UNIVERSITAT POLIT ECNICA DE VAL ENCIA
DEPARTAMENT DE F [SICA APLICADA

Instituto de Disefio y Fabricacion para la produccion Automatizado

Preparation and Characterization of SnS thin filmsby
Chemical Spray Pyrolysisfor fabrication of solar cells

Doctoral Thesis

Presented by:

Thierno SALL

Supervisor: Prof. Bernabé Mari SOUCASE

Decenber, 2017



Preparation and Characterization of SnS thin filmsby
Chemical Spray Pyrolysisfor fabrication of solar cells

\ UNIVERSITAT
F) POLITECNICA
S’ DE VALENCIA

Instituto de Disefio y Fabricacigmara la Produccion Automatizada
Departament de Fisica Aplicada

Universitd Politecnica de Vahcia

Doctoral Thesis

Presented by:

Thierno SALL

Supervisor: Prof. Bernabé Mari SOUCASE

Decenber, 2017



UNIVERSITAT
POLITECNICA
DE VALENCIA

Dr. Bernalé Mari Soucase, catedratico del Departamento de Fisica Aplicada de la Escue
Técnica Superior de Ingeniardel Disefio de la Universidad Politécnica deen@h y
Director del Laboratorio de Semiconductores de la UPV.

INFORMO QUE:

La pr esent Prepandionoand Gharactdiization of SnS thin films by
Chemical Spray Pyrolysisf o r fabri cat i oha Sidofrealigaold l@ajo mic e
direccion en el Departamento de Fisica Aplicada de la Escuela Técnica Superior
Ingeniefa del Disefo de la Universidad Politecnica de Valencia por el licenciado en Fisic
Dr Thierno SALL, y que constituye su tesis para optar al grado de Doctor en Fisica.

Y para que asi conste, en cumplimiento de la legislacion vigente, presetda en
Universidad Politécnica de Valencia la referida Tesis Doctoral, firmado el presente inform
en

Val en cé B01a é

Fdo.: Bernab Mari Soucase

Catedratico del Departamento de Fisica Aplicada



In the name of God, the Gracious, the Merciful
1. Readin the Name of your Lord who created.

2. Created man from a clot.

96. Surah AlAlaq (The Clot)



| dedicate this

Thesis

To all my family

To my friends

To my teachers

To those who know me



A Qui abandonne son foyer pour se mettre en quéte du savoir suit la voie
Dieu.

L6oencre de | 6® ve est Oplus sacr

MAHOMET

AWho leaves his home to go in search of knowledge follows the path ¢
God.

Theink ofthestudents mor e sacred than th

MAHOMET

NQue sale de su casa para ir en busca del conocimiento sigue el can
de Dios.

Latinta del estudianteesm@asa gr ada que | a san

MAHOMET



« La démarche scientifigue n'utilise pas le verbe croire; la science
contente de proposer des modeles explicptidgisoires de la réalité; et
elle est préte a les modifier des gu'une information nouvelle apporte u
contradiction...].»

(Albert Jacquard¥1925201:fPetite philosophiea l'usage des non
philosophe1997)

«El enfoque cientifico no utiliza el verlmeer; La ciencia solo ofrece
modelos explicativos temporales de la realidad; y ella esta dispuest:
cambiar a medida que nueva informacion aporta una contradiccic

[...]»

(Albert Jacquard¥1925201:fPetite philosophiea l'usage des non
philosophe¥1997)

«The scientific approach does not use the verb belissience only
offers temporary explanatory models of reality; and is willing to chang
assoon asiew information brings a contradiction [..»]

(Albert Jacquard 71925201 :fPetite philosophiea lI'usage des non
philosophe#1997)



Acknowledgements

First of all and foremost!l would like toexpress my greategratitude toin ALL AHO

giving me the strength, courage and patience to complete this modest study.

| would first like to thank my supenas Prof. Bernalgé Mari SOUCASE forhis trust and
scientific assistance during tiehD period My gratitudeto him cannot be expressed in
words | also want to thanirof. Miguel MOLLAR for his decisive contribution to the

realization of this thesis.

This work was performed in semiconductoghysics laboratoryof the Universitat
Politecnicade Valéncia lea@dby Professor Bernabddari SOUCASE

| want to thank all members of the jury, starting with its presid@8ARCIA MANRIQUE,
JuanAntonioandTORTOSAJORQUES, MriaDoloresandSAHAL, Mustapha

| want to thank the members of the physics laboratory of semiconductors Whitrersitat
Politecnica de Valéncitor their hospitality and scientific assistance they have gigene

over the years.

| thank my father Oumar SALL; God has remowecbur affection on Sundathe 22" of
December, 2018uring the AiGrand Magal of Touba Day May God welcomes him this

Paradise and protect his familythank my mother for her patience and endurance.

This work would not have been the same without the influence of my entire family. | witnes
them here all my love. | thank my parents namely my moivédiji Gueye for education

and love she gave me. | witness them my trust and my love.

For All my Family

Dr. Thierno SALL



UNIVERSITAT
POLITECNICA
DE VALENCIA

PhD Thesis of Physics
Presented by:
Dr. Thierno SALL
Supervisor: Prof. Bernabé Mari SOUCASE

Title: Preparation and Characterization of SnS thin filmsby Chemical
Spray Pyrolysisfor fabrication of solar cells

Abstract:

Chalcopyrite semiconductors such @alnSe, CulnS, Cu (In,Ga)(S,Se) and SnSwere
used as absorbers in solar cells thanks to theirdfighencies due to their direct gap of the
order of 1.5eV (Culng and to their large absorption coefficient whighs of the order of

10° cm™. To improve thesefficienciesand avoid the peak effect at the absosbidow
interface, an intermediate gap buffer layer between the two Jaybmse ideal would be
28eV,wasr equi r ed. Thus -ing&sg hadiatiracted thesattdntiprin ehahye  (
researchers not only becausevés ecologicalandnone of its elementwas harmful to the
environment but also becausedauld 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 techniquesdhaeen used to optimize the deposition parameters.

