SnS. The shorter 
time and lower temperature of annealing leads to the mixed phase composition of SnS, 
Sn2S3 and SnS2. Sample S500-90 exhibits a single-phase orthorhombic Herzenbergite 
crystal structure with typical for SnS material composition ratio of 0.96. FESEM images 
showed that the shape and the size of platelet-like crystallites had not changed after 
thermal annealing, however, significant changes were observed in the microstructure of 
plate-like crystallines, as the nano-porous structure was formed.

3.	 For the first time, using the second harmonic of pulsed Nd:YAG laser radiation, the phase 
transition in SnS2 polycrystalline thin films from the SnS2 phase to the SnS phase was 
induced. This process occurs if the laser radiation intensity is 7 MW/cm2 and does not 
exceed 11 MW/cm2. In turn, the intensity of Nd:YAG laser radiation from 12 MW/cm2 
induces the formation of a metallic Sn-layer on the thin layer of SnS that can be used as an 
electrical contact in solar cells. When the laser radiation intensity exceeds 15 MW/cm2, 
the SnxSy material ablation takes place. Thus, it is shown that by a single technological 
process, using the second harmonic of Nd:YAG laser radiation, it is possible to create a 
n-SnS2 /p-SnS heterostructure with a metallic Sn-layer. I–V characteristics show diodic 
behaviour, which proves the formation of heterostructure n-SnS2/p-SnS.

4.	 The mechanism of laser-induced phase transitions in SnS2 thin films from SnS2 to SnS 
and SnS to Sn is shown. It is explained by the drift of S atoms towards the surface of the 
sample under the influence of the field of temperature gradient followed by evaporation 
of subsequent sulfur atoms from the surface.

5.	 The depth phase distribution in irradiated samples is strongly dependent on the intensity 
of laser radiation. In particular, the irradiation of the samples with the intensity of 
I1 = 8.5 MW/cm2 leads to the formation of the SnS layer at the surface. The application 
of a more intensive irradiation with the intensity of I2 = 11.5 MW/cm2 leads to changes 
in chemical composition of the whole thin film. 
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