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Abstract:  

Chalcopyrite semiconductors such as CuInSe2, CuInS2, Cu (In,Ga)(S,Se)2, and SnS were 

used as absorbers in solar cells thanks to their high efficiencies due to their direct gap of the 

order of 1.5eV (CuInS2) and to their large absorption coefficient which was of the order of 

10
5
 cm

-1
. To improve these efficiencies and avoid the peak effect at the absorber-window 

interface, an intermediate gap buffer layer between the two layers, whose ideal would be 

2.8eV, was required. Thus indium trisulphide (ɓ-In2S3) had attracted the attention of many 

researchers not only because it was ecological and none of its elements was harmful to the 

environment but also because it could be prepared with a gap greater than 2.5eV which will 

recover part of the solar spectrum located in the region of the small wavelengths. 

Different characterization techniques had been used to optimize the deposition parameters. 

So, in this study we used: 

-X-ray diffraction and Raman Spectroscopy to probe the structure and quality of thin films, 

respectively. 



 
 

-Energy Dispersion Spectroscopy (EDS) to identify elements present in thin films. 

-Scanning Electron Microscope (SEM) to study the morphology. 

-Atomic Force Microscope (AFM) for the study of topography - roughness. 

-Transmission and Photoluminescence to study the optical properties of thin films. 

        ɓ-In2S3 thin layers prepared by Chemical Spray Pyrolysis technique with different         

[S]Ⱦ[In] ratios at different substrate temperatures showed polycrystalline thin films with          

(0 0 12) as the main peak independently of the ratio and temperature of the substrate. A 

decrease in the intensity of the main peak was however noted when the ratio passed from 2 

to 3 for the temperature 250 °C but increased at 300 °C. The peak (109) which was low at 

250 °C and 300 °C increased in intensity at temperature 350 °C and this for all ratios. Raman 

spectroscopy confirmed the ɓ-In2S3 phase obtained by XRD for some samples analyzed and 

elaborated at 250 °C. Homogeneous, dense and compact films were obtained independently 

of substrate ratio and temperature, and the EDS analysis revealed good stoichiometry for all 

samples. For transmission measurements we observed that the transmittance increased 

significantly with the increase of the substrate temperature (350 °C). 

        ɓ-In2S3 thin layers deposited by Chemical Spray Pyrolysis technique at different 

substrate temperatures (250 °C300 °C 350 °C) showed well crystallized thin films with      

(0 0 12) as preferred direction perpendicular to the plane containing the surface of glass 

substrate. SEM images showed dense, uniform, well-covered layers that adhered well to 

glass substrates and no crack and no void space were noted for all substrate temperatures. 

Microanalysis X confirmed the presence of In and S elements with good stoichiometry after 

vacuum annealing for 30 minutes. Raman spectroscopy analysis confirmed ɓ-In2S3 phase 

with more prominent modes after vacuum annealing. We also noted a reduction in the gap 

energies after annealing for layers prepared at temperatures of 250 °C and 350 °C while for 

those prepared at 300 °C the energy of the gap remains stable. 

        Indium trisulfide (ɓ-In2S3) thin layers were synthesized with and without alcohol in the 

bidistilled solvent. (0 0 12) was obtained as the main peak with a maximum intensity at the 

substrate temperature of 300 °C as shown by X-ray diffraction. We also noted (107) peak 



 
 

only in the non-alcoholic prepared samples. Dense and compact homogeneous layers which 

adhered well to the glass substrate and without void, for films prepared with 5% alcohol, 

were obtained on the SEM images while for those prepared with bidistilled water, we 

observed some cracks. Layers had nearly the same roughness independently of the solvent 

but larger grain sizes were revealed by the AFM micrographs for the alcohol-free layers. 

Thin films produced with alcohol had higher transmission than those obtained without 

alcohol. 

Tin sulfide, SnS, thin films were prepared by Chemical Spray Pyrolysis (CSP) technique on 

glass substrates at different substrate temperatures and with different molar ratio of 

precursors in the spray solution.  

       Tin mono-sulfide (SnS) thin films must be deposited onto glass substrate with [S]Ⱦ[Sn] 

ratio equal to one (1) and substrate temperature equal to 350 °C to obtained dense, well-

covered, and homogeneous films without pinholes and cracks. Distance between nozzle to 

substrate was kept to 25cm, sprayed volume 5mL, air pressure 0.7bar and spray rate              

1.5 mLȾmin. 

       Films doped with Silver (Ag) and Aluminum (Al)  are all orthorhombic structure with 

(111) as main peak. The intensity of main peak increased when the percentage of dopant 

element increased in the initial solution without any secondary phase for Al-doping films and 

with Ag8SnS6 and Ag for Ag-doping ones. SEM and AFM analysis showed that Ag-doping 

element had no effect in the morphology and the topography while Al-doping affected the 

surface morphology with ñfishing netò like morphology with lots of holes for samples doped 

from 3% to 7%. EDS highlighted an increase of Ag in films when the its amount increased in 

the solution with SȾSn 0.98 near to 1 at 5% of Ag-doping percentage where as for           

Al -doping EDS highlighted improvement of stoichiometry with an increase of Al percentage 

atomic in films when Al concentration increased in the initial solution with SȾSn 0.99 at 

10%. Electrical and energy band gap measurement showed a decrease of resistivity when Ag 

and Al percentages increased in the solution to reach relatively low resistivity of 108ɋ.cm 

and 170ɋ.cm at 10% for both, and an increase of energy band gap when the Ag and                 

Al -doping elements increased in the solution with 1.66eV and 1.70eV for SnS doped with 

Ag and SnS doped with Al , respectively. 



 
 

      SnS thin films doped with iron (Fe
2+

), XRD analysis revealed polycristalline samples 

with (111) as main peak with SnFe2S4 as secondary phase justifying the decrease of (111) 

intensity with the increase of Fe-doping concentration. 

Morphology change came at 5% and 7% corresponding to more compact and denser films. 

Enhancement of stoichiometry could be noted from 3% to 7% given by EDS. 

Band gap energy of films increased with Fe-doping from 1.50eV (pristine) to 1.77eV (5%) 

and resistivity varied with doping percentage and reached high value of 362.78 ɋ.cm at 7%. 

      Spray pyrolyzed SnS thin films doped with indium were studied using various optical 

and electrical techniques. Structural analysis shows that all films crystallize in orthorhombic 

structure with (111) as a preferential direction without secondary phases. Doping of SnS 

layers with indium results in better morphology with increased grain size. Absorption 

measurements indicate dominant direct transition with energy decreasing from around 1.7 eV 

to 1.5 eV with increased indium supply. Apart from direct transition, an indirect one, of 

energy of around 1.05 eV, independent on indium doping was identified. The 

photoluminescence study revealed two donors to acceptor transitions between two deep 

defect levels and one shallower with energy of around 90 meV. The observed transitions did 

not depend significantly on In concentration. The conductivity measurements reveal thermal 

activation of conductivity with energy decreasing from around 165 meV to 145 meV with 

increased In content. 