So in this study we used:

-X-ray diffraction and Rama8pectroscopy 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 topographgughness.
-Transmission ané&hotoluminescence to study the optical properties of thin films.

b-In,S; thin layers prepared byChemical Spray Pyrolysis technique with different
[S]ATIn] ratios at different substrate temperatures stbpolycrystalline thin films with
(0 0 12) as the main peakdependentlyof the ratio and temperature of the substrate. A
decrease in the intensity of the main paashowever noted when the ratio pag$eom 2
to 3 for the temperature 250 °C but increhae300 °C. The peak (109) whickaslow at
250 °C and 300 °C increasm intensity at temperature 350 °C and this for all rafik@mman
spectroscopy confired the b-In,S; phase obtained by XRD for some samples analyzed and
elaborated at 250 °C. Homogeneous, dense and compaciwi@re®btained independently
of substrate ratio and temperature, and the BR@ysisreveaéd good stoichiometry for all
samples. For trangsission measurements we observed that the transmitiacoeasd

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

b-In,S; thin layers deposited byChemical Spray Pyrolysis technique at different
substrate temperatures (250 °8D0 °C 350 °C) showd well crystallized thinfilms with
(0 0 12) as preferred direction perpendicular to the plane comgaime surface of glass
substrate. SEM images sheavdense, uniformwell-coveed layers that adhedewell to
glass substratesnd no crack ando void spacewere noted fomll substrate temperatures.
Microanalysis X confirredthe presence of In and S elements with good stoichiometry aftel
vacuum annealing for 30 minutes. Raman spectroscopy analysis ahfirin,S; phase
with more prominent modes after vacuum annealing. We also noted a reduction in the g
energies after annealing for layergparedat temperatures of 250 °C and 350 °C while for

thosepreparedat 300°C the energy of the gap remains stable.

Il ndi um t #nkSgy thih Byerdmere siynbhesizedvith and without alcohol in the
bidistilled solvent. (0 0 12yvasobtained as the main peak with a maximum intensity at the

substrate temperature of 300 a8 shown by Xray diffraction. We also netl (107) peak



only in the noralcoholic prepared samples. Dense and compact homogeneous layers whi
adherd well to the glass substrate and without yvdmr films preparedwith 5% alcohog|
were obtained on the SEM images while for those prepared lidistilled water, we
observe somecracks. Layerdiad nearlythe same roughness independently of the solvent
but larger grain sizewere revealed by the AFM micrograptier the alcohoffree layers
Thin films produced with alcohol kahigher transmissiorthan those obtained without

alcohol.

Tin sulfide, SnS, thin films were prepared by Chemical Spray Pyrolysis (CSP) technique ¢
glass substrates at different substrate temperatures and with different molar ratio
precursors in the spray solution.

Tin mono-sulfide (SnS) thin films must be deposited onto glass substrate WiSh$]
ratio equal to one (1) and substrate temperature equal to 350 °C to obtained dense, w
covered, and homogeneofisns without pinholes and cracks. Distance between nozzle to
substratewas kept to 25cm, sprayed volume 5mL, air pressure 0.7bar and spray rate
1.5 mLAmin.

Films dopedwith Silver (Ag) and Aluminum(Al) areall orthorhombic structure with
(111) as main peak. The intensity of main peak inceeageen the percentage of dopant
element increaskin the initial solution without any secondary phase fodapingfilms and
with AgsSnS and Ag for Agdopingones SBM and AFM analysis shoed that Ag-doping
element hd no effect in the morphoby and the topography while Alloping affectedthe
surface morphology with Afishing neto |
from 3% to 7%. EDS highliglktdan increase of Ag in films when tlits amount increaskin
the solution with Sn 0.98 near to 1 at 5% of Agoping percentage where as for
Al-doping EDS highligredimprovement of stoichiometry with an increase of Al percentage
atomic in filmswhen Al concentration increasén the initial solution with FSn 0.99 at
10%. Electrical and energy band gap measurementest@awecrease of resistivityhenAg
and Al percentages incresisi n t he solution to reach r e
and 170q. cfanbothtand 1a® #crease of energy band gap when the Ag and
Al-doping elemerstincreasd in the solution with 1.66eV and 1.70eV for SnS dopeith
Ag and SnS dopedith Al, respectively.



SnS thin films dopedvith iron (F€*), XRD analysis revealed polycristalline samples
with (111) as main peak with SnfSg as secondary phase justifying the decrease of (111)
intensity withtheincrease of Feloping concentration.

Morphology changeame at 5% and 7% correspondit@ymore compact and denser films

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

Band gap energy of films increased with-diegoing from 1.50eV (pristine) to 1.77eV (5%)
and resistivity varied with doping percentage and reachedvhgh ue of 362 . 78

Spray pyrolyzed SnS thin films doped with indium were studied using various optica
and electrical techniques. Structural analysis shows that all films crystallize in orthorhomb
structure with (111) as a preferentialadition without secondary phases. Doping of SnS
layers with indium results in better morphology with increased grain size. Absorptior
measurements indicate dominant direct transition with energy decreasing from around 1.7
to 1.5 eV with increased indiusupply. 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 de
defect levels and one shallower wihergy of around 90 meV. The observed transitions did
not depend significantly on In concentration. The conductivity measurements reveal thermn
activation of conductivity with energy decreasing from around 165 meV to 145 meV witl

increased In content.

Finally, we were investigate the v characteristics  of
FTOICASISnS, FTQZnOXCdSISnS, FTAZnO:AIFCASISnS, FTAZnO:AIFSnS and
FTOMNn,S;ASnSsolar cel and we found that efficiencies are very low due probably to the

recombination at the junction, grain boundaries, etc

Thierno SALL
Universiat Politecnica de Vahcia

Decenber, 2017
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Chapter |: 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,
converting sunlight, produce electrical energy, photovoltaic solar energy, or heat, sol
thermal energy. Cleaenergy, renewable and economical, the solar ene&gghe most
equitably distributedenergy on our planet unlike fossil fuels (oil, coal ...). That is why all
countries of the world have access to and can bdnaiit it. However, due to the spherical
shape of the earth, the solar radiation is not iddngitall points of the globe. This is why
the countries closest to the equator receive more solar energy than theesaintated to

the poles. Figl shows the map of the average annual sunshine.

Carte du monde de I’ensoleillement moyen annuel

KWh/mz/jour
00-1 O1-2 O2-3 ~ 3-4 W4-5 E5-6 M6et+

Fig. 1: Map of the average annualnshine [1]

Thesun is a star, a huge ball of gas composed primarily of 70% hydrogen, 28% helium a
2% other atoms in the universe; its radius is 696 000 km and it is placed at 150 million k
from Earth. This distance is so great that the light reaches us eight seftentieiag sat
out with a velocity 0f300 000 knfs. Its radius is 109 times that of the Baf®96 000 km)
and its mass 33300 times that of our planet. The moon is 400 times smaller than the sur
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but 400 times closer to the Earth, which explains theagop size of two similar stars in the
sky, which can realize particularly during solar eclipses. Its temperature radibtore
compares the sun to a black body of 5700 K under the law of Stefan, gives it its yellow colc

So by analyzing the color, wean 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 whicl
together forms the solar radiation which is the only significant source of energy for th

atmogphere.

