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Introduction

Solar cells are considered to be an important energy source for future power supplies
[1]. However, the price of electricity produced by PV modules is higher than the price of
electricity produced by fossil fuels. In order to reach grid parity, significant reductions in
module and installation cost should be achieved. One approach to reduce the module cost is

using thin film technology [2].

Most of the modern photovoltaic devices are based on either crystalline or
polycrystalline silicon technology. Despite their progress, crystalline silicon is a poor
absorber with an absorption coefficient of around 10 cm™ and an indirect band transition of
1.1 eV, which needs more energy to absorb light in solar spectrum. In order to have the
superior PV device performance, it requires higher amount of material (hundreds microns

thick) [3].

To compete the PV market further in a cost-effective way for electricity generation,
the alternative idea is “Thin film technology”, which uses materials with high absorption
coefficient and suitable band gap, and the key aspect is to use limited amount of material. In
thin film solar cells, where the semiconductor film thickness varies from a few hundred
nanometers (nm) to tens of micrometers (um), the typical material usage is about 2-6 g/m’,
which decreases the manufacturing cost and makes it viable for economic utilization even for
expensive materials. The main difficulty in thin film technology is developing suitable
semiconductor devices that have high conversion efficiency and making them cheap in high

scale mass-production [2].

The continuous increase of thin film solar cell fabrication as well as potential large
scale production in future raised attention towards the concerns of various materials’
availability. The most used classic thin film solar cell absorber materials are CdTe,
CulnGaSe; (CIGS) that have reached the laboratory conversion efficiencies of 21.5% [4] and
22.3% [5]. Despite the excellent achievements of CdTe and CIGS, there are concerns like
toxicity of Cd, and limited supply of Te, Ga, In, which is the major problem for later
developments [6]. One of the most emerging, alternative and new photoabsorber materials is
Cu,ZnSn(S,Se)s (CZTSSe). CZTS is a quaternary chalcogenide material that was introduced
in 1988 by Ito and Nakazawa [7]. CZTSSe has a direct band gap of 1-1.5 eV, high absorption
coefficient and good charge mobility; however it is very difficult to control the desired phase

composition along with stability [8].



According to Alharbi et al. [9], 29 abundant elements form more than a hundred
binary and few thousands ternary compounds. They have screened 211 compounds and
highlighted 15 most suitable compounds in 5 groups: sulfides (CuS, Cu,S, FeS,, SnS, WS,,
MoS,), oxides (CuO), silicides (S -FeSi,, f-BaSi,, Ca,Si), nitrides (a-Cas;N;), phosphides
(CuPy, Zn3P,, f-ZnP,, SiP).

Among the well-known compounds like SnS, FeS,, and Cu,S, SnS attracted much
attention as a potential absorber material in photovoltaics with its high absorption coefficient
(more than 10* cm™) and suitable direct band gap value (1.3-1.5 eV for single-crystal SnS).
Physical investigation of SnS thin films showed sufficient properties to be used as a
photoabsorber material in solar cell applications.

However, there are some issues associated with SnS to be used in solar cells e.g. to
find optimal conditions in terms of deposition technique and annealing conditions for getting
highly photosensitive monophase SnS layers and to eliminate secondary phases, as well as
searching suitable alternative buffer layer materials for improving of the photovoltaic
properties of the complete solar cell structures.

In this thesis, we are studying SnS thin films deposited onto Mo covered soda lime
glass substrates by HVE with following annealing in vacuum at different temperatures to find
suitable annealing conditions to obtain single-phase SnS photoabsorber layers. The main
novelty of this study is annealing of as-deposited SnS thin films in closed system (sealed

ampoules), which is not covered in published works.

Organization of the Thesis

. Chapter 1 is describing SnS properties and suitability for PV applications,
reviews the history of the development of SnS films and SnS-based solar cells
from early crystallography studies to physical vapor deposition techniques for
thin film deposition and solar cell preparation.

. Chapter 2 deals with experimental methods used for preparing and
investigation of SnS thin films.

. Chapter 3 includes the obtained results, analysis and discussions.

. Chapter 4 represents conclusions from the obtained results.



Chapter 1: Literature Review

1.1 SnS Photoabsorber

1.1.1 SnS Properties and Photovoltaic Suitability

SnS is a IV-VI group semiconductor with layered orthorhombic structure. In recent
decade, SnS has attracted a significant interest as an absorber material for photovoltaic cells
because:

e It is a simple binary material

e It has a suitable direct and indirect energy band gaps of 1.3-1.5 eV and 1.0-1.1 eV,
respectively [10]

e SnS has high optical absorption coefficient, & > 10* cm™ [6]

e SnS consists of less toxic and earth abundant elements [6, 9]

e SnS can be fabricated by low-cost deposition technologies (e.g. CBD)

SnS is an intrinsic p-type semiconductor with a hole concentration of 10'°-10"* c¢m™
and Hall mobility around 90 cm?/Vs at room temperature. Optimal band gap and electron
affinity (E; = 1.3 eV and y=4.2 eV) makes SnS suitable for integration with n-type buffer
layer with similar electron affinity along with wider band gap [11]. The static dielectric

constant and refractive index of SnS crystals are 12.41 and 3.52, respectively [12].

1.1.2 Earth Abundance and Environmental Impacts of SnS

In last decades, intensified efforts were made to improve the efficiency of thin film
solar cells despite the price of the final product and materials used in it. This pursuit for
record efficiency material found that GaAs (gallium arsenide) demonstrated the highest solar
cell efficiency of 28.8% [13, 14], which consists of expensive gallium and highly toxic
arsenium. Both these elements can limit future commercial use of gallium arsenide based
solar cells. According to numerous studies, in contrast, SnS can be a good candidate to
become a commercially used large-scale material for solar cells due to its promising technical
properties. As illustrated in the Figure 1, both sulfur and tin are widely available elements in
the earth crust. For instance, sulfur is in orders of magnitude more abundant than copper
and/or lead, so it will not become an endangered element in the near future. As it can be seen
from the Figure 1, tin is less earth-abundant than sulfur, however tin is broadly available
across geo-political boundaries, which make it more robust to political and economical

10



changes. Also, tin is a much more abundant material than a number of other photovoltaic
elements e.g. cadmium or tellurium [15].
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Figure 1: Abundance of elements in the earth’s crust relative to silicon
as a function of atomic number. [15]

Burton [16] calculated total SnS material use in solar cells to cover global energy
demand as of 2011. Taking into account a hypothetical 15 pm thick SnS films and 10 %
efficient solar cell, he estimated the total use of SnS to be 3.233x10° kg, from which tin is
2.545x10° kg, whereas in 2014, world tin reserves were estimated to be 4.8x10° kg [17],
which means that resources of tin are 3 orders of magnitude more than required amount of tin

to support world energy needs.
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1.2 $nS Crystal Structure

Tin monosulfide is a IV-VI group of compound semiconductor [18]. SnS
(herzenbergite) was discovered by Prof. Robert Herzenberg in 1934 in the Maria-Teresa mine
near Huari, between Oruro and Uyuni, Bolivia [19].

Tin monosulfide crystals predominantly exhibit orthorhombic structure (Pnma-B16 2h
space group) with lattice parameters a=3.98 A, b=4.33 A, ¢=11.18 A through four molecules
in the unit cell. This structure, which may be described as pseudo-tetragonal, has every ‘Sn’
atom surrounded by six ‘S’ atoms, three at a shorter distance (~2.68 A) with the interatomic
directions at angles 88°10", 88°10 and 95°8 , respectively, and three atoms at a longer distance
(~3.88 A) with the interatomic directions at angles 118°, 118° and 75° respectively. The first
group of ‘S’ atoms establishes short Sn-S bonds within the layer whereas the second group of
‘S’ atoms connects two neighboring SnS layers. The interatomic distances of the second
group of ‘S’ atoms form an angle of 78° with the interatomic directions of the first group of
‘S’ atoms [20].

According to Albers et al. [21], the bonding type of SnS apart from its ionic part, is
covalent of the p’ type. Figure 2 shows that SnS has a layer structure with double layers
perpendicular to the c-axis.

Feng Ke et al. [22] investigated the electrical transport behavior of SnS under high
pressure and the temperature dependent electrical studies performed by Hall Effect
measurements. They observed a semiconductor-semimetal transition at ~10.3 GPa. Moreover,
they observed a significant change in the electrical resistivity, carrier concentration, and
carrier mobility at 12.6 GPa, which was attributed to be a result of structural phase transition
from Pnma to Cmcm. According to Chattopadhyay et al. [23] the second order phase
transition from a-phase (Pbnm-B16) to the high temperature S-phase (Cmcm-B33) occurs at
887 K (Figure 2). This phase transition is caused mainly by the movement of ‘Sn’ and S’

atoms along [100] direction.

12



_*ﬁ

Layer

<+— Cleavage plane

O snin 14 D) snin 34

QO Sin 1/4 @ Sin 3/4

Figure 2: Orthorhombic crystal structure of SnS. [21]

Greyson et al. [24] describe the synthesis process of zinc blende (ZB) tin sulfide nano-
and microcrystals in tetrahedral morphology. According to them, these structures have three-
dimensional symmetric shape and exhibit different optical properties than that of
orthorhombic structures. From the XRD studies, the evaluated lattice constants were found to
be a=b=c=5.845 A. In order to determine the stability of ZB structure, they examined thermal
treatment in dry and wet ambient. While annealing under argon (Ar) at 300°C for 3h did not
change the morphology and crystal structure, annealing in oleylamine at 250°C for 3h
converted the ZB tetrahedra to orthorhombic structure.