      Finally, we were investigated the J-V characteristics of                                           

FTOȾCdSȾSnS, FTOȾZnOȾCdSȾSnS, FTOȾZnO:AlȾCdSȾSnS, FTOȾZnO:AlȾSnS and 

FTOȾIn2S3ȾSnS solar cells and we found that efficiencies are very low due probably to the 

recombination at the junction, grain boundaries, etc. 
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  Chapter I: Generalities on Photovoltaic Cells 

 

1. The Sun, an Inexhaustible Energy Source 

1.1. Main Features 

Solar energy is the energy produced by the sun through his radiation. From this, man can, by 

converting sunlight, produce electrical energy, photovoltaic solar energy, or heat, solar 

thermal energy. Clean energy, renewable and economical, the solar energy is the most 

equitably distributed energy on our planet unlike fossil fuels (oil, coal ...). That is why all 

countries of the world have access to and can benefit from it. However, due to the spherical 

shape of the earth, the solar radiation is not identical at all points of the globe. This is why 

the countries closest to the equator receive more solar energy than the countries situated to 

the poles. Fig. 1 shows the map of the average annual sunshine. 

 

 

 

Fig. 1: Map of the average annual sunshine [1] 

The sun is a star, a huge ball of gas composed primarily of 70% hydrogen, 28% helium and 

2% other atoms in the universe; its radius is 696 000 km and it is placed at 150 million km 

from Earth. This distance is so great that the light reaches us eight seconds after being sent 

out with a velocity of 300 000 kmȾs. Its radius is 109 times that of the Earth (696 000 km) 

and its mass 333 000 times that of our planet. The moon is 400 times smaller than the sun, 
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but 400 times closer to the Earth, which explains the apparent size of two similar stars in the 

sky, which can realize particularly during solar eclipses. Its temperature radiation, if one 

compares the sun to a black body of 5700 K under the law of Stefan, gives it its yellow color. 

So by analyzing the color, we can easily obtain the temperature of radiation. 

1.2. Emissions of the Sun 

The energy emitted by the Sun is first in the form of electromagnetic radiation which 

together forms the solar radiation which is the only significant source of energy for the 

atmosphere. 

Our eyes perceive only a portion of solar radiation; one located in the area said visible 

wavelength range from 0.40ɛm and 0.80ɛm. The sun, however, emits in a broad range of 

wavelengths from (in the sense of small to larger wavelengths) gamma rays (wavelengths 

less than 10
-12

 m) to radio waves (of lengths wave reaching 1000 m), through X-rays, 

ultraviolet radiation, visible radiation, infrared radiation and microwave radiation. 

 

Fig. 2: Photograph of the Sun 

The greater part of the solar energy is radiated in the ultraviolet, visible and near infrared: 

99% of the energy outside atmosphere is between 200 nm and 4ɛm. At the ground, due to 

the absorption of solar radiation by water vapor, the spectrum is limited upwards to about 

2.5ɛm. 
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Fig. 3: Spectral density of the irradiance from direct sunlight: a) Solar radiation outside the atmosphere and 

b) Direct solar radiation on the ground [2] 

Table 1: The irradiance of solar radiation outside the atmosphere in the various fields of wavelength [2] 

Spectral region Wavelength 

(µm) 

Irradiance   

(W.m
-2
) 

Percentage (%) 

Infrarouge >70 695 50.8 

Visible 0.40 à 0.70 559 40.9 

UV-A 0.30 à 0.40 86 6.3 

UV-B 0.28 à 0.32 21 1.5 

UV-C < 0.28 6 0.4 

 

1.3. Constant illumination 

The luminous intensity after the sun normally incident to the surface of the earth is called the 

solar constant. This constant is approximately valued at 1.4 KWȾm2
 above the atmospheric 

layer and is reduced to earth to 1 KWȾm2
 due to reflection and absorption of the particles 

present in the atmospheric layer. This loss is called "air mass" (AM). The AM0 designation 

corresponds to an air mass zero for light incident above our atmosphere at normal incidence. 

AM1 corresponds to the same light reaching the Earth's surface. The name refers to the 

AM1.5 air mass corresponds to light reaching at 48.2 degrees on the surface of the earth, a 

weaker light of the fact that the thickness of the crossing atmospheric layer is greater. 

The formula AMm: m 1Ⱦsin(A) with A the angle between the incidence of light rays and 

the horizontal to the earth. 
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Fig. 4: Various illuminations constants [3] 

2. Semiconductors 

The solid exists in two states. In one state the atoms are arranged randomly, this state is 

called amorphous while in the other state they are arranged regularly at the nodes of a 

network and we said that this state is crystallized (what interests us in this study). 

The electrons of an isolated atom orbiting the nucleus occupy discrete energy levels that each 

defines an electronic layer. In a crystal where a set of atoms is evenly distributed energy 

states of the electrons become bands separated by empty spaces called bandgap due to the 

interaction between the atoms of the crystal. The upper band is the conduction band and the 

lower band valence band. Electric transport occurs in the conduction band since the electrons 

in the valence band are bound to the nucleus. 

In insulating the valence band is full while the conduction band is completely empty. So that 

neither an electric field nor temperature can pass an electron from the valence band to the 

conduction band because the gap is several electron volts (> 5eV). 

In conductor there is an odd number of electrons per atom or there is an even number of 

electrons but with an overlap of the conduction band and the valence band. The number of 

electrons is proportional to the number of atoms of the metal and the gap is zero. 

In semiconductor band gap is relatively small (1-3 eV) to allow an electric field or 

temperature to be able to move an electron from the valence band to the conduction band. 

2.1. Different types of semiconductor 
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The semiconductors are divided into two groups: natural semiconductors such as silicon (Si) 

and germanium (Ge) in column IV of the periodic table of elements and compound 

semiconductors developed at the laboratory. We distinguish among these different groups: 

Group III-V: an element of column III combined with one element of column V: InP, InSb, 

GaAs,... 

Group III-VI: an element of column III combined with one element of column VI: In2S3 

Group II-VI element of a column II combined with an element of Column VI: CdTe, ZnTe, 

ZnS, CdS... 

Group IV-VI: an element of column IV combined with one element of column VI SnS2, PbS, 

PbTe, SnS... .. 

Group I-III -VI2: an element of column I combined with an element of column III and an 

element of column VI: CuInS2, CuInSe2. 

2.2. Band Structure 

The semiconductors are classified into two groups according to their band structure: 

-When the maximum of the valence band is below the minimum of the conduction band, it 

was a direct gap. In other words the extrema correspond to the same value of k, that is to say 

the same momentum p. During the transition, the electron may emit a photon whose 

wavelength is directly related to the energy distance (operating principle of light emitting 

diodes and laser diodes). 

-When on the other hand the extrema are offset, it is called indirect gap. For an electron 

transits from the conduction band to the valence band, it takes both, a change in energy and k 

therefore a change in momentum. This change is made by an exchange of momentum with 

the lattice in the form of vibration (phonon). 
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Fig. 5: The representation of the absorption of light in a direct gap and indirect gaps of semiconductors [4] 

2.3. Intrinsic Semiconductor 

Semiconductor is said intrinsic if the vast majority of carriers (electrons and holes) are 

generated by the atoms of the semiconductor. And in this case an electron receives certain 

energy can pass from the valence band to the conduction band. The number of holes in the 

valence band corresponds exactly to the number of electrons in the conduction band. Also 

with increasing temperature the number of electrons in the conduction band increases 

because the electrons that were in the valence band received enough energy to pass into the 

conduction band. 