Our eyes perceive only a portion of solar radiation; one located in the area said visik
wavelength range from 0.40mand 0.8@ mThe sun, however, emits in a broad range of
wavelengths from (in the sense of small to larger wavelengths) gammémuayslengths
less than 1% m) to radio waves (of lengths wave reaching 1000 m), throkighys,

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 infrare
99% of the energy outside at Atdhe gduedrdee to s
the absorption of solar radiation by water vapor, the spectrum is limgedrds toabout

2. 5.em
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Fig. 3: Spectral density of the irradiance from direct sunlight: a) Solar radiation outside the atmosphere ar
b) Direct solar radiation on the groufiz]

Table 1: The irradiance of solar radiation outside the atmosphere in the various fields of wavi@gngth

Spectral region | Wavelength Irradiance Percentage (%)
(Hm) (W.m?)

Infrarouge >70 695 50.8
Visible 0.40a0.70 559 40.9
UV-A 0.30a0.40 86 6.3
Uv-B 0.28 a0.32 21 1.5
Uv-C <0.28 6 0.4

1.3. Constant illumination

The luminous intensity after ttean normally incident to the surface of the earth is called the
solar constant. This constant jspaoximately valued at 1.4 KW’ above the atmospheric
layer and is reduced tarthto 1 KWFm? due toreflection and absorption of the particles
present in the atmospheric layer. This loss is called "air mass" (AM). The AMO designatic
corresponds to an air mass zero for light inciddrdve our atmosphere at normal incidence.
AM1 correspond to the same light reaching the Earth's surface. The name refers to tf
AML1.5 air masscorrespondso light reachingat 48.2 degrees on the surface of the earth, a
weaker light of the fact that thkitkness of the crossing atmospheric layer is greater.

The formula AMm: m 17sin(A) with A the angle between the incidence of light rays and

the horizontal to the earth.
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atmosphere

Fig. 4: Various illuminations constarit3]

2. Semiconductors

The solid exists in twtates. In one state the atoms are arranged randondlystéteis
called amorphous while in the othestatethey are arranged relguly at the nodes of a

network and wesaidthatthis state is crystallized (what interests us in gtigly).

Theelectrons of an isolated atom orbiting the nucleus occupy discrete energy levels that e:
defines an electronic layer. In a crystal where a set of atoms is evenly distributed ener
states of the electrons become bands separated by empty spaces cdlieg loie to the

interaction between the atoms of the crystal. The upper band is the conduction band and
lower band valence band. Electric transport occurs in the conduction band since the electr

in the valence band are bound to the nucleus.

In insulating the valence band is full while the conduction band is completely empty. So th:
neither an electric field nor temperature can pass an electron from the valence band to

conduction band because the gap is several electron ¥&eV/).

In conducto there is an odd number of electrons per atom or there is an even number
electrons but with an overlap of the conduction band and the valence band. The number

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

In semconductor band gap is relativegmall (: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 groupsuratsemiconductors such as silicon (Si)
and germanium (Ge) in column IV of the periodic table of elements and compoun

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

Group IIIFV: an element of column [l combinagith one elemenodf column V: InP, InSb,
GaAs,...

Group III-VI: an element of column Ill combined with one elemehtolumn VI: InS;

Group IFVI element of a column Il combined with an element of Column VI: CdTe, ZnTe,
ZnS, Cds...

Group IV-VI: an elementf column IV combined with one elemeoitcolumn VI Sn$, PbS,
PbTe, SnS... ..

Group HII-VI,: an element of column | combined with an element of column Ill and an

elementof column VI: CulnS, CulnSe.

2.2. Band Structure

The semiconductors aotassified into two groups according to their band structure:

-When the maximum of the valence band is below the minimum of the conductionitband

was a direct gap. In other words the extrema correspond to the same value of k, that is to
the same mommum p. During the transition, the electron may emit a photon whose
wavelength is directly related to the energy distance (operating principle of light emittin

diodes and laser diodes).

-When on the other hanthe extrema are offseit is calledindirect gap. For an electron
transits from the conduction band to the valence band, it bakbsa change in energy and k
therefore a change in momentum. This change is made by an exchange of momentum v

thelatticein the form of vibration (phonon).
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Fig. 5. The representation of the absorption of light in a direct gap and ingapscbf semiconduct[4]
2.3. Intrinsic Semiconductor

Semiconductor issaid intrinsic if the vast majority of carriers (electrons and holes) are
generated by the atoms of tekemiconductor. And in this case an electron receives certain
energy can pass from the valence band to the conduction band. The number of holes in
valence band corresponds exactly to the number of electrons in the conduction band. A
with increasing émperature the number of electrons in the conduction band increase
because the electrons that were in the valence band received enough energy to pass int

conduction band.

The filling statistical energy levelsbeys toFermiDirac distributionsince he electrons and
holes are fermions that are to say particles ofinédiger spin. The probability of occupancy

of an energy level E by an electrahthetemperature T is given by the following formula

[5]:

A

P
06 O P
p ApE 7
Kg is Boltzmann's constant, s the Fermi level, that is to say the average statistical level
occupied by all of the charge carriers and whatever the temperature, probability

occupancy for tis state energy is always eqtat, ¢ the number of elémns in an intrinsic

semiconductor, &denotes the lowest energy level of the conduction band addribtes the

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

electronn andthe concentration of holearegiven by the following expressions:

Agpb—— ¢ D . Agpb—— o

Where . q 32 1

Nc and N, are the effective densities of states rfor electrons and holes respectively and
kis the reduced hRI’'gdgnck constant (Kk

b1 1 ¢

L,d z
(o I

[F ||'-. | |— with dz éaz X

A * is the effective mass of electrons
A ° 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:

O

c y

The conductivity of the semiconductor depends on the number of free electrons: when tl
number increases the conductivity increases. Therefore, the conductivity of an intrins

semiconductor increases with temperatur

2.4. Extrinsic Semiconductor

Semiconductor is said extrinsic when dopeel when a small amount of foreign atoms
(impurity) is added into the semiconductor to modify its conductivity properties. Doping ¢
semiconductor is therefore to introduce into rmatrix, 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 irproducing an excess of electrons, which are negatively

charged.

- p-type dopingwhich consists iproducing an electron deficit, therefore an excess of holes,

consideed positively charged.

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

of Mendeleeyv, in relation to thelumn of the atom it replaces.

If the dopant atom belongs to the same column as the atom it replaces, they :
isovalent (or isoelectric). The valence electrons of the impurity atom exactly replace tr
electrons of the original atom. Electricabnoluction properties of the material are not

changed.

If the dopant atom belongs to the previous column, it then lacks a peripheral electron
restore all the initial covalent bonds. It appears an electron deficiency, i.e. a hole. The atc
inseredis calledacceptor (electron), because it is able to receive an additional electron froi

the valence bandt is a p-type doping.