Burton and Walsh [25] investigated stability of the different phases of SnS. Besides a
and f orthorhombic phases, they also examined the existence of zinc blende (ZB) structure
and rocksalt structures. In addition to experimental investigation of SnS, they also calculated
the formation enthalpies of different phases and explained the stability of different phases

from the thermodynamics viewpoint. According to their calculations, the most stable phase is
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o-Pnma orthorhombic phase. The f-Cmcm phase does not form at low temperatures and
undergoes a second-order phase transition to the a-Pnma phase at 878 K. Based on the
calculations, the ZB (F43m) phase is not thermodynamically stable and transforms to
disordered amorphous phases (Figure 3e). In contrast, rock-salt SnS (Figure 3c), while it is

not the ground-state, it is still thermodynamically stable.

d) SnS F-43m e) Amorphous SnS

Figure 3: Different phases of SuS crystal structure: a) & b) polymorphic of orthorhombic
¢) rock-salt, d) zinc blend, e) amorphous

1.3 Phase Diagram of SnS

In order to synthesize single crystals, it is necessary to know the phase diagram.
Albers et al. [26, 27] presented a detailed report on the phase equilibrium of SnS (Figure 4).
Thermal, chemical and X-ray diffraction methods were used for analyses. They indicated the
existence of SnS and SnS; compounds at melting points of 1153 K and 1143 K, respectively.
They state that the boiling point of SnS at normal air pressure is 1503 K. In the temperature
interval of 858-875 K the polymorphous transformation was observed. The authors assume
the formation of Sn,S3; and Sn3S4 by peritectic reaction. At the Sn rich side of the system, in

the range of 10-47 at. % S, there is a monotectic region at 1133 K, where solid SnS, a liquid
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phase having a composition close to SnS, Sn rich second liquid phase and a vapor phase are in
equilibrium. The second similar domain is observed in the range 70-90 at. % S. The eutectic

between SnS and SnS, is at 1013 K and 55 at. % S.
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Figure 4: T-x diagram of SnS
1.4 $nS Crystal Growth

The pioneering work to grow SnS single crystals was done by Anderson and Morton
[28-30]. They used the Bridgemann technique to grow the SnS crystals. Temperature
dependent electrical conductivity measurement of SnS was carried out in order to know the
electrical properties and the measurements taken from the room temperature to 400°C and

found to fit the expression:

—Ep

o(T) = A ezt + Agerct (1.1)
where Aj, Ei, A,, E; are constants that characterize the conductivity and can be correlated
directly with small changes in compositional stoichiometry by chemical treatments. A;=1-10,
E;=0.1-0.35 eV determines conductivity at lower temperatures, whereas A,=300-1200,
E;=~0.6 eV determines the conductivity at higher temperatures. They also examined thermal

treatment in hydrogen, oxygen and hydrogen sulfide. The annealing was done at temperatures
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up to 350°C. At temperatures below those where reduction of SnS to metallic tin occurs, they
observed that treatment in hydrogen resulted a sharp decrease in conductivity, however,
thermal treatments in oxygen and/or hydrogen sulfide showed similar conductivity to as-
grown crystals without any significant variations.

Albert and Haas [31] have grown SnS crystals by melting respective elements in a
quartz tube at 900°C. They studied the room temperature electrical and optical properties and
determined that the SnS layers had p-type conductivity with a hole concentration of 10'7-10"®
cm™ and hole mobility of 65 cm?/Vs, respectively. Room temperature Infrared transmission
measurements on cleavage plate, perpendicular to the c-axis showed the energy band gap
values of 1.07+0.04 eV. The absorption curve revealed a square dependence of absorption

coefficient from the wavelength - a ~ A2,

1.5 Physical Deposition Techniques for SnS Thin Films

Physical deposition techniques includes high vacuum evaporation (HVE), electron
beam evaporation (EB), sputtering, closed space vapor transport (CSVT), atomic layer
deposition (ALD), brush plating, hotwall deposition (HWD), pulsed laser deposition (PLD)
and molecular beam epitaxy (MBE).

1.5.1 High Vacuum Evaporation

High vacuum evaporation (HVE) is a technique used to deposit thin films of various
materials inside a vacuum chamber. The deposition is done at low pressure (10'6—10'5 Torr) to
avoid reaction between the vapor and atmosphere. Using resistive heating, the vapor is
generated by boiling or subliming the source material. The evaporated material is then
transported from the source to the substrate and condensed on the substrate as a solid film. In
the HVE method, molecules reaching the substrate material have low energy in order of tenths
of eV, which can affect the morphology of the films, often resulting porosity and problems in
strength of films’ adherence [32].

Noguchi ef al. [33] were first to describe n-CdS/p-SnS based heterojunction solar cell
fabricated by vacuum thermal evaporation. The junction was made in superstrate structure
with configuration glass/ITO/n-CdS/p-SnS/Ag. They observed p-type conductivity in as-
deposited SnS films with a resistivity of 13-20 Qcm, with carrier density of 6.3x10'%-1.2x10"

16



cm ° and a Hall mobility of 400-500 cm?/Vs. They used a substrate temperature in the range
of 150-350 °C and observed a change in the most prominent peak in XRD from (111) to (040)
with an increase of substrate temperature. They obtained a direct band gap of 1.48 eV and
absorption coefficient of films was in order of 10* cm™! at the fundamental absorption edge.
They reported a short-circuit current of 7 mA/cm®, an open-circuit voltage of 0.12 V, a fill
factor 0f 0.35, and a conversion efficiency of 0.29 %.

Devika et al. [11] describe deposition of 4N pure SnS films onto Corning 7059 glass
using high vacuum evaporation technique. They deposited 0.5 pm thick films with the rate of
deposition of 10 A/s and at different substrate temperatures varying from room temperature to
325 °C. They observed loss of sulfur in the layers with increase of the substrate temperature.
At low temperatures they observed Sn/S ratio of 0.87. With increase of the substrate
temperature, they obtained a near stoichiometric composition at about 225 °C. This change in
composition might be caused by re-evaporation of sulfur. At substrate temperatures less than
125°C they observed dominant SnS phase with additional SnS, and Sn,S; phases. At the
temperatures between 125 °C and 275 °C the films contained mainly SnS and Sn,S; phases
with different orientations. At the temperatures higher than 275 °C, the films contained only
SnS phase with different orientations. According to the XRD data, the intensity of SnS phase
along (111) direction was maximum at temperature of 275 °C. With the increase of the
temperature, the films conductivity slowly increased up to 175 °C, and sharp increase at
higher temperatures. For the films deposited at the temperatures higher than 225 °C, an
average conductivity was 3.12x107 Q'cm™. They observed high energy band gap of 1.65 eV
at low temperatures, and at higher temperatures the band gap was around 1.33-1.35 eV.

Ogah et al. [34] have studied vacuum evaporation of 4N pure SnS onto soda-lime
glass. Films were deposited using source temperature in the range of 300-600 °C and substrate
temperatures in the range of 100-400 °C. Deposited films were adherent to the substrate,
uniformly thick and pinhole free. The films with less than 4 um thickness had smooth surface
topology and yellow-brown color, whereas films with more than 10 pm thickness had rougher
surface and darker color. They observed decrease of tin concentration with increasing
substrate temperature from 100 °C to 300 °C and at source temperature of 300 °C. At substrate
temperature of 300 °C, and the source temperature changing between 300 °C and 500 °C, they
observed increase of tin concentration. They observed band gap energy more than 1.9 eV for
film thickness less than 0.6 um deposited at constant source and substrate temperatures. The

band gap was decreased with increasing thickness. For film thickness of 3 wm, deposited at
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source temperature of 300 °C and with the substrate temperature in between 280-350 °C, the
band gap was 1.4-1.7 eV.

Reddy [35] has reported the influence of growth-temperature on the morphology and
orientation of SnS thin films deposited by vacuum evaporation. The films were deposited at
three temperatures: 275, 300 and 350 °C with 0.2 nm/s deposition rate and with a thickness of
200 nm onto glass substrates. All samples were pinhole free, and the adhesion of the films
with the substrate was increased with increase of the temperature. Films grown at 300 °C had
the lowest surface roughness. With increasing growth temperature films became tin rich, since
the Sn/S ratio increased from 0.988 to 1.105, which may be resulted by scattering loss of
sulfur. Crystals of films deposited at 275 °C had orientation along the (111) direction, while
films deposited at 300 °C had crystals oriented along either (111) or (040) and films deposited
at 350 °C had crystals oriented at (040). With increasing temperature they observed
exponential decrease of ‘a-axis’ and increase of ‘c-axis’ lattice parameters, whereas the lattice
parameter ‘b’ increased linearly. While increasing the substrate temperature from 275 °C to
350 °C, the resistivity of the films decreased from 335 Qcm to 97 Qcm. The direct band gap
of the films deposited at 275 °C was 2.01 eV, and it decreased to 1.91 eV for films deposited
at 350 °C.

Schneikart et al. [36] studied thermal evaporation of SnS thin films for solar cell
preparation. They deposited SnS film onto AZO substrate at a source temperature of 740 °C.
They varied the substrate temperature between 60 and 250 °C to investigate the influence of
temperature on the morphology, structure and compositional properties of SnS films. The
deposited films exhibit orthorhombic crystal structure and the crystallinity of the films was
increased with increasing temperature to 210 °C, no change was observed, between 210 and
250 °C. Films prepared at substrate temperatures up to 210 °C had flake-shaped grains,
whereas film grown at 250 °C had rectangular grains with an average grain size of 0.9 um.
They observed Sn/S ratio to be between 1.2-1.3 with XPS-measurement, whereas EDX
measurements showed an Sn/S ratio of 1.

El-Nahass et al. [37] deposited SnS films onto optical flat fused quartz and ordinary
glass substrates by thermal evaporation at room temperature. Films were deposited at different
film thicknesses varying from 55 nm to 365 nm. They reported, the chemical composition to
be Sn-50.05 at.% and S-49.95 at.%. The as-deposited films were amorphous with a wide
XRD peak around 23°. For all thicknesses, the reflectance and transmittance studies showed
that both parameters increased with increasing wavelength up to 575 nm and the sum was less
than 1, indicating absorption. For a given wavelength, decrease of both the reflectance and
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transmittance was noticed with increase of the thickness. In the range of 575-1250 nm,
transmittance increased and reflectance decreased and their sum was less than 1. At
wavelengths more than 1250 nm, transmittance increased and reflectance decreased and the
sum was 1. The absorption coefficient was the highest value more than 10° cm™' for
wavelengths up to 800 nm. The calculated indirect energy band gap was near 1.4 eV.

Devika et al. [38] deposited SnS films onto Corning 7059 glass substrate with
thicknesses in the range of 0.1-1.25 um using thermal evaporation. The depositions were
carried out at a constant substrate temperature of 300 °C and with deposition rate of 10 A/s.
The elemental composition of the films varied from Sn=52.4 at.% and S=47.6 at.% for 0.1 um
thickness to Sn=50.05 at.% and S=49.95 at.% for 1.25 um thickness. The increase of sulfur
content in regard to film thickness might be reasoned by high substrate temperature and
negative gradient of temperature with increasing film thickness. For films with thickness <0.5
um, the preferred orientation was (111), whereas for films with thickness of 0.75 um, the
preferred orientation was (040). Films with >0.75 um thickness showed presence of both
(111) and (040) planes. The average grain size of the films increased from 31 nm for 0.1 um
thick films to 140 nm for 0.5 pum thick films and later decreased to 69 nm for 1.25 pm
thickness. Films with thickness <0.5 pm had uniform small crystallites on the surface, while
thick films >0.75 um contained crystallites with complex and multiple structure. Electrical
resistivity of SnS films decreased with increase of the thickness from the order of 10° Qcm for
0.1 um to the order of 10" Qcm for 1.25 pm. The rate of decrease of the resistivity below
0.5 wum was about 2300 Qcm/pm in average, while above 0.5 pm it was around 44.8 Qcm/um.
The absorption coefficient was the highest for 0.1 pm (>2x10* cm™) and decreased with
increasing thickness. The energy band gap first decreased from 1.6 eV for 0.1 pym to 1.37 eV
for 0.5 pm, then increased to 1.5 eV for 0.75 um and again decreased slowly with further
increase of the thickness.