The filling statistical energy levels obeys to Fermi-Dirac distribution since the electrons and 

holes are fermions that are to say particles of half-integer spin. The probability of occupancy 

of an energy level E by an electron at the temperature T is given by the following formula 

[5]: 

Æ%
ρ

ρ ÅØÐ
% %
+4

       ρ 

KB is Boltzmann's constant, Ef is the Fermi level, that is to say the average statistical level 

occupied by all of the charge carriers and whatever the temperature, probability of 

occupancy for this state energy is always equal to , ὲ the number of electrons in an intrinsic 

semiconductor, Ec denotes the lowest energy level of the conduction band and Ev denotes the 

highest energy level of the band valence. 
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It can be shown, from calculations on the densities of energy states that the concentration of 

electron n and the concentration of hole p are given by the following expressions: 

Î .  ÅØÐ  ς      Ð .ÅØÐ σ 

                                   Where            . ς
ᶻ

ᴐ

3/2 τ 

       . ς
ᶻ

ᴐ

3/2  υ 

NC and NV are the effective densities of states (cm
-3
) for electrons and holes respectively and 

ǩ is the reduced Planck constant (ǩ  hȾ2ˊ). 

Ð Î Î  φ 
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                                           άᶻ is the effective mass of electrons 

                                           άᶻ is the effective mass of holes 

Fermi level of an intrinsic semiconductor is always very close to the middle of the gap at 

room temperature: 

Ὁ
Ὁ Ὁ

ς
   ψ 

The conductivity of the semiconductor depends on the number of free electrons: when this 

number increases the conductivity increases. Therefore, the conductivity of an intrinsic 

semiconductor increases with temperature. 

2.4. Extrinsic Semiconductor 

Semiconductor is said extrinsic when doped i.e. when a small amount of foreign atoms 

(impurity) is added into the semiconductor to modify its conductivity properties. Doping a 

semiconductor is therefore to introduce into its matrix, atoms of another material. These 

atoms will replace some initial atoms and thus introduce more electrons or holes. 

There are two types of doping: 
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- n-type doping, which consists in producing an excess of electrons, which are negatively 

charged. 

- p-type doping, which consists in producing an electron deficit, therefore an excess of holes, 

considered positively charged. 

The impurity atom causes effects that depend on the column it occupies in the periodic table 

of Mendeleev, in relation to the column of the atom it replaces. 

         If the dopant atom belongs to the same column as the atom it replaces, they are 

isovalent (or isoelectric). The valence electrons of the impurity atom exactly replace the 

electrons of the original atom. Electrical conduction properties of the material are not 

changed. 

         If the dopant atom belongs to the previous column, it then lacks a peripheral electron to 

restore all the initial covalent bonds. It appears an electron deficiency, i.e. a hole. The atom 

inserted is called acceptor (electron), because it is able to receive an additional electron from 

the valence band. It is a p-type doping. 

         If the dopant atom belongs to the next column, it has an extra electron compared to the 

initial atom. The initial covalent bonds are restored, but one of the electrons is not used in 

those links. It is therefore in a free state of system. The atom inserted is called donor 

(electron). It is an n-type doping. 

         A single dopant atom can be both donor and acceptor: it is called amphoteric. This is 

for example the case of silicon (Si column IV), which is a dopant for gallium arsenide 

(GaAs): if the Si gets substitution of one atom of gallium (III column), it is electron donor. If 

it substituted an atom of arsenic of Arsenic (column V), it is acceptor. 

For example for silicon we can intentionally introduce an atom of column III (Boron) or an 

atom from column V (Phosphorus or Arsenic). If a phosphorus atom substitutes a silicon 

atom, it forms four bonds with 4 silicon atoms neighbors. The thermal agitation is sufficient 

to release the 5
th
 electron bound to the phosphorus atom, which subsequently will be free to 

move in the crystal thus increasing the number of free electrons in the conduction band and 



 

34 
 

therefore participating in the electrical conduction of the semiconductor. It is said that the 

silicon is doped n-type and the phosphorus atom is called donor atom. 

A donor atom such as phosphorus into the silicon gives an energy level allowed in the gap 

(ED). This level is located a few meV below the conduction band and low energy can pass 

the electrons of donor level to the conduction band. At room temperature the electrons have 

enough energy (   25.6meV) to move from donor level to conduction band ionizing, 

therefore, positively donor atoms (P
+
). 

 

Fig. 6: Doping silicon with arsenic (n-type semiconductor) [6] 

In the other hand if a silicon atom is substituted by a boron atom which has 3 electrons in its 

outer layer, the boron atom form three bounds with three silicon atoms and it fails to satisfy 

electron 4 bonds. Thus, it captures an electron creating a hole in the crystal. The hole can 

move in the crystal participating in the electric conduction. These boron atoms are referred to 

as acceptor atoms. 

Similarly the introduction of boron in the silicon atom gives an energy level allowed in the 

gap (EA), which is located a few meV above the valence band. At room temperature the 

electrons of the top of the valence band have enough energy to pass through the energy level 

created by the boron atoms creating holes in the valence band and ionizing negatively boron 

atoms (B
-
). 
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Fig. 7: Doping silicon with boron (p-type semiconductor) [7] 

3. Structure of Solar Cells based on thin films  

Solar cells based on thin layers are composed of several layers. Generally there is the 

substrate, the transparent conductive oxide (TCO), the buffer layer (n-type), the absorbent 

layer (p-type) and the metal contact. Each component has different physical and chemical 

properties that affect the performance of the entire solar cell. Each component has a crystal 

structure, a microstructure, a lattice parameter, an electron affinity, a diffusion coefficient etc 

... different. The interfaces between the thin layers may have defects and energy states at the 

interfaces, recombination centers, inter-diffusions and chemical changes. 

3.1. Substrate and "Super Substrate" configurations 

The solar cells are thin film "substrate" configuration or "super substrate" configuration. For 

the "substrate" configuration, the substrate is either a metal or a glass coated with a thin 

metal layer which acts as a contact. The structure of the solar cell substrate configuration: 

GlassȾMetalȾTCOȾabsorberȾbuffer layerȾmetal contact and the cell is illuminated front 

side. In the "super-substrate" configuration the glass substrate is not only a support but at the 

same time window for illumination. In the "super-substrate" configuration, the substrate is 

transparent and the conductive oxide deposited on the substrate serves as contact. The 

structure of the solar cell "super-substrate" configuration is: 

GlassȾTCOȾbuffer layerȾabsorberȾContact metal and the illumination take place through the 

substrate side. Both configurations are commonly used.  
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3.2. Different layers of thin films solar cell  

3.2.1. Absorber layer  

This is the layer which absorbs light and converts the electromagnetic radiation into 

electricity. It must have the following properties: 

- Ideal gap energy is of the order of 1.5eV (CuInS2) and the gap is measured either by the 

transmittance, the photoreflectance and photoluminescence. 