If the dopant atom belongs to the next column, it has an extra electron compared to f
initial atom. The initialcovalent bonds are restored, but one of the electrons is not used i
those links. It istherefore in a free state of systeithe atom inserteds called donor

(electron). It is an typedoping.

A single dopant atom can be both donor and acceptisrcalledamphoteric. This is
for example the case of silicon (Si column 1V), which is a dogantgallium arsenide
(GaAs): if the Si gets substitution of one atom of gallium (lll column), it is electron donor. If

it substituted an atom of arsewiCArsenic (column V)it is acceptor.

For examplefor silicon we can intentionally introduce an atom of column III (Boy or an
atom from column V (Phosphorus or Arsenic). If a phosphorus atom substitutes a silicc
atom, it forms four bonds with dilicon atomsneighbors. The thermalgitationis sufficient
to release the"selectron bound to the phosphorus atom, which subsequently will be free t
move in the crystal thus increasing the number of free electrons in the conduction band &
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therefore particigting in theelectricalconductionof the semiconductor. It is said that the

silicon is doped #type and the phosphorus atontadleddonor atom.

A donor atom such as phosphorus into the silicon gives an energy level allowed in the g
(Ep). This level is located a few meV below the conduction band and low energy can pa

the electronsof donor level to the conduction band. At room temperature the electrons hav

enough energy——  25.6meV) to move frondonor level to conduction bandnizing,

therefore positivdy donor atoms (P.

additional electron
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Fig. 6: Doping silicon with arsenic {type semiconductdi6]

In the other hand if a silicon atom is substituted by a boron atoich has 3 electrons in its
outer layer, the boron atom form threeund with three silicon atoms and it faile satisfy
electron 4 bonds. Aus it captures an electron creating a hole in the crystal. The hole catr
move in the crystal participating in the electric conduction. These boron atoms are referred

as acceptor atoms

Similarly the introduction of boron in the silicon atom gives an energy level allowed in the
gap (&), which is located a few meV above the valence band. At room temperature tr
electronsof thetop of the valence band have enough energy to pass thitoeigimergy level

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

atoms (B).
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Fig. 7: Doping silicon withboron(p-type semiconductor) [7]
3. Structure of Solar Cells lasedon thin films

Solar cells based othin layers are composed of several layers. Generally there is the
substrate, the transparent conductive oxidé@) the buffer layer (rtype), the absorbent
layer (ptype) and the metal contact. Each component has different physical and chemic
propertes that affect the performance of the entire solar cell. Each component has a crys
structure, a microstructure, a lattice parameter, an electron affinity, a diffusion coefficient e
... different. The interfaces between the thin layers may have defet®nergy states at the

interfaces, recombination centers, indgfusions and chemical changes.

3.1. Substrate and "Super Substrate" configurations

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

the "sulstrate” configuration, the substrate is either a metal or a glass coated with a th
metal layer which acts as a contact. The structure of the solamubstrate configuration:
Glasd@Metalf TCOFfabsorbefbuffer laye@metal contact and the cell is illumieat front
side. In the "supesubstrate” configuration the glass substrate is not only a support but at tt
same time window for illumination. In the "supsubstrate" configuration, the substrate is
transparent and the conductive oxide deposited on thstratéd serves as contact. The

structure of the solar cell "supsubstrate" configuration is:

Glas¥TCOfbuffer layefabsorbefContact metal anthe illumination take place throughe

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 int

electricity. It must have the followingroperties:

- Ideal gap energy is of the order of 1.5eV (C)nand 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 ¢
illumination with a thinlayer (1& m) . The 1 ndir erstypicgly lpave ane mi
absorption coefficient lower than direct geggmiconductorsThe semiconductor chalcopyrite
structure for the photovoltaic application, such as Cul@fd Culn$, which have a direct
gap, has a highbsorptioncoefficient (16cm™). A promising new layer is being studied by
many laboratory namely GanSng (CZST). This is a layer whose constituent elements are
abundant, nottoxic and whose corresponding chemicals are cheap. It has a gap of ener

around 1.5eV and its absorption coeiffnt exceeds fom™.

- Diffusion length and very large life duration are needed for minority carriers to have a hig
efficiency. However, these conditions are very difficult to fulfill for a thin layer due to the
fact that the distance that the carrieese to travel is very small for diffusion in the cell. To

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

and reduce the carrier mobility is required.

-No degenerey should only be possible in the materiagdgardless of defects because

produces a short circuit.

Metal grid

Il 1 L 1
ZnO
cds |
Cu(ln,Ga)Se,

Glass substrate

I
|

Fig. 8: Crosssection of the scanning electron microscope of a solar cell based on a thin layer of
Cu(In,Gape [8]
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3.2.2. Buffer layer

The buffer layers are used to form a heterojunction wehabsorbent layer to provide a
"soft" transition between the absorber and the transparent conductive oxide. It must allc
light to reach the absorbent layer without photocurrent generation in the buffer layer. Tl

requirements for a buffer layer are:

- Wide energy gap for better transmission in the visible range, for example, Cd¢
(Eg 2.4eV),Cul (Eg 2.9eV) InS; (Eg 2.1e\-2.9eV).

- Perfect junction is that separates the electrons and holes. This is possible if th
discontinuity betwee the buffer layer and the absorbent layer is done without band offset fo
minority carrierscontrariwiseit must be a large potential barrier for majority carriers. But if
there is a bandffset for minority carriers in the buffer layer, thepauld leadto peak
formation (spike). A band alignment with moderate peak is rather ideal however the preser
of peak means that the band offset decreases the minority carrier and the interface beco

less selective.

- Lattice mismatch at the junction is importainboth layers bufferand absorbenare well
oriented. Inmicrocrystalline layersthe lattice mismatch varies spatially and so we will have

an average lattice mismatch.

- Sufficient doping of the buffer layer is required to eliminate the generatianimdrity
carriers (leakage) and to maintain the Fermi |lewehy fromthe 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 ti
researchers are working to find him alternative layer because cadmium is toxic. For

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

3.2.3. Transparent Conductve Oxide layer (TCO)

The transparent conductive oxide istype with good electrical conductivity and high
transmittance in the visible range. The conductivity of the TCO depends on the carrie

concentration and mobility. The increase in carriers could lead to an improvement in tf
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absorption of free carriers, which reduces the transparency of the TCO in theffield
wavelengths. Increase mobility by improving the crystalline properties leads to a goc

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

3.2.4.Back Contact

In the "supeisubstrate" configuration it is beneficial to use aanat with a wide band gap
to increase the selection of types of carriers and reduce recombination [9] interface. In t
"substrate" configuration, for an ohmic contact, a metal can be used with a "work functior

higher than that of the-fype layer.