Cheng and Conibeer [39] investigated the effect of thickness on the growth of SnS
films deposited with thicknesses of 20, 40 and 65 nm onto glass substrates by thermal
evaporation method. The deposition was carried out at substrate temperature of 200 °C. With
increasing thickness, the color of the film had changed from pale yellow to brown. Films
contained mainly SnS phase, but a little amount of Sn,S; was also observed. All films showed
high reflectance. With increasing film thickness, they observed increase in reflectance and
decrease in transmittance, at the wavelengths larger than 900 nm. The films showed direct

band gap values of 2.15-2.30 eV as a function of thickness.
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Cheng and Zhang [40] prepared SnS films with different thicknesses that varied in the
range of 65-580 nm at a substrate temperature of 200 °C, onto glass substrate by vacuum
evaporation. The color of the films changes from brown to dark brown with increasing film
thickness. They found increase in grain size and surface roughness with increasing thickness.
Moreover, the shapes of the grains are similar and regular for film thicknesses between 185-
580 nm, whereas for lower thicknesses the grain shape is different. They observed that
crystallites grew preferentially along (111) plane. They reported the highest reflectance of the
film with 65 nm thickness, decrease of transmittance and increase of the absorption with
increase of the thickness. They observed the direct band gap to be in the range of 1.55-2.28
eV.

Jain and Arun [41] deposited SnS films with varying thickness of 150-900 nm onto
glass substrate at room temperature by thermal evaporation. They observed, that films with
thickness less than 150 nm are amorphous, and short range ordering among the atoms
increases with increase of the film thickness. For film thicknesses =480 nm they found films
to be oriented along the (040) plane. The Raman measurements showed the presence of SnS;
phase, which may be due to the growing technique and preparation conditions. The ratio of
sulfur to tin was found to be 0.9 for 600 nm and ~1.1 for 270 nm and 480 nm. The change
in grain morphology depending on the film thickness was noticed. SnS films with thicknesses
of 480, 600 and 900 nm, exhibit similar grain morphology and the density is increasing with
increasing thickness, whereas for 150 nm thick film grains morphology was different and had
aspherical shape. The optical studies showed a direct band gap that varied in the range of 1.8-
2.1eV.

Selim et al. [42] deposited SnS films onto glass substrates with different thicknesses in
the range of 152-585 nm by thermal evaporation at room temperature. They observed that SnS
films with 152 and 225 nm thicknesses were amorphous. Films with 283 and 470 nm
thickness had orthorhombic crystalline structure with preferred orientation along the (111)
plane. The intensity of the (111) peak increased with increase of film thickness, which
indicates improvement in the crystallinity of the films. The compositional ratio of SnS films
at a thickness of 585 nm was nearly stoichiometric, whereas thinner films were found to be
poor in ‘S’ and rich in ‘Sn’. The obtained absorption coefficient was in the range of 3x10°-
4x10" cm ™" and the energy band gap decrease from 1.68 eV to 1.36 eV with the film thickness
increase from 152 nm to 585 nm.

Devika et al. [43] investigated the effect of different substrates on the physical
properties of SnS thin films by thermal evaporation method. SnS thin films were deposited
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onto amorphous Corning 7059 glass, polycrystalline ITO-coated Corning 7059 glass, single
crystalline Si wafer and single crystalline Ag-coated Corning 7059 glass. The films were
deposited at a constant thickness of 0.5 um, deposition rate of 10 A/s and at substrate
temperature of 300 °C. The deposited films were pinhole free, smooth and adherent to the
surface. The elemental compositional ratio (Sn/S=1.05) was nearly stoichiometric. The
glass/SnS films had (111) as preferred orientation with an average grain size of 168.3 nm. The
ITO/SnS films had crystals with (111) plane as preferred peak. The lattice parameters of
ITO/SnS films are slightly different from the lattice parameters of the bulk SnS. Particularly
the a/c ratio of ITO/SnS was 1.255, whereas for bulk SnS it is 1.085. The average grain size
along the (111) direction was 405 nm, whereas the overall average grain size was 220.1 nm.
The Si/SnS films exhibited preferred direction of orientation along the (040) direction. The
a/c ratio of the lattice was slightly smaller than of the bulk SnS. The average grain size along
the (040) plane was 80 nm, while the average grain size of the films in total were 180 nm. The
Ag/SnS films showed a good match with the bulk one with an average grain size of 164 nm.
Both glass/SnS and Ag/SnS films had similar crystallites, which had densely packed
morphology but was grown with different shapes and sizes in different directions. On the
other hand, the ITO/SnS films had crystallites grown randomly with irregular shapes and
sizes. These crystallites were tightly bonded together forming a strong network. The Si/SnS
films had loosely packed network of needle shaped crystallites oriented randomly and having
the similar size across the film. The ITO/SnS and Ag/SnS films exhibited low electrical
resistivity of 8.9x107 and 0.26 Qcm, whereas the same value for the glass/SnS and Si/SnS
films were 38.8 and 4.67 Qcm respectively. The absorption coefficient of glass/SnS,
ITO/SnS, Si/SnS and Ag/SnS were found to be 7.92x10% cm™, 4.31x10% cm™, 1.89x10* cm™
and 6.47x10* cm™, respectively. The optical band gap of the films were 1.35, 1.62, 1.55 and
1.86 eV respectively.

Reddy et al. [44] compared SnS films grown on lattice matched (LM) Al (100) and
amorphous glass substrates by thermal evaporation at thickness of 0.5 um with constant rate
of 2 A/s and at substrate temperature of 300 °C. Both films were pinhole free and well
adherent to the surface of the substrate. Films grown on LM substrate are smoother and had
light gray color, whereas the films grown on amorphous substrate were brown. All SnS films
were nearly stoichiometric and slightly tin rich with atomic ratio of Sn/S about 1.06. LM/SnS
films had grown the crystallites preferentially oriented along (101) plane, whereas for

glass/SnS films (111) plane was the dominant peak. The evaluated average grain sizes were
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32 nm for LM/SnS films and 49 nm for glass/SnS films. The energy band gaps of the films

grown on glass substrates were found to be 1.92 eV.

1.5.1.1 Summary for HVE SnS Thin Films Review

The investigations on HVE SnS films by various authors reported that the most
suitable deposition temperature for near stoichiometric composition of SnS are to be at around
300 °C [11, 34, 38, 43, 44] and the increase of crystallinity with increasing temperature at
more than 275 °C [11, 35]. Optimal film thicknesses for good adherent, uniform and pinhole
free grains are reported to be between 300 and 500 nm [38, 40-42, 44] and the optimal
deposition rate to be around 2 A/s [35, 44]. Most of the results exhibit predominant
orientations along (040) and (111) planes with orthorhombic crystal structure and have a

direct optical band gap varied from 1.35 eV to 2.28 eV.

1.5.2 Co-evaporation

Co-evaporation is a physical deposition method, where different elements are
evaporated from different sources. Those elements are heated up until they evaporate or
sublimate. Then, the elements are transported to the heated substrate, where they condense to
form a thin film of desired materials. To avoid oxidation of the row materials, the deposition
is performed under high vacuum [32].

Reddy et al. [45] used vacuum co-evaporation technique to deposit SnS films onto
Corning 7059 glass at different substrate temperatures varying from room temperature to 300
°C with 50 °C intervals, with thickness of 1 pm and deposition rate of 10 A/s. The deposition
was done by thermal evaporation of individual ‘Sn’ and ‘S’ elements. Deposited films were
well adherent to the substrate surface, and the adherence was increased with increase of
substrate temperature. At room temperature the color of the films were silver and yellow and
changed to grey and brown for higher substrate temperatures. The XRD studies showed
various phases of SmS; and SnS, at room temperature deposited SnS films. The films
deposited at 50 °C< Ts<150 °C, the main phases were SnS and SnS, with minor phase of
Sn,Ss. With increasing substrate temperature, the intensity of SnS phase along (040) plane
increased and reached maximum at 300 °C, while other phases of SnS, SnS, and Sn,S;
decreased with increasing substrate temperature. The average grain size of the films increased

from 50 nm to 90 nm with increasing substrate temperature. The electrical resistivity of the
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films was found to vary from 6.1 Qcm to 1.3 Qcm as a function of substrate temperature. All
films exhibited high absorption coefficient of >10* cm™ and optical energy band gap values
vary in the range of 1.27-1.45 eV. SnS films showed the best crystalline structure deposited at
300 °C and the same films were thermal treated in vacuum ambient at 200 °C for 3h for
getting single phase SnS and better crystallinity. Annealing results in tin monosulfide phase
and moreover, other phases were eliminated and had an electrical resistivity of 6.1 Qcm.
These annealed layers are potentially suitable for fabrication of heterojunction device.
Cifuentes et al. [46] deposited SnS films onto a glass substrate by co-evaporation
method. The films were prepared with different varying depositions parameters. In this report,
the substrate temperature was varied from 200 °C to 400 °C, sulfur evaporation temperature
kept in between 150 and 170 °C, Sn-deposition rate of 0.7-2.5 A/s and the S/Sn mass ratio in
the range of 2-20. The main phases found to be SnS and SnS», while a minor Sn,S3 phase was
also observed in films prepared at some conditions. They observed that intensity of SnS phase
is increasing with increase of substrate temperature as well as with decrease of S/Sn mass
ratio. In the reverse case, they observed increase of SnS, phase concentration. SnS films had
orthorhombic structure with (111) plane as dominant orientation, while for SnS, films exhibit
hexagonal crystal with (001) peak. They observed changes in optical transmittance with
influence of different deposition parameters. All films had high absorption coefficient- >10"

cm™, refractive index of 2.5-3.9 and optical band gap in the range of 1.3-1.6 eV.

1.5.2.1 Review Summary for Co-evaporated SnS Thin Films

To summing up the review of co-evaporated SnS films, better crystallinity, structure
and phase compositions were obtained at higher substrate temperatures in the range of 300-
400 °C, whereas at lower temperatures films had poor crystallinity and mixture of different

phases [45, 46].

1.5.3 Sputtering

Sputtering is a physical vapor deposition method, where the molecules or atoms of the
target material are ejected by energetic bombardment of its surface layers by ions or neutral
particles. The source material is placed inside a vacuum chamber containing an inert gas at

reduced pressure [32].
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Guang-Pu et al. [47] deposited SnS films onto microslide glass substrates by RF
sputtering. The deposition was carried out under argon gas pressure of 5x102 Torr with
varying substrate temperature between room temperature and 350 °C and deposition rate in
the range of 3-5 A/s. By changing S1/S ratio, they observed various changes like occurrence
of SnS, and Sn,S; phases. The color of the films had changed from yellow to dark grey as a
function of Sn/S ratio. As-deposited SnS films had p-type conductivity with a resistivity of 20
Qcm as well as direct energy band gap of 1.43-1.46 eV. By doping antimony and annealing at
350-450 °C, they obtained n-type conductivity with resistivity of 2 Qcm.