- Absorption coefficient of the absorber must be high to absorb almost all the energy of 

illumination with a thin layer (1ɛm). The indirect gap semiconductors typically have an 

absorption coefficient lower than direct gap semiconductors. The semiconductor chalcopyrite 

structure for the photovoltaic application, such as CuInSe2 and CuInS2, which have a direct 

gap, has a high absorption coefficient (10
5
cm

-1
). A promising new layer is being studied by 

many laboratory namely Cu2ZnSnS4 (CZST). This is a layer whose constituent elements are 

abundant, non-toxic and whose corresponding chemicals are cheap. It has a gap of energy 

around 1.5eV and its absorption coefficient exceeds 10
4
cm

-1
. 

- Diffusion length and very large life duration are needed for minority carriers to have a high 

efficiency. However, these conditions are very difficult to fulfill for a thin layer due to the 

fact that the distance that the carriers have to travel is very small for diffusion in the cell. To 

get a better diffusion length, eliminating defects and impurities, which lead to recombination 

and reduce the carrier mobility is required. 

-No degeneracy should only be possible in the material, regardless of defects because it 

produces a short circuit. 

 

Fig. 8: Cross- section of the scanning electron microscope of a solar cell based on a thin layer of 

Cu(In,Ga)Se2 [8] 



 

37 
 

3.2.2. Buffer layer 

The buffer layers are used to form a heterojunction with the absorbent layer to provide a 

"soft" transition between the absorber and the transparent conductive oxide. It must allow 

light to reach the absorbent layer without photocurrent generation in the buffer layer. The 

requirements for a buffer layer are: 

- Wide energy gap for better transmission in the visible range, for example, CdS                

(Eg  2.4eV), CuI (Eg  2.9eV) In2S3 (Eg  2.1eV-2.9eV). 

- Perfect junction is that separates the electrons and holes. This is possible if the 

discontinuity between the buffer layer and the absorbent layer is done without band offset for 

minority carriers, contrariwise it must be a large potential barrier for majority carriers. But if 

there is a band offset for minority carriers in the buffer layer, there could lead to peak 

formation (spike). A band alignment with moderate peak is rather ideal however the presence 

of peak means that the band offset decreases the minority carrier and the interface becomes 

less selective. 

- Lattice mismatch at the junction is important if both layers, buffer and absorbent, are well 

oriented. In microcrystalline layers, the lattice mismatch varies spatially and so we will have 

an average lattice mismatch. 

- Sufficient doping of the buffer layer is required to eliminate the generation of minority 

carriers (leakage) and to maintain the Fermi level away from the middle of the gap at the 

interface to prevent recombination. 

CdS is the most studied and most widely used buffer layer, but in recent years the 

researchers are working to find him an alternative layer because cadmium is toxic. For 

example indium trisulfide (In2S3) is a good candidate to replace CdS. 

3.2.3. Transparent Conductive Oxide layer (TCO) 

The transparent conductive oxide is n-type with good electrical conductivity and high 

transmittance in the visible range. The conductivity of the TCO depends on the carrier 

concentration and mobility. The increase in carriers could lead to an improvement in the 
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absorption of free carriers, which reduces the transparency of the TCO in the field of 

wavelengths. Increase mobility by improving the crystalline properties leads to a good 

transparent conductive oxide. ZnO is the most used material in solar cells. 

3.2.4. Back Contact  

In the "super-substrate" configuration it is beneficial to use a material with a wide band gap 

to increase the selection of types of carriers and reduce recombination [9] interface. In the 

"substrate" configuration, for an ohmic contact, a metal can be used with a "work function" 

higher than that of the p-type layer. 

3.2.5. Substratum 

The substrate should be stable at the manufacturing temperature of the solar cell. It should be 

also adherent with the layer deposited on it. Generally a glass is used for solar cells and 

avoiding diffusion of substrate impurities into the deposited layer. But sometimes diffusion 

of impurity from the glass towards the deposited layer can have a beneficial effect [10]. For 

example sodium which diffused from the glass substrate to the absorbent layer improves 

CIGS grains and the performance of the cell [11]. 

3.2.6. Antireflection layer (ARL) 

The antireflection layer is used to improve performance by eliminating the losses by 

reflection of the electromagnetic radiation from the sun. The principle of action of anti-

reflection coatings is based on the interference of light beams in the thin dielectric layers. If 

the thickness of the dielectric layer is equal to: 

 

Ὠ    N = 0, 1, 2, 3 é ω 

We obtain the cancellation of the beams reflected at the airȾARL and ARLȾsemiconductor. 

For high efficiency solar cells, anti-reflective layer is used (with two different dielectrics). 

Various antireflective layers are used in photovoltaics: TiO2, SiO2, ZnS, MgF2, SiNx, etc. 

[12]. 
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3.2.7. Top grid 

For the front grille, a metal layer or a stack of two layers is typically used. The first layer of 

the front grid must establish an ohmic contact with the window and must have a high melting 

point to prevent the diffusion to the cell during the operation period. Nickel is usually used 

for this purpose. The bottom layer should be a good electrical conductor and aluminum is 

often used. 

Stability over time is necessary for a good solar cell. The diffusion and reaction at the 

interfaces must be controlled. Good adhesion between the different layers of the cell is also 

important. Finally, all cell materials should be cheap and abundant. 

 

Fig. 9: Schematic diagram of high efficiency solar cell with thin layer of CIGS [13] 

 

Fig. 10: Evolution record performance for different laboratory photovoltaic cell technologies. Source: NREL 

[14] 
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Fig. 11: Distribution of market shares of the major photovoltaic cells [15] 

4. Principle of solar cell operation 

4.1. Introduction  

Photovoltaic energy conversion in solar cell consists to convert directly light of the sun into 

electricity. The absorption of light generates electron-hole pairs which are separated electron 

in the n-side and hole in the p-side of the structure of the device. 

4.2. Electrical characteristics 

   4.2.1 The ideal solar cell 

Current source connected in parallel with a rectifying diode represented an ideal solar cell as 

shown in Fig. 12. I-V characteristic is described by the follow equation: 

) Ὅ Ὅ ÅØÐ
ήὠ

ὑὝ
ρ ρπ 

 

Fig. 12: The equivalent circuit of an ideal solar cell (full  lines). Non-ideal components are shown by 
the dotted line [16]  

 

where ὑ is the Boltzmann constant, T the absolute temperature, q the electron charge, and 

V the terminals of the cell voltage. Io is the saturation current which served to reminder that a 
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solar cell in the dark is simply a semiconductor current rectifier, or diode. Ὅ  is related to the 

photon flux incident on the cell. 

In the ideal case, Ὅ , short circuit current is equal to the photogenerated current Ὅ , and ὠ , 

the open circuit voltage is given by: 

ὠ
ὑὝ

ή
ÌÎρ

Ὅ

Ὅ
  ρρ 

The maximum power generated by the cell at a voltage ὠ  and current Ὅ and a fill factor 

FF, between 0 and 1, defines the idealism characteristic of the I-V is given by: 

ὊὊ
ὠὍ

ὠὍ
  ρς 

 where  

ὖ ὠὍ  ρσ 

and  

ὖ ὠὍ   ρτ 

4.2.2. Solar cell characteristics in Practice 

In practice, I-V characteristic of solar cell differs to some extend from the ideal 

characteristic. A second diode with an ñideal factory of 2ò is used to fit an observed curve. 