3.2.5. Substratum

The substrate should be stable atrttamufactuing temperature of the solar cell. It should be
also adherentwith the layer deposited on it. Generally a glass is used for solar cells anc
avoidng diffusion of substrate impurities into the deposited layer. But sometimes diffusior
of impurity from the glass towardbe deposited layaran have a beneficial effeldO]. For
examplesodium which diffused from the glass substrate to the absorbentitayssves

CIGS grains and the performance of ted [11].

3.2.6. Antireflection layer (ARL)

The antireflection layer is used to improve performance by eliminating the losses &
reflection of the electromagnetic radiation from the sun. The principle tanaof antt
reflection coatings is based on the interference of light beams in the thin dielectric layers.

the thickness of the dielectric layer is equal to:

Q N=0, 1, w2, 3 ¢é

We obtain the cancellation of the beams reflectatte@tifARL and ARL ¥semiconductor.

For high efficiencysolar cells antireflective layer is used (with two different dielecsjic

Various antireflective layers are used in photovoltaics:,,TEO,, ZnS, Mgk, SiNX, etc
[12].
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3.2.7. Top grid

For thefront 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 meltir
point to prevent theliffusion to the cell during the operation periodickel is usually used

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

Stability over time is necessary for a good solar cell. The diffusion and reaction at tr
interfaces must be controlled. Good adhedletween the different layers of the cell is also

important. Finallyall cell materials should be cheap and abundant.

500-A Ni+3-um Al grid

800—1300-A MgF,
0.35-0.5-um nN-ZnO
500-A i-ZnO

500 A Cds

2-3.25-um CIGS

1—2-um Mo

2—-3-mm soda-lime glass

Fig. 9: Schematic diagram of high efficiency solar cell with thin layeZI&S [13]
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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 photovoltalts [15]
4. Principle of solar cell operation
4.1.Introduction

Photovoltaic energgonversion in solar cell consists to convert directly light of the stan in
electricity. The absorption of light generates electiote pairs which are separated electron

in the nside and hole in the-pide of the structure of the device.
4.2.Electrical characteristics

4.2.1The ideal solar cell

Current source connected in parallel with a rectifying diode repiesan ideal solar cedls

shown inFig. 12. -V characteristic is desibedby the follow equation:

. N 6
) O TOA B—, P PT
— =
R, 1

Fig.12: The equivalent circuit ofanideal solar cell(full lines). Norrideal components are shown by
the dotted line [16]

wherev is the Boltzmann constant, T the absolute temperature, g the electron charge, &

V the terminals of the cell voltage,.i$ 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 diodes related to the

photon flux incident on the cell.

In the idealcase™O, short circuit current is equal tbe photogenerateclirrentO , andw |,

the open circuit voltage is given by:

vy . O

W T'Dﬁpp

The maximum power generated by the cell at a voltagand currentO and a fill factor

FF,between 0 and 1, defines the idealdmaracteristic of the'V is given by:

00 w0
50 P CQ
where
0 w0 po
and
0 w0 prt

4.2.2.Solar cell characteristics in Practice

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

characteristic. A second diode with an 0

The solar cell may contain series resistantg and parallel resistanceY () leading to the

follow equation:

00 O Ag 0w 'O Age® OY 0w O
By P oy P Y Py

The effect of the second diode, and of then serreb [@arallel resistances, on tihé/

characteristic is shown in Fi§3, Fig. 16and Fig.17, respectively.
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Fig. 13 I-V characteristiof the solarcell in thetwo diodemodelfor threevaluesof the ratio’© 7O [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 t
external circuit produced by an incident photon of given wavelength. Thus, one can defii
external and internal quantum efficiencies (denotedEQE®) and IQE(s), respectively).
They differ in the treatment of photons reflected from the cell: all photons impinging on th
cell surface are taken into account in the value ofB®& but only photons that are not

reflected are considered in the valud¢@E.

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

1 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 eséiging on the solar
cell from outsiddincident photons).

1 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 tt

solar cell from outsidandare absorbed by the cell.

The IQE is alwaysdrger than the EQE. A low IQE indicates that the active layer of the sola

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

data to infer the IQE.

EQE T oo
¥
EQE T P X
e
IQE T W
- P
IQE P W
The red response is
reduced due to rear
) surface recombination,
Blue response is reduced o reduced absorption at
due to front surface recombination. long wavelengths and
/ low diffusion lengths.
1.0 \ Ideal quantum
& efficiency
&
:E A reduction of the overall QE is
w caused by reflection and a low
E diffusion length. No light is absorbed
E below the band gap
3 s0 the QE is zero at
9 long wavelengths
£
]
L
L
—— TaEm. >
j. = < Wavelength
Eg

Fig. 14: Quantum efficiency of a silicon solar cell. Quantum efficiency is usually not measured much below
350 nm as thpower from the AM1.5 contained in such low wavelengths is low [17].

The spectralresponsddenoted bySR@), with the unitsA¥W) is defined as the ratio of the
photocurrent generated by a solar cell under monochromatic illumination of a give

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

guantum efficiency ashewn in equation (20).

"Y'Y_ n—~=f) O mnYo'Q ¢
= gak) = = —]
where a-is in micrometers. Spectral response 20)(can be either internal or external,

depending on which valus used forthe quantum efficiency.

4.3.Typical solar cell structures
4.3.1.The p-n junction

A p-n junction is formed when a-ype doped portion of the semiconductor is in interface
with an ntype doped portion. As a fundamental component for functions such a
rectification, the g junction forms the basic unit of a bipolar transistor. If both tiypp

and the ntype regions are of the same semiconductor material, the junction is calle
homojunction. If the junction layers are made of different semiconductor materials, it is

heterojunction.

-Homojunction

A homojunction is asemiconductointerface that occurs between layers of similar
semiconductor material; these materials have dopal gapsut typically have
differentdoping In most practical cases a homojunction occurs at the interface betwee
ann-type (donordoped) ang-type (acceptordoped) semiconductor such skcon, this is

calledp-n junction Forexample: pSnSIn-SnS.

This is not a necessary condition as the only requirement is that the same semiconduc
(sameband gapis found on both sides of the junction, in contrast keeterojunction An
n-type to ntype junction, for example, would be considered homojunction ifdiby@ng
levels are different

The different doping level will caus®nd bendinganddepletion rgionwill be formed at

the interfaze
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-Heterojunction

A heterojunction is asemiconductointerface that formed between two semiconductors of
different energy gaps, a smaddland gap semiconductor kno
optical absorption takes place and a | ar
is highly transparent to solar radiation. In the heterojunction, the front surface recombinatic
loss is eliminged. However, interface recombination cannot be ignored. Two different kinds
of configurations are possible: fremall configuration in which photons first incident on the
absorber layer, whereas they first incident on window lay¢ne backwall configuration.