Hartman et al. [48] investigated the effect of sputtering conditions on structural,
optical and electronic properties of SnS thin film. RF sputtering was done with argon plasma
using a magnetron sputtering system. The deposition was performed on soda-lime glass
substrates at a substrate temperature of 80 °C. They deposited four sets of SnS films with
different argon pressure from 5 mTorr to 60 mTorr at constant sputter duration of 60 minutes.
They observed orthorhombic SnS phase for low pressure, and presence of Sn,S; phase for the
film deposited at 60 mTorr. The sputtered films were porous with big grain size, although this
trend was decreased with increasing argon pressure. With increasing pressure, the film
thickness decreased from 1.58 um to 0.23 um. While the target stoichiometric ratio of Sn/S
was 0.64, but all the films were rich in tin, which might be due to the loss of sulfur during the
deposition process. The resistivity of the films increased with increasing pressure, and the
SnS film deposited at 60 mTorr had lower resistivity due to the difference in morphology. All
films had an absorption coefficient in the range of 10°-10* cm™ with increase in respect to
increasing argon pressure. The deposited films had indirect band gaps in the range of 1.08-
1.58 eV.

Stadler et al. [49] investigated the effects of target-substrate distance and sputter
duration on the physical properties of SnS films. Pulsed direct current magnetron sputtering
method was used for target-substrate distance investigation, and SnS films were deposited
onto boron silicate glass at room temperature and constant argon pressure and RF sputtering
was applied to investigate the properties of SnS thin films as a function of sputter duration.
They develop a non-contact numerical model for optical and electrical data from UV/Vis/NIR
spectroscopy and also they evaluated possible complex optical conductivity parameters and
the compared with electrically measured ones. They observed a band gap of 1.88 eV for
target-substrate distance deposition for 6.2 cm target-substrate distance and 1.86-1.96 eV

band gap for films deposited at 9 cm distance between the target and substrate. They also
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observed similar band gap of 1.88 eV for the duration dependence measurements, the film
thickness increased with increasing duration.

Banai et al. [50] deposited tin sulfide onto silicon nitride coated silicon wafers and
glass microscope slides using RF magnetron sputtering. The deposition was carried out at 5-
60 mTorr argon pressure with plasma power ranging from 105 W to 155 W. All films were tin
rich and the Sn/S ratio for all films was similar. They observed that power had more
significant effect on the deposition rate of films deposited at lower pressure. The main phase
of deposited films were orthorhombic SnS. Films deposited at high pressures had preferred
orientation of (111) plane, while films grown at lower pressures had secondary inclusion of
grains at (101) peak. The size and shape of crystallites decrease with increasing pressure,
where the sputtering power had no impact. Optical studies of SnS films deposited on glass

slides showed a high absorption coefficient of 10°-10° cm™.

1.5.3.1 Summary for Sputtered SnS Thin Films Literature

Using sputtering, authors reported the presence of secondary phases like SnS,,Sn;S; in
the deposited films and sensitivity of the films depends on Sn/S ratio of the target [47, 48],
however, a near stoichiometric composition and orthorhombic SnS can be achieved at lower
argon pressures, which on the other hand results porous films [48]. With increasing argon
pressure, the porosity of the films decreases, but the thickness of the films also decrease and

secondary phases are found [48, 50].

1.5.4 Two-Step Process

Reddy et al. [51, 52] deposited 0.2 pm thick SnS thin films from high purity tin target
by two-step process using DC magnetron sputtering. The metallic *Sn’ layers were deposited
onto glass substrates at room temperature and precursor layers were placed in a graphite box
in a quartz tube for sulfurization at temperatures in the range of 100-400 °C for 20 min. All
as-grown metallic layers were amorphous and adherent to the substrate surface. Films
sulfurized at temperatures below 150 °C were not sufficient to convert all the metallic Sn
layers to SnS. Films sulfurized at temperatures in the range of 150-300 °C showed presence of
different phases like SnS,, Sn,S;, SnS and elemental Sn and S. At lower temperatures in this
range, SnS, was dominant peak, whereas Sn,S; was dominant at higher temperatures. For

temperatures higher than 300 °C, the preferred phase was SnS. With increasing sulfurization
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temperature, the intensity of SnS phase increased. At 325 °C, the preferred orientation was
(111). At temperatures higher than 350 °C more sulfur deficiency can be observed in spite of
sulfur excess. This can be a result of re-evaporation of sulfur from the film. Films deposited at
325 °C had thickness of 400 nm, nearly stoichiometric composition of 50.6 at. % Sn and 49.4
at.% S. All deposited films were porous with smooth, regularly shaped grains of about 100
nm. The single phase films were p-type with electrical resistivity of 1.5x10* Qcm, a Hall

mobility of 10 cm?/Vs, and a net carrier concentration of 4.2x10" cm™.

Optical
measurements showed absorption coefficient to be more than 10* cm™ and a direct band gap
of 1.35eV.

Jiang et al. [53] used two-step process to deposit SnS thin films by magnetron
sputtering at room temperature with 200 nm thick precursor tin layers. Later, the metallic tin
layers were sulfurized under sulfur atmosphere at 220 °C for 15, 30, 45 and 60 minutes. After
sulfurization, the film thickness increased from initial 200 nm to 420 nm for different
annealing durations. With increasing sulfurization time, the surface area and thickness of SnS
are increased because more sulfur atoms diffused deeper into Sn films forming SnS. For 15
min sulfurization, they observed only little amount of formed SnS. With increasing
sulfurization time, more SnS was formed, and for 60 min sulfurization time all tin was
sulfurized. Optical studies showed higher absorption coefficient of more than 5x10* cm™ for
all the samples. The energy band gap of the films sulfurized for 15, 30, 45 and 60 min were
evaluated tobe 0.9 eV, 1.16 eV, 1.22 eV and 1.3 eV, respectively.

Malaquias et al. [54] prepared a solar cell with SnS thin films deposited by two-step
sputtering process. First, they deposited Mo back contact by DC magnetron sputtering onto
soda lime glass. Then, they deposited metallic ‘Sn’ by DC magnetron sputtering; the
deposition was done under Ar atmosphere at an operating pressure of 2x10~ mbar. Later, as
deposited Sn films were sulfurized under nitrogen and sulfur vapour atmosphere at 300 °C,
340 °C, 430 °C and 520 °C sulfurization temperatures for 10 min. They observed decrease in
Sn content with increasing sulfurization temperature from near stoichiometric Sn/S=0.98 for
300 °C to Sn/S=0.63 for 430 °C, which is nearly stoichiometric to SnS,. For higher
temperatures presence of SnS, and SmyS; was observed. Optical studies showed direct
allowed and indirect allowed transitions. The indirect energy band gap values were in the
range of 1.16-1.17 eV for all samples almost independent from the sulfurization temperature.
Except the sample sulfurized at 430 °C, they observed direct band gap transition that
decreases from 1.45 eV to 1.26 eV for sulfurization temperature of 300 °C to 520 °C. This

may be because the films are formed by mixtures of SnS, SnS, and Sn,Ss3, which have 1.3 eV,
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2.2 eV and 1.0 eV direct band gap, respectively. Sample sulfurized at 430 °C had a direct
band gap of 1.57 eV, probably because the sample was a mixture of SnS; and Sn,S;. For solar
cell, they deposited 50 nm thick CdS layer by chemical bath method and 200 nm thick
Zn0O:Ga window layer by RF sputtering. I-V measurements showed maximum FF of 34 %
and conversion efficiency of 0.17 % for the sample sulfurized at 340 °C.

Leach et al. [55] describe deposition of SnS films onto Mo-coated soda lime glass by
two-step process. First, Sn was deposited by DC magnetron sputtering in argon atmosphere at
5 mTorr pressure, later sulfurized at 300-450 °C for 2 hours in argon atmosphere with 5 %
H,S concentration. They observed SnS films to be pin-hole free, uniform and well adherent to
the surface of the substrate. Films grown at lower temperatures contained additional phases of
Sn,S; and SnS,. With increasing sulfurization temperature, Sn is converted more to SnS and
the concentration of other phases is decreased. Also, they sulfurized Sn using elemental S, and
found that elemental sulfur can reduce the sulfurization temperature. They obtained
decreasing energy band gap with increasing sulfurization temperature in the range of 1.31-

1.36 eV.

1.5.4.1 Summary of Two-Step SnS Thin Films

Various authors describe deposition of SnS films by two-step process. All authors [51-
55] describe deposition of tin by sputtering with further sulfurization process. In all reports
SnS films consisted secondary phases like Sn,S; and SnS,, although their concentration were
decreased by increasing the sulfurization temperature [51, 54, 55] and sulfurization duration

[53].

1.5.5 Other Deposition Techniques

Vidal et al. [56] deposited SnS films onto fused silica substrates by pulsed laser
deposition (PLD) with varying thickness from 200 nm to 400 nm. The deposition was carried
using sulfur-rich target (S/Sn=1.5-2.0) in ultra-high vacuum chamber with a pressure of 10”
Torr, laser energy density of 1 J/cm® (KrF 248 nm) operating at 3-10 Hz and substrate
temperature varied in the range, 300-500 °C. SnS films had preferred orientation along the
(100) plane. They obtained an indirect band gap of 1.07 eV and p-type conductivity. They
claim that carrier density is maximal under the S-rich conditions, and minimal under Sn-rich

conditions, and increases with increasing temperature. The measured carrier density was in
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the range of 10'*-10'7 cm™. The lowest hole concentration of 3x10"* cm™ was achieved at 500
°C. Hall mobility were estimated to be in the range of 4-16 cm?/Vs.

Ran et al. [57] describe deposition of 150 nm thick SnS films by PLD. The deposition
was done on MgO (100) single crystal substrates using incident laser energy of 3 J/em” with
KrF laser excitation wavelength of 248 nm and with 10 Hz operating frequency in Ar/H,S
ambient (20 % H»,S). Substrate temperature was varied from room temperature to 700 °C.
Films grown at >400 °C had orthorhombic crystal structure. At lower temperatures the films
contained randomly oriented polycrystals. The deposition rate decreased with increasing
substrate temperature above 500 °C and no film deposition occurred at >600 °C, which may
be a result of re-evaporation of the deposited film. They obtained a low indirect band gap of
approximately 0.86 eV.