The solar cell may contain series resistance (Ὑ) and parallel resistance (Ὑ ) leading to the 

follow equation: 

Ὅ Ὅ Ὅ ÅØÐ
ὠ ὍὙ

ὑὝ
ρ Ὅ

ÅØÐὠ ὍὙ

ὑὝ
ρ

ὠ ὍὙ

Ὑ
 ρυ 

The effect of the second diode, and of then series and parallel resistances, on the I-V 

characteristic is shown in Fig. 13, Fig. 16 and Fig. 17, respectively. 
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Fig. 13: I-V characteristic of the solar cell in the two diode model for three values of the ratio ὍȾὍ [16] 

   4.2.3. The quantum efficiency and spectral response 

The quantum efficiency of a solar cell is defined as the ratio of the number of electrons in the 

external circuit produced by an incident photon of given wavelength. Thus, one can define 

external and internal quantum efficiencies (denoted by EQE(ɚ) and IQE(ɚ), respectively). 

They differ in the treatment of photons reflected from the cell: all photons impinging on the 

cell surface are taken into account in the value of the EQE but only photons that are not 

reflected are considered in the value of IQE. 

Two types of quantum efficiency of a solar cell are often considered: 

¶ External Quantum Efficiency (EQE) is the ratio of the number of charge carriers 

collected by the solar cell to the number of photons of given energy shining on the solar 

cell from outside (incident photons). 

¶ Internal Quantum Efficiency (IQE)  is the ratio of the number of charge carriers 

collected by the solar cell to the number of photons of given energy that shine on the 

solar cell from outside and are absorbed by the cell. 

The IQE is always larger than the EQE. A low IQE indicates that the active layer of the solar 

cell is unable to make good use of the photons. To measure the IQE, one first measures the 
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EQE of the solar device, then measures its transmission and reflection, and combines these 

data to infer the IQE. 

 

EQE
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Ⱦ
   ρφ 

 

EQE
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 Ⱦ
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Fig. 14: Quantum efficiency of a silicon solar cell. Quantum efficiency is usually not measured much below 

350 nm as the power from the AM1.5 contained in such low wavelengths is low [17]. 

 

The spectral response (denoted by SR(ɚ), with the units AȾW) is defined as the ratio of the 

photocurrent generated by a solar cell under monochromatic illumination of a given 

wavelength, to the value of the spectral irradiance at the same wavelength. Since the number 
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of photons and irradiance are related, the spectral response can be written in terms of the 

quantum efficiency as shown in equation (20). 

 

ὛὙ‗
ή‗

Ὤὧ
ὗὉ‗ πȢψπψ‗ὗὉ‗ ςπ 

 

where ɚ is in micrometers. Spectral response in (20) can be either internal or external, 

depending on which value is used for the quantum efficiency. 

 

4.3. Typical solar cell structures 

 4.3.1. The p-n junction 

A p-n junction is formed when a p-type doped portion of the semiconductor is in interface 

with an n-type doped portion. As a fundamental component for functions such as 

rectification, the p-n junction forms the basic unit of a bipolar transistor.  If both the p-type 

and the n-type regions are of the same semiconductor material, the junction is called 

homojunction. If the junction layers are made of different semiconductor materials, it is 

heterojunction. 

 

   -Homojunction 

A homojunction is a semiconductor interface that occurs between layers of similar 

semiconductor material; these materials have equal band gaps but typically have 

different doping. In most practical cases a homojunction occurs at the interface between 

an n-type (donor doped) and p-type (acceptor doped) semiconductor such as silicon, this is 

called p-n junction. For example: p-SnSȾn-SnS. 

This is not a necessary condition as the only requirement is that the same semiconductor 

(same band gap) is found on both sides of the junction, in contrast to a heterojunction. An   

n-type to n-type junction, for example, would be considered homojunction if the doping 

levels are different.  

The different doping level will cause band bending, and depletion region will be formed at 

the interface. 

https://en.wikipedia.org/wiki/Semiconductor
https://en.wikipedia.org/wiki/Band_gap
https://en.wikipedia.org/wiki/Doping_(semiconductor)
https://en.wikipedia.org/wiki/N-type_semiconductor
https://en.wikipedia.org/wiki/Donor_(semiconductors)
https://en.wikipedia.org/wiki/P-type_semiconductor
https://en.wikipedia.org/wiki/Acceptor_(semiconductors)
https://en.wikipedia.org/wiki/Silicon
https://en.wikipedia.org/wiki/P-n_junction
https://en.wikipedia.org/wiki/Band_gap
https://en.wikipedia.org/wiki/Heterojunction
https://en.wikipedia.org/wiki/Band_bending
https://en.wikipedia.org/wiki/Depletion_region
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   -Heterojunction 

A heterojunction is a semiconductor interface that formed between two semiconductors of 

different energy gaps, a small band gap semiconductor known as ñabsorber,ò in which 

optical absorption takes place and a large band gap semiconductor, known as ñwindow,ò that 

is highly transparent to solar radiation. In the heterojunction, the front surface recombination 

loss is eliminated. However, interface recombination cannot be ignored. Two different kinds 

of configurations are possible: front-wall configuration in which photons first incident on the 

absorber layer, whereas they first incident on window layer in the back-wall configuration. 

For example: p-SnSȾn-In2S3; p-SnSȾn-CdS; p-SnSȾn-ZnO etc. 

-Series and shunt resistances 

Solar cells generally have parasitic series and shunt resistance associated with them, as 

shown in Fig. 15. Both types of parasitic resistance act to reduce the fill-factor. 

 
Fig. 15: Parasitic series and shunt resistances in a solar cell circuit [18] 

 

The major contributors to the series resistance (Rs) are the bulk resistance of the 

semiconductor material, the metallic contacts and interconnections, carrier transport through 

the top diffused layer, and contact resistance between the metallic contacts and the 

semiconductor. The effect of series resistance is shown in Fig. 16. 

https://en.wikipedia.org/wiki/Semiconductor
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Fig. 16: The effect of series resistance on fill factor [19] 

 

The shunt resistance (Rsh) is due to p-n junction non-idealities and impurities near the 

junction, which cause partial shorting of the junction, particularly near cell edges. The effect 

of shunt resistance is shown in Fig. 17. 

 
Fig. 17: The effect of shunt resistance on fill factor in a solar cell [19]. 

 

Since the fill factor determines the power output of the cell, the maximum power output is 

related to the series resistance, as given approximately by: 

 

ὊὊ ὊὊ ρ ὶ  ςρ 

Or, empirically but more accurately 



 

47 
 

 

ὊὊ ὊὊ ρ ρȢρὶ
ὶ

υȢτ
  ςς 

 

which is valid for rsṊ and vocṋ10 

 

ὶ
Ὑ

Ὑ
   ςσ 

Ὑ
ὠ

Ὅ
   ςτ 

5. Industrial Application  

The conditions that required an alternative thin buffer layers to be used in the photovoltaic 

industry thin layers are: 

- A high efficiency: at least comparable to that of CdS buffer layer. 