For example: BSnSIn-In,S;; p-SnSn-CdS; pSnSIn-ZnO etc.

-Series and shunt resistances

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

shown in Fig15. Both types of parasitic resistance act to redbedill-factor.

R /
S _>
/ A
L

O

Fig. 15: Parasitic series and shunt resistances in a solarilit [18]

The major contributors to the series resistanBs) (are the bulk resistance of the
semiconductor material, the metallic contacts and interconnections, temigport through
the top diffused layer, and contact resistance between the metallic contacts and 1

semiconductor. The effect of series resistance is shown idézig.
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zero R,
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Fig. 16: The effect of series resistance onfgittor [L9]

The shunt resistanc@Rsh is due top-n junction nonidealities and impurities near the

junction, which cause partial shorting of the junction, particularly near cell edges. The effe
of shunt resistance is shown in Fig.

AIFVIR o,

infinite R,

medium R,

current

small R,

voltage

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

Since the fill factor determines the power output of the cell, the maximum power output |
related to the series resistance, as given approximately by:

"00 00 p | CP
Or, empirically but more accurately
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5. Industrial Application

The conditionghat required amlternative thin buffer layers to be used in the photovoltaic

industry thin layers are:
- A high efficiency:at least comparable to that©@8S buffer layer.

- The industrial feasibility of the deposition method, a method that does not break the cyc
of production, suitable for largecale deposit and ensures reproducibility and process

stability.

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

which means thathe researctwas done with other techniques such &hemial Spray

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

6. Conclusion

As you see, facintp a major energy crisis due to a sharp increase in the world population o
the one hand, the emergence of newly industrializedtoes and global warming due to
fossil energy sources such as oil, coal gt¢he other hand'alternative"energy sources of
such as solar, wind etc. will reduce the harmful effects of an unrestrained consumption
fossil energy sources. But the-called renewable energies such as solar should be supporte
in research in order to improve their performancecWwhs still low compared to those of

fossil fuels. Indium trisulfiddor exampleis the material used in this doctoral thesis as an
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alternativebuffer layerto CdS which is a material, certainly gives good performance as a

buffer layer but als@t contairs cadmium element that threatens environment by its toxicity.
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Chapter Il: State of Art

1. In,S; Thin Films Review
1.1. Introduction

Semiconductor compoungdil -VI, where Ill 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 &lls. In
(Eg 2.5eV) is used to replace the CdS in solar cells based on Cu(In;GH)3es not only
used to remove cadmium which poses an environmental problem but also to enhance
transmission in the region of short wavelengths (blugilis also used in otdr cases for
preparing the CulnSwhich is one of the most promising absorber layers in photovoltaic thin

film.

The aim of our work is to prepare thin films ot 3 by Chemical Spray Pyrolysis method

and to characterize all films for use in photovoltailascells as buffer layers.

1.2. In,S; thin films properties
1.2.1. Crystallographic structure

In,S; belongs to the 1IVI family of semiconductors which are derived from semiconductor
II-VI by replacing the element of column Il by the element of column Ill. There are mainly
three allotropes U, b and 9 wher e thh mgsth a
stabl e. Thla,S;phase abgamedatlhighotperature is stable above 730D. The
b-In,S; phase whichis the most stable at rootamperaturehas dark red color and spinel
st r uct uphase IpgSTdukec stklicture may be stablerabm temperature according to
the deposition method used for its developméritlow temperatureU-cubic metastable
phasewith 5.358A lattice parameter is formed with 70% of the indium atoms in the
octahedral sites and the rest in tetra websitesT[#].U-phase passes ephasdrreversibly
at360C i n which 8 of the 12 tetrahedr al S i
Al'l octahedral sites aadwe caowrittngimd &4gw hbeyr ea tio
vacant sites and the parerdiserepresent the tetrahedral sj@&js A small fraction of indium

atoms could leave their positiomsd occupy the vacant siteading to the simultaneous
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existence of interstitial atoms and vacant siesilting ina high degree of disorder in the
crygal of In,S; [4].

In the Table 1 are grouped structural characteristics of the main phases presen&in

layers
Table 1: Structural characteristics df,S; allotropic phasefs]
Compound Lattice parameters Spacegroups
UIn,S; a 5.358 F3m
b-In,S; a 7.62 14, famd
c 32.36
2-IN,S; a 3.85 Pml
c 9.15

FigoL Cr ystal sd4mgSuct ure of b
1.2.2. Phases in the If& system

The phase diagram Fig. 2allows us to identify the material we study in this thesis. Duffin
etal [6] and Ansell et al [7$how that at thermodynamic equilibrium room temperature and

atmospheric pressure there are three phases:
-InS (Orthorhombic)

-IngS; (Monoclinic)

-In,S; (Tetragonall Cubic)
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Godeckeet al [8] whoestablished this diagram shows that the stabtstoichiometricn,S;

phase at room temperatures obtained up to 420C and has teagonal structure. Above
420 €, t-lh®& pbase tr an-mnfSocubistrudturetup to G56C. Between
750 °C and tle melting temperature of 109, the stable tetragonal 18S; o-phase is

obtained. Generally, three changes mentioned above are basedoogaaizationof the
sulfur atoms in a cubic sulattice

Moo [——————————————————————~
¥ A DTA, cooling, heating _.--~
1000 |- ©'MS o rins, [I-+
OL)t—lr'IZSD - Y-
®p-ns, . L +y-InS, InS,
900 |- 273 . 2
852 X 2.3
800 5 780 |7\+ Ut—ln%SE
& x x ooo
S 700 | 20
L L+
£ InS_+ In.S a-In_S o
=1 n.os._ o= =1n,S,
g 600 |- | s 27 * lins |
o L E S
o %= = x
g5 Y
2 400 = B_Inzsz 414
+
300 /Inssr Lﬂ_
In_S,
2 3
200 9 * * x o
100 1 1 1 L 1
54 55 56 57 58 59 60 61

Mole fraction (%)
Fig. 2. Extractfrom the phase diagram of tie-S [8]

In U and b phases, the tetrahedr al aliked o
in the spinel structure (e.g. Mg&),;) however all cation sites are not completely occupied.
Il n the o9 phase, the i ndium a ttes.nbe ueorcapied s
sites (vacant sites) are randomly distributed e r t he t et rphasecahd thd
symmetry i s pipeaseethewasaht sites are ordared albng-thescin a 4,
helical symmetry causing a distortion of theystal structure decreasing the symmetry
resulting in the tetragonal structure.