TanuSevski et al. [58] studied the physical properties of SnS thin films deposited by
electron beam evaporation onto microscope glass slides. The films were prepared with
thickness 0f 410 and 810 nm and at a temperature of 300 °C with 3 nm/s deposition rate. They
observed (111) as preferred orientation. Films had absorption coefficient of 1.4x10* cm™ with
an indirect band gap energy of 1.23 eV and a direct band gap energy of 1.38 eV, respectively.

Bashkirov er al. [59] reported preparation of Mo/p-SnS/n-CdS/ZnO heterojunction
solar cell by hot-wall deposition technique. They varied the deposition temperature in the
range of 270-350 °C and deposited thicknesses from 1.5 pm to 5.5 um. The best solar cell
parameters were obtained with 5 um thick SnS films deposited at 350 °C having an open
circuit voltage of 132 mV, a short circuit current density of 3.68 mA/cm?, fill-factor of 0.29
and efficiency of 0.5 %.

Nozaki et al. [60] deposited SnS films onto MgO (001) and glass substrates using
molecular beam epitaxy. They obtained a direct band gap values in the range of 1.7-2.0 eV
and indirect band gap values in the range of 1.06-1.09 eV. Wang et al. [61] also studied the
deposition of SnS by molecular beam epitaxy. They deposited SnS onto soda lime glass,
GaAs(100) and SiO,. They obtained an indirect energy band gap of 0.99 eV and a direct
energy band gap of 1.25 eV and an absorption coefficient of 10* cm™.

Yanuar et al. [62] describe deposition of SnS films by closed-space vapor transport
method. They deposited SnS films onto soda lime glass and SnO; coated soda lime glass
substrates at substrate temperatures of 500 °C and 550 °C, respectively. They obtained direct
energy band gap in the range of 1.28-1.32 ¢V and absorption coefficient in the order of 10*

-1
cm .
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Kim et al. [63] describe deposition of thin films of SnS onto Al,O3 by atomic layer
deposition. The deposition was done using tin(Il) 2,4-pentanedionate (Sn(acac),) and
hydrogen sulfide (H,S) at different substrate temperatures from 125 °C to 225 °C. They
obtained high energy band gap of 1.87 eV, which may be a result of oxygen impurities.

Sinsermsuksakul et al. [64] deposited SnS films by atomic layer deposition using
bis(N,N’- diisopropylacetamidinato)tin(Il) [Sn(MeC(N-iPr),),] and hydrogen sulfide (H»S) at
different temperatures that varies from 100 °C to 200 °C. They obtained p-type conductivity
with a direct energy band gap of 1.3 eV, absorption coefficient of >10* cm™, carrier

concentration of 10'®cm™ and hole mobility 0.82-15.3 cm?/Vs.

1.5.5.1 Summary of Other Deposition Techniques

Authors mention other techniques e.g. PLD, electron beam evaporation, molecular
beam epitaxy, closed-space vapor transport, ALD used to deposit SnS thin films. All authors
obtained p-type conductivity and a direct band gap between 1.25 eV and 1.87 eV. From the
mentioned deposition techniques, the highest efficiency for SnS based solar cells was

achieved using ALD technique, which is the most expensive one.

1.5.6 Annealing Effect on SnS Structures

Devika et al. [65] deposited 4N pure SnS films onto Corning 7059 glass substrate by
vacuum evaporation method. The deposition was performed at a substrate temperature of 300
°C and at 10 As” deposition rate with a thickness of 0.5 um. The as-deposited films were
annealed in vacuum chamber at temperatures of 100, 200, 300 and 400 °C for 1 h under 107
Torr vacuum. They reported that films were pinhole free, smooth and strongly adherent to the
surface of the substrate. They observed Sn/S ratio increase from 1.06 to 1.11 with the increase
of annealing temperature. This change in composition might be due to sulfur re-evaporation.
SEM studies showed increase in density of crystallites with increase of the annealing
temperature. The grain size of the films decreased from 152 nm to 50 nm with increasing
annealing temperature. The electrical resistivity was decreased from 37.4 to 9 Qxcm with
increasing annealing temperature this was because the films became more tin rich. The energy
band gap of the films first decreased from 1.37 eV to 1.35 eV for as-deposited to films
annealed at 100 °C, and later increased to 1.42 eV for films annealed at 400 °C.
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Yue et al. [66] deposited SnS thin films onto ITO substrate from SnCl, and Na,S;03
by pulse electrodeposition and later the as-deposited films are annealed at 100, 150, 200 and
250 °C in air for 1 h. They observed that the grain size increases with increase of the
annealing temperature. At annealing temperature more than 150 °C the SnS films started to
decompose and were oxidized to SnO, at 250 °C. The calculated direct energy band gap
values for as-deposited and films annealed at 100 °C, and 150 °C were 1.31, 1.37 and 1.39 eV,
respectively.

Devika et al. [67] investigated the effect of rapid thermal annealing (RTA) on SnS
films. They deposited 0.5 pm thick SnS films onto Corning 7059 glass substrates by thermal
evaporation at a substrate temperature of 300 °C with 2 A/s deposition rate. As-deposited
films were annealed using RTA technique at temperatures from 300°C to 550 °C in nitrogen
atmosphere for 1 min. All films were pinhole free, smooth and adherent to the surface of the
substrate except films annealed at 550 °C. At 550 °C they observed removal of some SnS
layers. With increasing temperature, they observed decrease in sulfur content, which might be
a result of sulfur re-evaporation from the films. They observed p-type conductivity in all films
and the resistivity of the films decreased from 28 Qcm to 5 Qcm for films annealed at 400 °C,
above which it increased slightly. The Hall mobility of the carriers increased from 5 cm*/Vs
to 99 cm*/Vs with increasing annealing temperature up to 400 °C, and decreased above this
temperature. Depending on the annealing temperature, the concentration of carriers changed
in the range of 1.1-1.5 x 10'® cm™. This results show that it is possible to obtain a low
resistivity SnS films with RTA technique.

Ogah et al. [68] thermally evaporated SnS films onto soda lime glass and CdS/ITO
glass substrates at different substrate temperatures varied in the range 100-400 °C and then
annealed in vacuum at temperatures from 300 °C to 500 °C for different durations (15 minutes
to 3 hours). For all the samples they found mainly SnS phase with presence of SnS; and Sn,S;
phases. They observed densification and increase in grain size with increasing annealing
temperature and duration.

Jia et al. [69] deposited SnS and Ag films onto glass substrates by vacuum thermal
evaporation and then annealed at 210, 260 and 300 °C temperatures in nitrogen atmosphere
for 2 h to obtain silver doped SnS films. They obtained improvement in crystalline structure
after annealing, with preferred orientation of (111) plane. They observed high absorption
coefficient greater than 1.3x10° cm™ for all films. The absorption coefficient increased with
increasing annealing temperature, which might be a result of improved crystallization. The
estimated energy band gap was 1.3 eV. With increasing annealing temperature, they observed
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increase in carrier concentration and mobility values that reaches to the maximum of
1.132x10"" cm™ and 17.8 cm?/Vs, respectively.

Devika et al. [70] deposited 50 nm thick SnS films at a substrate temperature of 150
°C by thermal evaporation and as-deposited films were annealed in nitrogen atmosphere at
different temperatures from 100 °C to 550 °C for 1 min by RTA technique. Films annealed at
temperatures less than 500 °C were pinhole free, smooth and adherent to the surface. Films
annealed at higher temperatures were destroyed due to SnS re-evaporation. They observed
crystallites with preferred orientation along the (111) plane. With increasing annealing
temperature, increase in tin content was observed. All investigated films had p-type
conductivity and with increasing the annealing temperature up to 300 °C, their resistivity
decreased from 43 Qcm to a minimal value of 36 Qcm. However, with further increase of the
annealing temperature resistivity value increased to 128 Qcm at 500 °C. The highest Hall
mobility 41 cm?/Vs was obtained for films annealed at 300 °C, and the carrier density for all
samples was in order of 10" cm™. Estimated direct and indirect energy band gap values
varied in between 2.09-1.98 eV and 0.48-0.28 eV, respectively.

Ghosh et al. [71] deposited 650 nm thick SnS films onto soda lime glass by thermal
evaporation at substrate temperature of 250 °C. As-deposited films were annealed in argon
ambient at 200 °C and 300 °C for 2, 4 and 6 h along with films that were annealed at 400 °C
for 2 and 4 h. All films consisted of orthorhombic SnS with preferred orientation along the
(111) plane. They observed separation of metallic Sn phase from SnS phase at 400 °C, which
might be due to re-evaporation of sulfur. Following this, the Sn/S atomic ratio changed from
0.97 to 2.92 as a function of annealing temperature up to 400 °C for 4 h. The estimated optical
energy band gaps were in the range of 1.33-1.53 eV and were decreasing with increasing
annealing temperature. All samples had p-type conductivity. With increasing annealing
temperature the bulk resistivity and Hall mobility decreased from 127 Qcm to 83.2 Qcm and
from 19 cm?/Vs to 0.8 ¢cm?/Vs, respectively, and the carrier concentration increased from
2.58x10" cm™t0 9x10'° cm”.

Jain et al. [72] investigated the dependence of the grain size on the band gap of
annealed SnS thin films. They used thermal evaporation to deposit SnS films with thicknesses
from 270 nm to 900 nm. Later, the films were annealed in vacuum for 30 min at 373 K and
473 K. All the films had orthorhombic structure with (040) as preferred orientation. They
observed a sharp increase in grain size from 12 nm to 25 nm with increasing annealing
temperature. Improvement in grain size is more expected in thinner films compared to thicker

films. They estimated the direct and indirect energy band gap values to be in the range of 2.1-
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1.8 eV and 1.8-1.6 eV, respectively, and they report an inverse proportionality between the
grain size and the band gap energy.

Patel et al. [73] investigated annealing effect on SnS films deposited by spray
pyrolysis. They used SnCl,-2H,0 and thiourea to deposit SnS films onto heated (375 °C) glass
substrates. As-deposited films were annealed in argon ambient at 300, 400 and 500 °C for 30
min. They observed orthorhombic SnS films with minor presence of SnS, phase, the
concentration of impurity phase decreased with increasing annealing temperature. Upon
increasing the annealing temperature, films became denser and rougher. With increasing
annealing temperature, the thickness of the film decreased from 0.98 um to 0.45 um. Optical
measurements revealed that absorption coefficient was in the range of 1.1-3.5x10* cm™. The
estimated direct energy band gap value increased with increasing annealing temperature from
1.29 eV to 1.35 eV. The calculated electrical resistivity was in the range of 5.7x10'-2.9x10°
Qcm.