- The industrial feasibility of the deposition method, a method that does not break the cycle 

of production, suitable for large-scale deposit and ensures reproducibility and process 

stability. 

- The compatibility online: vacuum deposition method is preferred but more expensive 

which means that the research was done with other techniques such as Chemical Spray 

Pyrolysis. 

-  Stability: A long stability of cell in long-term working conditions. 

6. Conclusion 

As you see, facing to a major energy crisis due to a sharp increase in the world population on 

the one hand, the emergence of newly industrialized countries and global warming due to 

fossil energy sources such as oil, coal etc. in the other hand, "alternative" energy sources of 

such as solar, wind etc. will reduce the harmful effects of an unrestrained consumption of 

fossil energy sources. But the so-called renewable energies such as solar should be supported 

in research in order to improve their performance which is still low compared to those of 

fossil fuels. Indium trisulfide for example is the material used in this doctoral thesis as an 
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alternative buffer layer to CdS, which is a material, certainly gives good performance as a 

buffer layer but also it contains cadmium element that threatens environment by its toxicity. 
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Chapter II: State of Art 

 

1. In2S3 Thin Films Review 

1.1. Introduction  

Semiconductor compounds, III -VI , where III is In or Ga and VI is S or Se are too attractive 

in recent years because of their technological applications as buffer layer in solar cells. In2S3 

(Eg 2.5eV) is used to replace the CdS in solar cells based on Cu(In,Ga)Se2 [1]. It is not only 

used to remove cadmium which poses an environmental problem but also to enhance the 

transmission in the region of short wavelengths (blue). In2S3 is also used in other cases for 

preparing the CuInS2 which is one of the most promising absorber layers in photovoltaic thin 

film. 

The aim of our work is to prepare thin films of In2S3 by Chemical Spray Pyrolysis method 

and to characterize all films for use in photovoltaic solar cells as buffer layers. 

1.2. In2S3 thin films properties  

1.2.1. Crystallographic structure 

In2S3 belongs to the III-VI family of semiconductors which are derived from semiconductor 

II -VI by replacing the element of column II by the element of column III. There are mainly 

three allotropes Ŭ, ɓ and ɔ where ɓ phase which crystallizes in quadratic form is the most 

stable. The hexagonal ɔ-In2S3 phase obtained at high temperature is stable above 750 °C. The 

ɓ-In2S3 phase, which is the most stable at room temperature, has dark red color and spinel 

structure. The Ŭ-phase In2S3 cubic structure may be stable at room temperature according to 

the deposition method used for its development. At low temperature, Ŭ-cubic metastable 

phase with 5.358Å lattice parameter is formed with 70% of the indium atoms in the 

octahedral sites and the rest in tetra websites [2]. The Ŭ-phase passes to ɓ-phase irreversibly 

at 360 °C in which 8 of the 12 tetrahedral sites are occupied by the ñInò atoms and 4 vacant. 

All octahedral sites are occupied by atoms of ñInò and we can write In6(In2ǏS)12 where Ǐ are 

vacant sites and the parenthesis represent the tetrahedral sites [3]. A small fraction of indium 

atoms could leave their positions and occupy the vacant site leading to the simultaneous 
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existence of interstitial atoms and vacant sites resulting in a high degree of disorder in the 

crystal of In2S3 [4]. 

In the Table 1 are grouped structural characteristics of the main phases present in In2S3 

layers. 

Table 1: Structural characteristics of In2S3 allotropic phases [5] 

Compound Lattice parameters Space groups 

Ŭ-In2S3 a 5.358 F3m 

ɓ-In2S3 a 7.62 

c 32.36 

I41Ⱦamd 

ɔ-In2S3 a 3.85 

c 9.15 

Pm1 

 

 

Fig. 1:  Crystal structure of ɓ-In2S3 

1.2.2. Phases in the In-S system 

The phase diagram in Fig. 2 allows us to identify the material we study in this thesis. Duffin 

et al [6] and Ansell et al [7] show that at thermodynamic equilibrium room temperature and 

atmospheric pressure there are three phases: 

-InS (Orthorhombic) 

-In6S7 (Monoclinic) 

-In2S3 (Tetragonal Ⱦ Cubic) 
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Gödecke et al [8] who established this diagram shows that the stable and stoichiometric In2S3 

phase, at room temperature, is obtained up to 420 °C and has tetragonal structure. Above  

420 °C, the ɓ-In2S3 phase transforms into Ŭ-In2S3 cubic structure up to 750 °C. Between    

750 °C and the melting temperature of 1090 °C, the stable tetragonal In2S3 ɔ-phase is 

obtained. Generally, three changes mentioned above are based on an organization of the 

sulfur atoms in a cubic sub-lattice. 

 

Fig. 2: Extract from the phase diagram of the In-S [8] 

In Ŭ and ɓ phases, the tetrahedral and octahedral sites are occupied by the indium atoms like 

in the spinel structure (e.g. MgAl2O4) however all cation sites are not completely occupied. 

In the ɔ phase, the indium atoms exclusively occupy the octahedral sites. The unoccupied 

sites (vacant sites) are randomly distributed over the tetrahedral sites in Ŭ-phase and the 

symmetry is preserved. In the ɓ-phase, the vacant sites are ordered along the c-axis in a  41 

helical symmetry  causing a distortion of the crystal structure decreasing the symmetry 

resulting in the tetragonal structure. 

1.2.3. Optical properties 

Almost all of the II-VI compounds are semiconductor direct band gap with high absorption 

coefficient and emission (except HgSe2 and HgTe which are semi metals). The energy gap of 

In2S3 single crystal, measured with a direct gap, is 2.0 eV at room temperature [9]. But we 

observe in literature a fluctuation of this energy closely related to the method of preparation. 

Indeed, Teny. John T. et al [10] have reported band gap energy of 2.67eV for In2S3 prepared 
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by spray pyrolysis method before annealing and after annealing at 400 °C it becomes 2.62eV 

due to the improvement of the crystallinity of the layer after heat treatment. R. Ranjith et al 

have obtained bandgap of 2.49 eV with SILAR method (2sȾ2w) which becomes 2.39 eV 

(6sȾ2w), which shows that the energy gap decreases when the immersion time increases 

[11]. Layers of In2S3 deposited by Atomic Layer Epitay (ALE) show an energy gap of 3.3eV, 

which decreases to 2.25eV after annealing [12]. Indra et al. prepared thin layer of In2S3 by 

the Chemical Bath Deposition method (CBD) with an optical gap of 2.84 eV [13]. Anita. R. 

Warrier et al, with the SILAR method, showed a variation of the band gap energy from 

2.32eV to 2.92eV when rinsing time increases [14]. This is probably explained by the 

presence of oxygen in the layer. N. Barraud [15] observed an increase in the energy gap by 

the presence of sodium (Na) and explained this by the increase of the ionicity of the sulfur-

cation bond. The shift to shorter wavelengths (blue) is explained by Kim et al as the result of 

excess of sulfur in the material [16]. Yoshida et al and Yasaki et al explained the expansion 

of the energy gap of In2S3 by the effect of the grain size [17]. 