1.2.3. Optical properties

Almost all of the I}VI compounds are semiconductor direeindgap with high absorption
coefficient ancemission(except HgSgand HgTe which are s@ metals). The energy gap of
In,S; single crystalmeasured with a direct gas 2.0 eV at room temperature [9]. But we
observen literature a fluctuation of this energy closely related to the method of preparatior
Indeed, Teny. John T. et al [10] hawportedoandgapenergyof 2.67eV for InS; prepared
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by spray pyrolysis method before annealing and after annealing at 400 °C it becomes 2.62
due to the improvement of the crystallinity of the layer after heat treatment. R. Ranijith et
have obtainedbandjap of 2.49 eV with SILAR method (Z2w) which becomes 2.39 eV
(6sr2w), which shows that the energy gap decreaslksnthe immersion time increases
[11]. Layers of InS; deposited by Atomic Layer Epitay (ALE) show an energy gap of 3.3eV,
which decreaseto 2.25eV after annealing [12]. Indra et ptepared thin layer of }&; 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 ibad gapenergyfrom
2.32eV to 2.92eV when rinsing time increases [14]. This is probakjylained bythe
presence of oxygen in the lay®\. Barraud [15] observed an increase in the energy gap by
the presence of sodium (Na) aexblained this byhe increase of the ionicity of the sulur
cationbond The shift to shorter wavelengths (blue) is explained by Kim et al as the result c
excesf sulfur in the materiall6]. Yoshida et al and Yasaki et @tplaired the expansion

of the energy gap of}S; by the effect of the grain size [17].

1.2.4. Electrical properties

Studies done on }8; showed that its conductivity is stilltype, exceptedone response of
p-type highlighted by Becker when the nanocrystals are prepared with an excess of sul
precursor or when InP is used as source indium. Electrical measurements on thin filr
prepared by the SILARnethod(R.S. Man and C.D Lokhande) showed high resistivity of
1.2342.16 q . ¢ m [ 1 8 Jdecreasedf tresistivity when the temperature increases
corfirming the semiconductor behavior material. Teny. John T. et al [10] observed,at In
layers deposited by spray are allype and the introduction of oxygen during annealing does
not change the type of majority carriers. Kundacki M. et al [19] fougt hesistivity of
1.5.10q . ¢ m ,8;fprephred by SILAR at 300K they explained by thanocrystalline
nature offilm, the discontinuity of the grain boundaries and the presence of defects in tr
material. Bessergenev et al [20] noted that the effech@fsubstitution of sulfur by the
oxygen in the indium trisulfide (k%) increases the conductivity. The electrical conductivity
also increases with the presence of sodium (Na) in the film. When sodium is introduced in

the crystal matrix, it creates asdrderby occupying certain part of the tetrahedral sites
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which be explained the increase in conductivity [20]. HoweMeBarreau et al notkthat
when the introduction of sodiurexceedd certain value all theetra sites are occupied
resulting in lesgdisorder in the materiadlnd adecreasen electrical conductivity [21]. The
introduction of oxygen into the material changes the property of the grain boundaries givir

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 latt
parameters fiao and dAco [23]. B. Asenj o e
aggregates of micrometrif In,S; preparedoy electrodeposition and the annealingl ha
effect on the morphology [24]. Yahmadia et al observed fibrous structure with the presen
of IngS; secondary phase [25]. R. S. Mane and L. D. Lokhande deposj&dHhm film by
SILAR, homogeneous, withowutracks, and covering the whole surface of the substrate [18].
Teny. T. John et al have reported dense spoayed layer with uniform grain sizes after
annealing at 300 °C comparedasdepositedilm [10]. A dense and homogenedils was

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

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

1.2.6. Technical synthesis of ks;thin films

Panoply of techniques exists for the @megion of indium trisulfide(In,S;) 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) [3@pray lon Layer Gas Reaction (ILGAR) [31], Spin
Coating [32] and Chemical Bath Deposition (CBD) [33]. Tpasition method generally
hassignificant effect on the properties of layers and the cost of production. The chemic
composition of materials depéds on the deposition method used and generally when the
technique rquires the use of chemicals ssurce, residual elements are often detected in as
the chore (InG) detected in films deposited by ALD [29], Spray Pyrolysis [34] and CBD
[33]. However the techniques leading to less contamination are those of PVD (Physic:

Vapor Deposition) such RF sputtering and thermal evaporation.
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The solar cell based on CIGS with,$ as buffer layerand preparedoy CBD leads to an
efficiency of 15.7%. [35]

In,S; deposited by ALCVD as buffer layer leads to an efficiency of 13.5% on a small are
[36]. Naghavi et alobtainedwith In,S; and CIGS record efficiency of 16.4% using the
ALCVD technology [37].

By adjusting the conditions of deposition and the thickrdds,S; and Culn$thin films
prepared by Spray Pyrolysis method, Teny Theresa John et al had an efficiency of 9.t

without antireflection layer [38].

The recordefficiencies for Cu(In,Ga)Sgwith In,S; as buffer layer and the best results a

summarized inhte Table 2

Table 2 The efficiency obtained from CIGS absorber layer an8;lbuffer layer prepared using different

methods.
Deposition | Research | Efficiency Substrate Annealing | Référence
technique | Institute (%) temperature °O
(°C)

ALCVD ENSCP 16.4 220 - [37]
CBD ZSW 15. 75 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 confirmedactive area’light soaking, ENSCP: Ecole Nationale Supérieure de Chimiadis, ZSW:
Zentrum fur Sonnenenergiedd Wasserstéorschung, HZB: HelmholtZentrum Berlin, IPE: Institut fur
physikalische Elektronik, Uni Stuttgart

1.2.7. Industrial Application

The conditions requiredor an alternative buffer layerén order to be sed in the

photovoltaic industry thifilms are:
- A high efficiency: at least comparable to tb&CdSbuffer layer.

- The industrial feasibility of the deposition method, a method that does not break the cyc
of production, suitable for largecale depsit and ensures reproducibility as@bility of the

process.

55



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

which means that the research was damether techniques such as spray pyrolysis.
- Stability: along stadbility 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 belong:
the IV-VI family of semiconductors of the periodic table of elemeHhits.focused attention

of many researchers because of its elements, Sn and S, which are abundant in nature,
toxic and adequate physical properties such as its energy gap which is close to the ideal v:
(1.5eV), and wide absorption coefficient in orderreplace absorbers as CIGS and CdTe
which contain rare and toxic elements such as indium, gallium and tellunuaddition,
good quality SnS films can be fabricated at relatively low temperatures, supporticgsow

manufacturing.