Steinmann et al. [74] describe preparation and fabrication of thin films of tin sulfide
and solar cell structures. SnS thin films were prepared by thermal evaporation. The device
was fabricated onto oxidized Si wafer substrate with Mo back contact, a two-layer
Zn(0,S)/ZnO buffer layer, ITO as a transparent electrode and Ag metallization. They
deposited 1200 nm thick SnS films at a substrate temperature of 240 °C with 1 A/s rate of
deposition and applied annealing in 4 % H,S (96 % N;) ambient at 400 °C and 28 Torr
pressure for 60 minutes. After deposition of SnS, they grew a very thin layer of SnO; (<1 nm)
on the surface by leaving the samples in air ambient for 24 hours. They report a huge
improvement in grain growth due to annealing in H,S ambient. They report solar cell
parameters to be Voc=334.1 mV, Jsc=20.645 mA/cmz, FF=56.28%, PCE=3.88%.

Sinsermsuksakul et al. [75] describe fabrication of SnS solar cells by atomic layer
deposition (ALD). The deposition was done on sputtered molybdenum substrate at a
temperature of 200 °C. The SnS thin films were annealed in the deposition chamber with 10
Torr pure H,S or N, for 1 h at different temperatures up to 400 °C. They also formed a thin
layer of SnO, on the surface by leaving the samples in air ambient for 1 day at room
temperature, by annealing the samples in 10 Torr of air at 200 °C for 30 min or by depositing
SnO, using ALD. After, they deposited Zn(O,S) and ZnO by ALD, ITO by RF sputtering and
Ni/Al grid lines by electron beam evaporation for final solar cell structure. They reported that
annealing in hydrogen sulfide enlarge the crystalline grains and reduce the recombination
loss. The recombination is reasoned by sulfur vacancies, which can be reduced by annealing

in H>S. They stated that annealing above 500 °C results a huge mass loss due to SnS re-
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evaporation. For films annealed at 400 °C in nitrogen, they observed slightly increase in grain
sizes, while annealing in H,S resulted in sharp increase in grain sizes. Using films annealed in
H,S at 400 °C, they prepared solar cells and achieved NREL certified I-V characteristics of
Voc=372 mV, Jsc=20.2 mA/cm®, FF=58%, PCE=4.36 %.

1.5.6.1 Summary for Annealing’s Literature Review

Authors implemented vacuum annealing mainly using open system (in vacuum
chamber and in quartz process tube) [65, 68, 72] and reported that a huge improvement in
crystalline structure; however in some cases secondary phases like SnS, and Sn,S; were also
found. Annealing in air [66] is not suitable for SnS, since already at as low as 150 °C SnS
starts to decompose and converts to SnO,. Annealing in nitrogen [67, 69, 70] and argon [71,
73] ambient shows improvement in crystallinity, optical and electrical properties, but the
improvement is not huge and is less than improvement mentioned in the case of vacuum and
H>S [74, 75] annealing. Majority of the authors report increase in Sn/S ratio with increasing
annealing temperature and occurrence of secondary phases like SnS, and Sn,S3 as well as
decomposition of films was noticed [67, 68, 70, 71, 73, 74]. Various authors report
densification and improvement in crystallites with increasing annealing temperature [65, 66,
68-70, 72, 74, 75]. The maximal temperature of annealing in nitrogen ambient, above which

the films start to decompose is reported to be around 500 °C [67, 70, 74].

1.6 Scope of the Present Work

Based on the literature review, it is clear that SnS is relatively new absorber material
for solar cell applications and has big potential due to its promising properties like high
absorption coefficient of more than 10* cm™' with a suitable band gap of 1.35 eV and p-type
conductivity. In recent years, thin films of SnS photoabsorber has been prepared by different
methods and physical properties were investigated using various techniques and relatively
much work has done on thermal treatments of SnS thin films and their characterization.
Several reports showed the presence of SnS, and Sn,S; along with stable SnS phase, but for
good solar cells the problem of impurity phases needs to be solved. Moreover, optimal film
annealing conditions are not yet investigated and determined completely and no groups were
reported the properties of SnS thin films as a function of vacuum annealing using closed

system (small ampoules). Therefore, in the present thesis, we make an effort to study the
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influence of vacuum annealing of as-grown SnS thin films in closed system to see the changes
in their phase composition, structural, morphological, optical properties and photosensitivity
and also to develop single-phase SnS photoabsorber layers with annealing for the fabrication
of solar cells. It should be noted, that most of published papers have been devoted to studies
of SnS layers deposited onto the glass and glass/TCO substrates. In our work, we use mainly

glass/Mo substrates as appropriate basis for complete solar cell preparation.

1.7 Aim of the Study

The present investigation is aimed with following objectives that include:

e To deposit SnS thin film by high vacuum evaporation method onto Mo-
covered SLG substrates, as well as study the peculiarities of thermal treated as-
grown films in suitable ambient for attaining highly photosensitive single
phase SnS photoabsorber layers.

e Characterization of the as-deposited and annealed SnS films to know their
compositional, structural, morphological, optical and electrical properties,

respectively.
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Chapter 2: Experimental Procedure

2.1 Substrate Cleaning

Substrate cleaning is an important aspect for thin film formations influencing the
adhesion, presence or absence of pin holes, porosity, film microstructure, morphology and
other mechanical properties. A numerous cleaning procedures are available for removing the
contaminates from the substrate surface. In the present work, glass and molybdenum coated
soda lime glass were used as substrates for SnS thin film depositions. We employed different
cleaning procedures for glass and Mo-coated substrates.

Molybdenum coated soda lime glass substrates were cleaned in an ultrasonic bath for
10 min at 50 °C in 2 steps - 1) initially in 20% solution of Decon 90 in de-ionized (Millipore)
water and 2) in de-ionized (Millipore) water as a final step. After each step the substrates were
rinsed with de-ionized (Millipore) water and finally dried under a nitrogen flow.

At the first step of cleaning, the glass substrates were immersed in a hot sulfuric acid
for 45 min at 50 °C to remove the surface impurities. Then, the substrates were rinsed with
de-ionized (Millipore) water, and cleaned in ultrasonic bath for 10 min in de-ionized
(Millipore) water, dried under N, flow and finally cleaned in Novascan PSD UV-Ozone

Cleaning System for 15 min before loading the substrates into the deposition chamber.

2.2 8nS Thin Film Deposition by HVE

In the present study high vacuum evaporation (HVE) method was used for deposition
of SnS thin films. Thin films of SnS were deposited onto pre-cleaned soda lime glass (SLG)
and Mo-coated substrates by BOC-EDWARDS AUTO-500 System. 4N (99.99 %) pure SnS
powder (Sigma-Aldrich) was taken as source material and then placed in a tungsten boat for
evaporation. The deposition was performed at a base pressure of around 1 X 10 Torr with
source to substrate distance of 25 cm. The films were deposited onto the rotating substrates at
a temperature of 300 °C with film thickness and rate of deposition of about 500 nm and at 2
Al/s, respectively. The rate of deposition and thickness of the deposited films were determined
using the quartz crystal microbalance (QCM) monitor EDWARDS FTM7. All the deposition

parameters were taken according to [44].
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2.3 Thermal Treatment

In order to improve crystallinity, optical and electrical properties, the as-deposited SnS
thin films were annealed in vacuum. Vacuum annealing was done at different temperatures
(300 °C, 450 °C and 500 °C) in sealed quartz ampoules with ampoule length of ~10 cm and a

diameter of 0.8 cm (closed system). The ampoules were sealed at a pressure of 1 x 10" Torr.

2.4 Investigation of Prepared Films

As-deposited and annealed SnS thin films were analyzed by different characterization
techniques to know the nature and quality of the film. The details of the used characterization
techniques are given briefly in this section.

The morphology of prepared SnS films was investigated by high-resolution scanning
electron microscopy (HR-SEM, Zeiss ULTRA 55). The working principle of SEM is based
on investigation of different electron signals emitted after electron beam collides with the
sample. The emission of secondary electrons gives information about the morphology
whereas the back scattered electrons provide the data about atomic number of the sample.
SEM investigations are done under high vacuum so the electrons will not interact with the
media. In addition, the elemental composition of the films was detected using energy
dispersive X-ray (EDX) spectroscopy (Zeiss Ultra 55 HR-SEM equipped with Rontec EDX
Xflash 3001 detector).

The crystalline structure and quality of as deposited and annealed SnS thin films were
characterized by X-ray diffraction (XRD) analysis using Bruker AXS D5005 difractometer
equipped with CuKa (A=0.154 nm) X-ray source (40 kV, 40 mA) in Bragg Brentano
geometry. In the XRD measurements, the X-rays are generated by a cathode ray tube, filtered
to get a monochromatic radiation, concentrated and directed towards the sample. The
interaction of X-rays and the sample produces constructive interference when the Bragg’s law
is satisfied. By scanning a wide range of angles, all diffraction directions can be determined.
Using XRD studies, it is possible to identify the crystalline structure and phases of the
material, determining the crystallite sizes and orientations as well as atomic arrangements etc.

The average crystallite size was estimated from the XRD spectra using Debye-

Scherrer formula [82]:

D= kA
" PBcosO

3.1)

36



where D is the average crystallite size in nanometers (nm), K=0.9 is the shape factor, A is the
wavelength of the x-ray radiation (A=0.154 nm), B is the full width at half-maximum
(FWHM) of the preferred peak in radians (rad), 0 is the diffraction angle in degrees (deg).

The interplanar spacing of the diffraction pattern was calculated using the Bragg’s law
given as [82]:

_ ni
"~ 2sin®

(3.2)

where d is the inter planar spacing in nanometers (nm), n=1 is the order of diffraction.
The lattice constants of the experimental films were evaluated using the d-spacing

formula for orthorhombic structure [82]:
1 h? K2 P2

dz a2 + bz ' 2 33

where h, k, 1 are Miller indices and a, b, ¢ are lattice constants.

The compositional phase purity of the films was analyzed by Raman Spectroscopy
(Horiba LabRam HR spectrometer) using A=532 nm green laser as an excitation source,
which was focused to a 1 um size spot and the spectral resolution of the system was around
0.5 cm™. Raman spectroscopy is a vibration spectroscopy based on inelastic scattering of
monochromatic electromagnetic radiation after interaction with molecules and atoms.
Phonons and molecular vibrations in every crystal and molecular structure have specific
frequencies, determining which gives a specific fingerprint, from which the molecule can be
identified.

Optical transmittance and total reflectance studies were performed by optical
spectrophotometery using SLG/SnS films. The basic principle of optical spectrophotometery
is that electromagnetic radiation from a source is dispersed and this dispersed light is passed
through the sample. Parts of transmitted, reflected and absorbed radiations are studied as a
function of incident wavelength with a suitable detecting system. In present study, the
measurements were recorded using Agilent Cary5000 UV-VIS-NIR spectrophotometer as a
function of wavelength in the range of 300-1500 nm to determine the optical absorption
coefficient and energy band gap. The absorption coefficient was calculated from the

transmittance data using the equation [83]:

1-R (3.4)
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where o is the absorption coefficient in cm™”, T=T%/100 and R=R%/100 are the absolute
values of transmission and reflectance, respectively and t is the thickness of the film in nm.