1.2.4. Electrical properties 

Studies done on In2S3 showed that its conductivity is still n-type, excepted one response of  

p-type highlighted by Becker when the nanocrystals are prepared with an excess of sulfur 

precursor or when InP is used as source indium. Electrical measurements on thin films 

prepared by the SILAR method (R.S. Man and C.D Lokhande) showed high resistivity of 

1.2342.10
5
 ɋ.cm [18] with a decrease of resistivity when the temperature increases 

confirming the semiconductor behavior material. Teny. John T. et al [10] observed that In2S3 

layers deposited by spray are all n-type and the introduction of oxygen during annealing does 

not change the type of majority carriers. Kundacki M. et al [19] found high resistivity of 

1.5.10
7
ɋ.cm of In2S3 prepared by SILAR at 300K they explained by the nanocrystalline 

nature of film, the discontinuity of the grain boundaries and the presence of defects in the 

material. Bessergenev et al [20] noted that the effect of the substitution of sulfur by the 

oxygen in the indium trisulfide (In2S3) increases the conductivity. The electrical conductivity 

also increases with the presence of sodium (Na) in the film. When sodium is introduced into 

the crystal matrix, it creates a disorder by occupying certain part of the tetrahedral sites 



 

54 
 

which be explained the increase in conductivity [20]. However, N. Barreau et al noted that 

when the introduction of sodium exceeded certain value all the tetra sites are occupied 

resulting in less disorder in the material and a decrease in electrical conductivity [21]. The 

introduction of oxygen into the material changes the property of the grain boundaries giving 

as result an increase of the electrical conductivity of the layer [22]. 

1.2.5. Morphological properties 

An excess of sulfur with respect to the stoichiometric value leads to an increase in the lattice 

parameters ñaò and ñcò [23]. B. Asenjo et al obtained a porous surface formed of spherical 

aggregates of micrometric of In2S3 prepared by electrodeposition and the annealing had no 

effect on the morphology [24]. Yahmadia et al observed fibrous structure with the presence 

of In6S7 secondary phase [25]. R. S. Mane and L. D. Lokhande deposited In2S3 thin film by 

SILAR, homogeneous, without cracks, and covering the whole surface of the substrate [18]. 

Teny. T. John et al have reported dense spray-coated layer with uniform grain sizes after 

annealing at 300 °C compared to as-deposited film [10]. A dense and homogeneous film was 

also obtained by Indra Puspitasani et al by CBD method [13]. Yoshida et al have reported 

large variation of the morphology with the temperature of the reaction [26]. 

1.2.6. Technical synthesis of In2S3 thin films  

Panoply of techniques exists for the preparation of indium trisulfide (In2S3) thin films. 

Among them, the most used techniques are thermal evaporation [27], RF sputtering [28], 

Atomic Layer Deposition (ALD) [29], Metal Organic Chemical Deposition (MOCVD) [20], 

Chemical Spray Pyrolysis (CSP) [30], Spray Ion Layer Gas Reaction (ILGAR) [31], Spin 

Coating [32] and Chemical Bath Deposition (CBD) [33]. The deposition method generally 

has significant effect on the properties of layers and the cost of production. The chemical 

composition of materials depends on the deposition method used and generally when the 

technique requires the use of chemicals as source, residual elements are often detected in as 

the chore (InCl3) detected in films deposited by ALD [29], Spray Pyrolysis [34] and CBD 

[33]. However, the techniques leading to less contamination are those of PVD (Physical 

Vapor Deposition) such RF sputtering and thermal evaporation. 
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The solar cell based on CIGS with In2S3 as buffer layer and prepared by CBD leads to an 

efficiency of 15.7%. [35] 

In2S3 deposited by ALCVD as buffer layer leads to an efficiency of 13.5% on a small area 

[36]. Naghavi et al obtained with In2S3 and CIGS record efficiency of 16.4% using the 

ALCVD technology [37]. 

By adjusting the conditions of deposition and the thickness of In2S3 and CuInS2 thin films 

prepared by Spray Pyrolysis method, Teny Theresa John et al had an efficiency of 9.5% 

without anti-reflection layer [38]. 

The record efficiencies for Cu(In,Ga)Se2 with In2S3 as buffer layer and the best results are 

summarized in the Table 2. 

Table 2: The efficiency obtained from CIGS absorber layer and In2S3 buffer layer prepared using different 

methods. 

Deposition 

technique 

Research 

Institute 

Efficiency 

(%) 

Substrate 

temperature 

(°C) 

Annealing 

(°C) 

Référence 

ALCVD ENSCP 16.4 220 - [37] 

CBD ZSW 15.7
a,ls 

70 200 [39] 

ILGAR HZB 14.7
*  

220 - [40] 

PVD IPE 14.8 120 200 [41] 

Sputtering ZSW 13.3 220 200 [42] 

PVD HZW 15.2
*
 50 200 [43] 

*
Independent confirmed, 

a
active area, 

ls
light soaking, ENSCP: Ecole Nationale Supérieure de Chimie de Paris, ZSW: 

Zentrum fur Sonnenenergie-und Wassersto-Forschung, HZB: Helmholtz-Zentrum Berlin, IPE: Institut fur 

physikalische Elektronik, Uni Stuttgart 

1.2.7. Industrial Application 

The conditions required for an alternative buffer layers in order to be used in the 

photovoltaic industry thin films are: 

- A high efficiency: at least comparable to that of CdS buffer layer. 

- The industrial feasibility of the deposition method, a method that does not break the cycle 

of production, suitable for large-scale deposit and ensures reproducibility and stability of the 

process. 
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- The compatibility online: vacuum deposition method is preferred but more expensive 

which means that the research was done on other techniques such as spray pyrolysis. 

-  Stability: a long stability of cell in long-term working conditions. 

2. SnS Thin Films Review 

2.1. Introduction 

SnS compound is a material used in solar cells multiple layers as absorber layer. It belongs to 

the IV-VI family of semiconductors of the periodic table of elements. He focused attention 

of many researchers because of its elements, Sn and S, which are abundant in nature, non-

toxic and adequate physical properties such as its energy gap which is close to the ideal value 

(1.5eV), and wide absorption coefficient in order to replace absorbers as CIGS and CdTe 

which contain rare and toxic elements such as indium, gallium and tellurium. In addition, 

good quality SnS films can be fabricated at relatively low temperatures, supporting low-cost 

manufacturing. 

2.2. SnS thin films proprieties 

2.2.1. Crystallographic structure  

SnS is a p-type semiconductor belonging to IVɀVI compound and was first reported by the 

German mineralogist Herzenberg in 1932 [44]. It has an orthorhombic structure and in the 

structure, six S atoms surround one Sn atom in which three S atoms reside at a distance of 

2.68 Å  with interatomic angles of 88°100', 88°100', and 95°80'; and three additional S atoms 

at a distance of 3.38 Å  with interaction angles of 118°, 118°, and 75° [45]. The 

crystallographic properties of SnS are: crystal structureɀorthorhombic, lattice parameters:            

a  4.32Å, b  11.19Å, c  3.97Å, ratio of lattice constants: a: b: c  0.386: 1: 0.355, unit 

cell volume: V  191.91Å (calculated from unit cell) [46-47]. P. K. Nair et al obtained cubic 

SnS thin film via two chemical routes with a lattice constant ñaò of 11.587¡ [48]. 
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Fig. 3: Structure of SnS [49] 

 

 
Fig. 4: Schematic of diagram of double-layered structured SnS [50] 

 

2.2.2. Phase Diagram of the SnS System  

Albers et al have presented an extensive report on the equilibrium between the solid, liquid 

and gaseous phases of SnS establishing the phase diagram of material forms with Sn and S 

as SnS [51]. This diagram is very importance since beacause it allows to understand and to 

know the formation domain of compounds like SnS, SnS2, and Sn2S3 in terms of S: Sn ratio 

and temperature. 

 

Fig. 5: Phase Diagram of the SnS System [51] 
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2.2.3. Optical properties  

This compound has a direct bandgap near to 1.3eV [44], which is close to optimal band gap 

(1.5 eV) of solar cells and an indirect band gap of 1.1 eV [52] and has a high absorption 

coefficient (Ŭ >10
4
 cm

-1
) [45]. But we note in literature a fluctuation of this band gap energy 

closely related to the method of preparation. Indeed, B. Ghosh et al obtained band gap energy 

between 1.33 and 1.53eV of SnS high purity powder at substrate temperature of 250 °C and 

annealed at 200 °C and 300°C for two, four and six hours, and at 400 °C for two and four 

hours in argon ambience [53]. P. Sinsermsuksabal et al deposited SnS using Atomic Layer 

Deposition (ALD) at 200°C and obtained a decrease of band gap from 1.42 to 1.30 eV when 

the film thickness increases from 97 to 330nm [54]. Pramanick et al used Chemical Bath 

Deposition (CBD) to prepare n-type SnS thin films at room temperature with 1.51eV band 

gap energy [55]. Rodriguez et al deposited SnS by Chemical Spray Pyrolysis (CSP) 

technique using SnCl2 and N, N-Dimethythiourea as sources of tin and sulfur, respectively 

and obtained a band gap of 1.70eV for films deposited at 320-396 °C [56] while Thankaraju 

et al obtained n-type SnS films by the same technique using SnCl2 and thiourea as sources of 

tin and sulfur onto FTO and obtained indirect band gap of 1eV [57]. Chamberlain and 

Merdan obtained an indirect energy gap of 1.13 ± 0.02 eV and 1.22 ± 0.02 eV at 77K and 

direct energy gap of 1.43  0.02 eV of single crystal specimens of p-type SnS [58]. 

2.2.4. Electrical properties 

SnS is p-type semiconductor but some researchers convert p-type SnS into n-type by doping. 

Indeed, G. G. Ninan et al deposited SnS doped with copper (Cu
2+

) using Chemical Spray 

Pyrolysis and obtained n-type SnS:Cu and annealing could not produce any notable effect on 

conductivity [59]. W. Albers et al were prepared SnS crystal by melting the components in 

an evacuated quartz tube at about 900 °C and obtained p-type semiconductor with a hole 

density between 10
17

 and 10
18

 cm
-3
 at room temperature [60]. J.S Anderson and M.C Morton 

measured the conductivity of stannous sulfide between ordinary temperature and 400 °C, and 

follow the express:  

ů(T)A1e
-E1/KT

+A2
-E2/KT

,
 
where the first term, A1, E1 are relatively small (A1 01-10;  

E1 00.1-0.35eV), dominates the conductivity at lower temperatures, while the second term 
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(A2 300-1200; E2 ca.0.6eV) dominates the conductivity at higher temperatures. They 

attributed the changes in the conductivity to the stoichiometric excess of non-metal in the 

lattice [61]. 

2.2.5. Morphological properties 

P. Sinsermsuksakul obtained SnS films composed by small grain with rectangular-plate 

shape coalescing together in films of ͯ90nm-thick SnS film (1000cycles). When the 

temperature increases from 200 to 300 °C, crystallinity of films increases with sharp crystal 

facets and for films deposited for 4000cycles at 120°C (3ͯ70nm) and 200 °C (ͯ330nm) 

elongated platelets oriented perpendicular to the substrate surface are observed [54]. P. A. 

Nwafe deposited pinhole and strongly adhered SnS films to the substrate using thermal 

evaporation. He obtained large leaf-like grains or rice-like grains depending on the 

deposition conditions [62]. T. H Sajeesh prepared SnS thin films using Chemical Spray 

Pyrolysis with different substrate temperatures and observed smooth surface with regular 

spherical grains at Ts300 °C while when Ts375 °C sample had needle like polycristalline 

growth [63]. Sunil H. Chaki et al synthesized SnS thin films by Chemical Bath Deposition 

dip coating and SILAR techniques and obtained well uniformly covered, smooth and 

homogeneous films without pinholes and cracks with grain size in the nanometer (nm) range 

[64]. 

3. CdS Thin Films properties 

3.1. Introduction 

Cadmium sulfide (CdS) thin films belong to the II-VI family compound of periodic table of 

elements and having a band gap of 2.42eV. CdS polycristalline films have wide range of 

application especially in CuInxGa1-xSe2 and CdTe solar cells, respectively as buffer layer and 

window layer materials [65-66]. It is deposited by different kind of method but most 

effective is the Chemical Bath Deposition (CBD). Structural, optical, and electrical and 

morphological properties of some previous studies are illustrated in this chapter. 

 

3.2. CdS thin films properties 

3.2.1. Crystallographic structure 
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The CdS exhibits hexagonal and cubic structures or mixed. The former is preferable for thin 

film solar cell applications, despite of higher lattice mismatch of 1.2% with CIS as compared 

to 0.7% of cubic CdS owing to stableness [67]. Indeed, A. A Yadav et al deposited 

nanocrystalline cadmium sulphide thin films using Spray Pyrolysis. They observed 

polycristalline hexagonal structure CdS thin films with CdO as secondary phase at 300 °C. 

Elsewhere, they noticed that the increase in the peak intensity from 275 to 300 °C substrate 

temperature may be attributed to the continuous increase in film thickness [68]. M. A. Islam 

et al performed CdS thin films using Close Spaced Vapor Transport (CSVT), Chemical Bath 

Deposition (CBD) and sputtering techniques. All films have polycristalline structure with 

(002) as relatively highly oriented peak along ñcò axis. Otherwise they observed that the 

number of CdS peaks found for CBD process well exceeds the peaks in films grown by 

CSVT and sputtering. However, peak height along the (002) plane is observed quite higher 

for sputtered CdS film indicating the better crystalline quality [69]. Salah Abdul-Jabbar 

Jassim et al study the influence of substrate temperature of CdS thin films using thermal 

evaporation technique for deposition. It is seen that films are polycristalline in nature with a 

predominant peak at 2ɗ30.9° which can be assigned to CdS hexagonal plane (002). When 

the substrate temperature increases, the intensity of (002) peak decreases [70]. A. Ashour 

obtained polycristalline CdS thin films deposited by Spray Pyrolysis at various substrates 

temperatures (200 °C -300 °C -400 °C) with (002) as main peak with an improvement of 

crystallinity with temperature without formation of secondary phase [71]. 

 

 
 

Fig. 6: Hexagonal structure of CdS. 

3.2.2. Optical properties 