The optical band gap was estimated from Tauc’s equation [83]:

(ahv) = A(hv— Eg)" (3.5)

where A is a constant, E, is the energy gap and n=0.5 for allowed direct transition and n=2 for
allowed indirect transition. In the case of direct transition, (ahv)” versus hv graph will have a
linear region, extrapolation of which to ahv=0 will show the direct band gap. Similarly,
indirect band gap can be obtained from (ahv)"? versus hv graph.

In this work, van der Pauw method was used for determining the electrical resistivity
of the films and the measurements were done with van der Pauw H-50 using 4 Indium
contacts. In order to check the photosensitivity and the type of conductivity of the layers,
photo-electrochemical (PEC) measurements were performed by Gamry Reference 3000
Potentiostat/Galvanostat/ZRA in a three electrode cell with a platinum counter electrode and
saturated calomel electrode (SCE) as a reference electrode. The measurements were carried
out at room temperature in a background 0.1 M H,SO, electrolyte solution under the chopped

white light with an intensity of 100 mW/cm®.

38



Chapter 3: Results and Discussion

3.1 Composition and Morphology

The EDX studies revealed nearly stoichiometric composition for all as-deposited and
annealed in vacuum SnS films, as it is illustrated in the Table 1. This means that the SnS
transfer from the source (tungsten boat) to the substrates in vacuum chamber was congruent.

Table 1: Composition of as-deposited and vacuum annealed SnS films.

Sample condition S1/S ratio
As-deposited 1.01
Annealed at 300 °C 1.04
Annealed at 450 °C 1.07
Annealed at 500 °C 1.07

The morphology of prepared SnS films was examined by HR-SEM. The high
resolution surface and cross-section SEM images of as-deposited and vacuum annealed SnS
films are shown in Figure 5 and 6.

It can be seen from the images that all SnS films are uniform and pinhole free with full
coverage of the substrate surface. Surface investigation depicts that as-deposited films (Figure
5a) have randomly oriented, flake-shaped grains with number of smaller grains, while
vacuum annealing changes in morphology of the as-deposited SnS thin films. With increasing
annealing temperature (Figure 5b, c, d), significant increase in the size of the grains was
noticed at the expense of the smaller grains. Increasing annealing temperature led to denser
and closely packed morphology with better orientation (which is shown in part 4.2 Structural
Properties) of the grains. At an annealing temperature of 500 °C, grains reach their
equilibrium position with maximal in their sizes and more dense morphology was observed.
The cross-sectional images (Figure 6) also confirm that the as-deposited and annealed SnS
layers are uniform and well-adherent grains onto the used substrate surface. From cross-
sectional images, it can be observed that as-deposited films consist of flake-like elongated
grains with cone edges are grown on the top surface whereas for films annealed at 500 °C
there is a changeover in shape of the grains to plate-like with more thick and dense
morphology, which infers that there is a transition in grain growth from quasi two

dimensional towards three dimensional as a function of annealing.
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Figure 5: HR-SEM surface images of: (a) as-deposited SnS film ,and vacuum annealed SnS
films at (b) 300 °C, (c) 450 °C, (d) 500 °C.
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Figure 6: HR-SEM cross sectional images of glass/Mo/SnS structures: (a) as-deposited and
(b) annealed at 500 °C.

42



3.2 Structural Properties

The XRD profiles of as-deposited and vacuum annealed SnS films are shown in
Figure 7. The XRD measurements revealed that all samples exhibit polycrystalline nature.
Both as-deposited and annealed films showed crystallites with preferred orientation of (040)
along with other directions of (120), (131), (151) planes that corresponds to orthorhombic
crystal structure of SnS with no additional phases in it. The XRD peak positions are indexed
using the JCPDS database (Card Ne 39-0354). With increase of annealing temperature, the
intensity of (040) plane increases and becomes more intense and sharper that indicates

improvement in the crystalline quality of the layers.
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Figure 7: XRD patterns of (a) as-deposited and vacuum annealed at (b) 300 °C, (c)
450 °C and (d) 500 °C SnS films.

The XRD patterns indicate good crystallinity and large grain sizes due to the narrow
peak width. The average crystallite size was estimated using the Debye-Scherrer formula (3.1)
with full width at half maximum of the (040) plane and is shown in Table 2. The calculated

average crystallite size increased from 17.6 nm for as-deposited films to 55.2 nm for the films
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annealed at 500 °C. The observed increase in average crystallite with annealing is due to the
improvement in crystallinity in which the atoms occupied minimum energy positions and
hence helps for the rearrangement and recrystallization as a result of coalescence.

Table 2: Average crystallite sizes in vacuum annealed SnS films.

Sample condition Size (nm)
As-deposited 17.6
Annealed at 300 °C 28.4
Annealed at 450 °C 48.6
Annealed at 500 °C 552

From the XRD pattern, the lattice constants for the orthorhombic SnS were calculated
using the equation (3.3). The evaluated lattice parameters for as deposited film was found to
bea=430A,b=11.19 A and c = 4.01 A, respectively, while the annealed films showed
similar results. These results are in a good agreement with data for bulk SnS [76] and SnS thin
films [77]. This infers that there is no changes in the diffraction peak position for as-deposited
and annealed films, which could be attributed to the strain free films with good structural

quality.

3.3 Raman Analysis

Figure 8 shows Raman spectra of as-deposited and annealed SnS films. Raman
analysis confirms the single phase composition of orthorhombic SnS for as-deposited and
annealed layers without visible traces of any secondary phases like SnS,, Sn,S; etc. Raman
spectra showed vibrational peaks at 95, 160, 190 and 218 cm™ of SnS.

The unit cell of SnS belongs to the D35 space group [78]. The factor-group analyses
disclose 24 vibrational modes - 21 optical and 3 acoustic phonons (1Byy, 1B3,, 1B,,) forming
the irreducible representation at the centre of Brillouin Zone [78]:

Isns=4A 4B, +4B,,+4B3,+2A,+2B ,+2B3,+2B,, 4.1)

from which 2 are inactive (2A,), 7 are infrared active (3By, 3B3y, 1B2y) and 12 are Raman

active (4Ag, 2B1g, 4B2g, 2B3g).
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Figure 8: Raman Spectra of as-deposited and vacuum annealed samples.

Obtained peaks are in a good agreement with reported papers [79, 80]. The peaks
obtained at 95, 190 and 218 cm’! corresponds to A, vibrational mode, whereas 160 cm’!
corresponds to By, vibrational mode [80]. According to Mulliken symbol definition, A, mode
is one dimensional, symmetric vibration and By, is a one dimensional, anti-symmetric
vibration with respect to principal axis [81]. A, mode in SnS is a shear mode along the a
direction [80] and the incident beam and scattered beam as well as polarization vectors of the
incident and scattered photons are parallel to each other and are along the € and a directions,
respectively. By, in SnS is a compressive mode of vibration along the € direction. In this
mode, directions of incident and scattered laser beams are parallel and are along the b
direction, whereas the polarization vectors of the incident and scattered photons form 90° and
are along the a and T directions, respectively [80]. From the incident and scattered beam
directions, it can be assumed that all 4 peaks represent longitudinal modes of vibration. Also,
it can be seen from Figure 8, that peaks corresponding to A, modes have higher intensity than
peak corresponding to B>, mode. This can be because of difference in concentrations of active

groups or due to the fact that the scales are not the same in different directions.
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3.4 Optical Studies

The optical transmittance and reflectance measurements were recorded in the 300 —
1500 nm wavelength range for the as-deposited and annealed SnS films and are shown in
Figure 9a. As it can be seen from the Figure 9a, in the visible range of the spectra the
reflectance is between 20-30 % for all films, whereas the transmittance is practically 0%. The
fundamental absorption edge was found to be at around 950-1000 nm, above which all the
curves exhibit oscillatory behavior, which might be a result of interference phenomena
between two surfaces of the SnS film [84]. The sums of transmittance and reflectance curves
versus the wavelength for as-deposited and vacuum annealed films are illustrated in Figure
9b. As it can be observed from the Figure 9b, the sum of transmittance and reflectance is very
high in the infrared region of spectra that increases with increasing wavelength and
approaches close to 100 % at 1500 nm, while the sum of transmittance and reflectance is
around 15-25 % in the visible region of the spectra, which means that the rest of the light —
75-85 % is absorbed by the SnS films, thus confirming the high absorption coefficient of the
films. The absorption coefficient was estimated from transmittance and reflectance data using
equation (3.4), and is found to be in order of 10> cm™ for all the films at the fundamental

absorption edge, that is in a good agreement with literary data [37, 46, 50, 69].

100

glass/SnS
8 75 as-dep
s —— Vac. ann. 300°C
o
c (o]
& 50 Vac. ann. 45000
= ——Vac. ann. 500°C
2
& 25
|_
0 I I I T T T T 1
300 450 600 750 900 1050 1200 1350 1500

100 -
S 751
(O]
€ 50
&
O
2
® 251
o

0 T T T 1

T T T T
300 450 600 750 900 1050 1200 1350 1500
Wavelength (nm)

a)
46



100

glass/SnS

75 4

50+

as-dep
———Vac. ann. 300°C
—— Vac. ann. 450°C
———Vac. ann. 500°C

254

Transmittacne + Reflectance (%)

0

300 450 600 750 900 1050 1200 1350 1500
Wavelength (nm)
b)
Figure 9: (a) Transmittance, Reflectance and (b) Transmittance + Reflectance spectra of the
vacuumed annealed films.

In the present study, the nature of the optical transition in SnS was found to be direct
and the energy band gap was estimated by extrapolating the linear portion on to energy (hv)
axis and taking the intercept (see section 3.4). The optical band gaps of as-deposited and
vacuum-annealed films are shown in Figure 10. As it can be seen from the figure, the band
gap of as-deposited SnS film is 1.5 eV, which further decreases to 1.4 eV with increasing
annealing temperature to 500 °C. This small change in band gap as a function of annealing
temperature might be due to improvement in the crystallinity size of the films [85]. The
obtained values of the band gaps are in a good match with published data for thermally
evaporated and annealed SnS films [33, 37, 52, 55].
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Figure 10: Tauc’s plots for as-deposited (a), and vacuum-annealed at 300 °C (b), 450 °C (c),
500 °C (d) SnS films.

3.5 Electrical Resistivity and Photoelectrochemical Measurements

The electrical resistivity of the films was measured by Van der Pauw method
using Indium as contacts. As it can be seen from the Table 3, the resistivity values decrease
from 80 to 24 Qcm with increasing annealing temperature, which are comparable and have
similar tendency with earlier reported values [33, 38, 43, 70]. The decrease in resistivity with
increasing annealing temperature might be due to the increase in average crystallite size and
packing density as well due to overall improvement in the quality of the films, which is in
agreement with the XRD and SEM results.

Figure 11 shows photoresponse measurements of as-deposited and vacuum annealed
SnS films in a three-electrode photoelectrochemical cell. As it can be seen from the Figure
11, all films are photosensitive, and due to light absorption electron-hole pairs are generated.

The photogenerated minority carriers are transferred to the surface of the films where they
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Table 3: Resistivity values for SnS films

Sample condition Resistivity (Qcm)
As-deposited 80
Annealed at 300 °C 62
Annealed at 450 °C 57
Annealed at 500 °C 24

participate in the photoelectrochemical process. As it can be seen from the Figure 11, in the
negative region of the voltage the photocurrent increases with increase of absolute value of
applied voltage, which indicates that the films have p-type conductivity. As it can be observed
from the Figure 11, the photosensitivity of as-deposited and annealed at 300 °C SnS films are
comparable, and there is an obvious increase of the photosensitivity of the films with
increasing annealing temperature, with the highest photosensitivity achieved for the film
annealed at 500 °C, therefore confirming improvement of the total PV quality of the films

with increasing of annealing temperature.
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Figure 11: Photocurrent dependence on electrode potential for glass/Mo/SnS structures in
three-electrode cell in 0.1M H,S0, background electrolyte under chopped white light
illumination with 100 mW/cm’ intensity.

49



Chapter 4: Conclusions

The main aim of the work was to prepare single phase composition of SnS thin films

by HVE with following annealing’s in vacuum ambient at different temperatures to improve

the microstructural and electrical properties of as-grown SnS films. The obtained

experimental results are concluded as follows:

L.

Polycrystalline SnS thin films were successfully prepared by HVE method at constant
deposition parameters with following annealing in vacuum at different temperatures.
The obtained films were uniform, pinhole-free and well adherent to used substrate

surface (SLG/Mo and SLG).

Annealed SnS layers didn’t show any significant variations in the stoichiometric
composition between Sn and S. The surface morphological studies depicts that there
was changeover in shape of the grains from flakes to plate-like with more thick and
dense morphology as a function of annealing temperature and also changes in grain

growth from quasi 2D to 3D growth.

The X-ray diffraction analysis exhibits that all the layers have polycrystalline
orthorhombic crystal structure of SnS with (040) as preferred plane. With increase of
annealing temperature, we notice intense and sharp (040) peak that infers the
improvement in crystallinity. The average crystallite size increased from 17.6 nm to
55.2 nm with increase of annealing temperature. There was no shift in the diffraction
peak position, which could be attributed to the strain free films with good structural

quality.

Raman analysis confirms the mono phase composition of SnS without any evidence of
additional SnS, and Sn,S; phases in as-deposited and annealed films. There was no

changes in the peak shapes and width after annealing’s.

The optical measurements revealed that all the layers have very high absorption
coefficient around 10° cm™ and the evaluated optical direct energy band gap was

varied from 1.5 eV to 1.4 eV with increase of annealing temperature.

The electrical resistivity of the SnS films was found to be decreased from 80 Qcm to

24 Qcm with annealing’s. From photoelectrochemical measurements all the layers
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exhibit p-type conductivity and films annealed at 500 °C demonstrate highest

photosensitivity.

The main result of this work is that high quality SnS layers produced by HVE with following
annealing in vacuum at 500 °C are promising for the fabrication of complete solar cell

structures based on SnS photoabsorber.
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Résumé

Being sustainable and widely available source, solar energy can be an important
source for future power supplies. In the last decades, main goal of research in the PV field
was development of high-efficient solar cells that consists of non-toxic, earth abundant and
cost effective elements. Nowadays, most popular and widely used solar cell technology is
based on monocrystalline silicon. Despite the fact that the monocrystalline silicon technology
is well developed, it is still a very expensive technology. Thin film technology is an
alternative technology to reduce the material utilization using direct band gap semiconductor
materials with high absorption coefficient. CdTe, CIGS based solar cells are the most
successful thin film solar cells. However, these cells are made of toxic Cd and expensive
gallium and indium. Another emerging alternative material for thin film solar cell preparation
is CZTS, which consists of less toxic and easily available elements. However, it is very
difficult to control the phase composition during the synthesis and deposition process, so
finding alternative materials for thin film solar cell technology is still an open challenge.

In our study we investigated tin sulfide because it is an emerging and alternative novel
photoabsorber material. SnS is relatively cheap, earth abundant and environmentally
acceptable compound and it is easier to control the phase composition comparing with ternary
and quaternary materials. It has a high absorption coefficient (~10° cm™), suitable band gap
(1.3-1.5 eV) and p-type conductivity. All the above mentioned properties make SnS a
promising material for low-cost thin film solar cell fabrication.

In the present study, SnS thin films were deposited by high vacuum evaporation onto
soda lime glass and glass/Mo substrates. Vacuum evaporation is considered to be a relatively
cheap and most commonly used among physical deposition techniques for industrial
production. Vacuum evaporation has some advantages e.g. deposition process done in high
vacuum, which means less contamination, possibility to have high deposition rates and there
is no substrate surface damage and heating since the particles have little energy.

The obtained as-deposited SnS thin films were annealed in vacuum ambient at
different temperatures in sealed small quartz ampoules (closed system) to improve the
crystalline quality and photoabsorber properties. Although there are number of papers on
vacuum evaporation and vacuum annealing of SnS thin films, all papers describe vacuum
annealing in an open system (vacuum chamber and/ or quartz process tubes), while annealing

in closed system is not investigated yet.

52



In order to evaluate properties of as grown and vacuum annealed layers, SnS thin films
were characterized and analyzed by various techniques. All the layers show nearly
stoichiometric composition. The improvement in grain growth was observed from
morphological analysis after annealing’s. XRD and Raman studies revealed orthorhombic
crystal structure with single phase composition in all the films. Optical transmittance and
reflectance studies were performed to evaluate the absorption coefficient of the films and
found that value to be around 10° cm™ and estimated optical band gap of the films decreased
slightly from 1.5 eV to 1.4 eV with increase of annealing temperature. The layers showed
high photosensitivity and decreasing resistivity with increasing annealing temperature. As a
result, we found optimal conditions to obtain highly photosensitive SnS photoabsorber layers

for potential solar cell applications.
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Kokkuvote

Péikeseenergiat, kui sdéstvat ja kdigile kittesaadavat energiaallikat kasutatakse aina
rohkem. Viimastel aastakiimnetel on PV tehnoloogiate arengus pohitdhelepanu olnud
paikesepaneelide vOimalikult suurele kasutegurile, nendes kasutatavate materjalide
toksilisusele ja kittesaadavusele loodusest, mis oluliselt mojutab nii valmistatavate
paikesepatareide kui ka nende abil saadava energia hinda. Hetkel koige laialdasemalt
kasutatav PV tehnoloogia pdhineb monokristallilisel rénil, mis on kiill viga hésti uuritud
seoses mikrotehnoloogia vdga kiirele arengule, kuid monokristallilise réni tehnoloogia on
endiselt vdga kallis. Alternatiivseks tehnoloogiaks on Ghukesekileline tehnoloogia, mis
vOimaldab vidhendada kasutatavate materjalide kogust ning kasutada materjale, millel on
sobilik keelutsooni laius ning korge péikesekiirguse neeldumiskoefitsient. CdTe ja CIGS
baasil valmistatud pdikesepatareid on seni kiill kdige efektiivsemad oOhukesekilelised
paikesepatareid, kuid neis sisaldub raskemetalle nagu kaadmium ning kallid materjalid nagu
gallium ja indium sunnivad teadlasi otsima uusi effektiivseid materjale pdikesepaneelide
valmistamiseks. Teine vOimalik alternatiivne materjal, millega aktiivselt tegeletakse on
nelikithend CZTSSe, mis on vihem toksiline ning koosneb loodusest kergesti kittesaadavatest
elementidest. Paraku on raske kontrollida CZTSSe faasikoostist silinteesi ja
sadestamisprotsessi kestel. Seega vdime Oelda, et efektiivsete péikesepatareide tehnoloogia
véljatootamine ja nende valmistamiseks sobivate materjalide leidmine on koigile teadlastele
endiselt suureks viljakutseks.

Meie uurisime tinasulfiidi, mida peetakse hetkel vdga perspektiivseks
fotoabsorbermaterjaliks. SnS esineb looduses piisavalt ja see ithend ei kujuta endast ohtu
keskkonnale. Kdrge valguse neeldumiskoefitsient (~10° cm™), sobiv keelutsooni laius (1.3-1.5
eV), p-tiiipi juhtivus ning eeldatavalt madal tootmishind on omadused, mis teevad antud
ithendi eriti perspektiivseks. Vorreldes eelpoolmainitud kolmik- ja nelikiihenditega on SnS-di
puhul kergem jilgida ning kontrollida saadava kile faasikoostist. Antud uurimistoos sadestati
SnS  Ohukesed kiled kdrgvaakumis Mo-ga kaetud klaasalustele.  Kasutatud
vaakumaurustusmeetodit loetakse suhteliselt odavaks kuid ka efektiivseks tehnoloogiaks
erinevatest materjalidest dhukeste kilede sadestamisel. Vaakuumaurustusmeetodi eeliseks
loetakse ka asjaolu, et sadestus toimub korgvaakuumis, mis oluliselt vdhendab moju
keskkonnale. Vahetult pirast sadestamist toimus sadestatud SnS kilede termotdotlus
erinevatel temperatuuridel vakumeeritud kvartsampullis, mille jooksul paranesid kilede

struktuur, muutusid nende kristallilised ja fotoabsorber omadused. Kirjandusest voime leida
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suurt hulka artikleid, mis kirjeldavad vaakumaurustusmeetodil sadestatud kilede omadusi,
kuid saadud kilede sadestamisele jargnevat termotddtlust on seni ldbi viidud vaid avatud
stisteemis. Koiki, nii sadestatud kui ka jareltoddeldud kilesid, iseloomustati kasutades
erinevaid analiiiisi meetodeid, et leida voimalikke muutusi kilede keemilises ja faasikoostises
ning kristallstruktuuris. Koiki kilesid iseloomustas nende ligikaudu stohhiomeetriline koostis,
mis vastas tina monosulfiidile. XRD ja Raman spektroskoopilised uuringud néitasid, et kiled
on iihefaasilise koostisega ja ortorombilise kristallstruktuuriga. Optilistel mddtmistel méérati
kilede neeldumiskoefitsient, mis oli ligikaudu 10° cm™ ningkile materjali optiline keelutsooni
laius, mis oli vahemikus 1.4 eV - 1.5 eV. Koik kiled olid korge fototundlikkusega ja nende

takistus soltus termotodtlusel kasutatud temperatuurist.
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