2.2. SnS thin filmsproprieties

2.2.1. Crystallographic structure

SnS is a gype semiconductor belonging to2VI compound and was first reported by the
German mineralogist Herzenberg in 1932 [44]. It has an orthorhombic structure and in ftl
structure, six S atoms surrounde Sn atom in which three S atoms reside at a distance o
2.68 A with interatomic angles of 88°100', 88°100', and 95°80"; and three additional S ator
at a distance of 3.38& with interaction angles of 118°, 118° and 75° [45]. The
crystallographic properties of SnS are: crystal strugtutBorhombic, lattice parameters:

a 4.32A,b 11.19A, ¢ 3.97A, itio of lattice constants: a: b: ¢0.386: 1: 0.355, unit
cell volume: V. 191.91A (calculated from unit cell) [467]. P. K. Nair et al obtained cubic

SnS thin film via two chemical rout es wi
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Fig. 3: Structure of Sn9]

Fig. 4. Schematic of diagram dbublelayered 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, liqt
and gaseous phases of SnS establishing the phase diagram of material forms witls Sn at
as SnS [51]. This diagram is very importance since beacause it allows to understand anc

know the formation domain of compounds like SnS,,SaBd SgS; in terms of S: Sn ratio
and temperature.
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2.2.3. Optical properties

This compoundhas a direct bandgap near to 1.3eV [44], which is close to optimal band ga
(1.5 eV) of solar cells and an indirect band gap of 1.1]% and has a high absorption
coef f i@ en)i45](BUk we note iriterature a fluctuation of this band gap energy
closely related to the method of preparatiodeed, B. Ghosh et al obtained band gap energy
between 1.33 and 1.53eV of SnS high purity gewat substrate temperature2&0 °C and
annealed at 200 °C an®®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 La
Deposition (ALD) at 200°C and obtained a decrease of band gap from 1.42 e&vw8@n

the film thickress increases from 97 to 330nm [54]. Pramanick et al Gbedhical Bah
Deposition (CBD) to prepare-type SnS thin films at room temperature with 1.51eV band
gap energy [55]. Rodriguez et al deposited SnS by Chemical Spray Pyrolysis (CS
technique usingnChb and N, NDimethythiourea as sources of tin and sylfespectively

and obtained a band gap of 1.70eV for films deposited aB98CC [56] while Thankaraju

et al obtained 1type SnS films by the same technique using Safdl thiourea as sources of
tin and sulfur onto FTO and obtained indirect band gap of 1eV [57]. Chamberlain an
Merdan obtained an indirect energy gap of 11302 eV and 1.22 0.02 eV at 77K and
direct energy gap of 1.43 0.02 eV of single crystal specimens efype SnS [58].

2.2.4. Electrical properties

SnS is ptype semiconductor but some resdars convert{ype Sn3nto n-type by doping.
Indeed, G. G. Ninan et al deposited SnS dopid copper (CG") using Chemical Spray
Pyrolysis and obtainedtype SnS:Cu and annealioguld not produce any notable effect on
conductivity [59]. W. Albers et al were prepared SnS crystal by melting the components |
an evacuated quartz tube at about 900 °C and obtaktygok psemiconductor with a hole
density between f0and 16° cmi® atroom temperature [60]. J.S Anderson and M.C Morton
measured the conductivity of stannous sulfide between ordinary temperature adj 400

follow the express:

0 ( TAE®T+A, 5T where the first term, A E; are relatively small (A 01-10;

E; 00.1-0.35eV), dominates the conductivity at lower temperatures, while the second ter
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(A, 3001200; B ca.0.6eV) dominates the conductivity at higher temperatures. They
attributed the changes in the conductivity to the stoichiometric excess ahetah inthe
lattice [61].

2.2.5. Morphological properties

P. Sinsermsuksakul obtained SnS films composed by small grain with rectgplgtéar
shape coalescing together in films B0nmthick SnS film (1000cycles). When the
temperature increases from 200 to 3Q0 crystallinity of films increases with sharp crystal
facets and for films deposited for 4000cycles at 128°@70nm) and 200 °C (330nm)
elongated platelets oriented perpendicular to the substrate surface are observed [54]. P
Nwafe deposited pinholand strongly adhered SnS films to the substrate using therma
evaporation. He obtained large ld&e grains or ricdike grains depending on the
deposition conditions [62]. T. H Sajeesh prepared SnS thin films @&egnical Spray
Pyrolysis with differet substrate temperatures and observed smooth surface with regul
spherical grains at Ts300 °C while when Ts375 °C sample had needle like polycristalline
growth [63]. Sunil H. Chaki et al synthesized SnS thin fiimObemical Bath Bposition

dip coatig and SILAR techniques and obtained well uniformly covered, smooth anc
homogeneous films without pinholes and cracks with grain size inath@nmeter (m) range

[64].

3. CdS Thin Films properties
3.1. Introduction

Cadmium sulfide (CdS) thin films belong tiee 1I-VI family compound of periodic table of
elements and having a band gap of 2.42eV. CdS polycristalline films have wide range
application especially in Cul®a, ,Se and CdTe solar cells, respectively as buffer layer and
window layer materials [656]. It is deposited by different kind of method but most
effective is the Chemical Bath Deposition (CBD). Structural, optical, and electrical an

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

3.2. CdS thin filmsproperties

3.2.1. Crystallographic structure
59



The CdS exhibits hexagonal and cubic structures or mixed. The former is preferable for tf
film solar cell applications, despite of higher lattice mismatch of 1.2% with CIS as compare
to 0.7% of cubic CdS owm to stableness [67]. Indeed, A. A Yadav et al deposited
nanocrystalline cadmium sulphide thin filmssing Spray Rrolysis. They observed
polycristalline hexagonal structure CdS thin films with CdO as secondary phase at 300 °
Elsewhere, they noticed théite 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. Isla
et al performed CdS thin films using Close Spaced Vapor Transport (CSVT), Chemical Ba
Deposition(CBD) and sputtering techniques. All films have polycristalline structure with
(002) as relatively highly oriented pea
number of CdS peaks found for CBD process well exceeds the peaks in films grown |
CSVT and sputtering. However, peak height along the (002) plane is observed quite high
for sputtered CdS film indicating the better crystalline quality [69]. Salah Abahlbar
Jassim et al study the influence of substrate temperature of CdS thin filngstlusimal
evaporation techniqueif deposition. It is seen that films are polycristalline in nature with a
pr edomi nan t30.9 ehick camalie asBighed to CdS hexagonal plane (002). Whe
the substrate temperature increases, the intensity of (002) peak decreasAs Adbjour
obtained polycristalline CdS thin films deposited by Spray Pyrolysis at various substrats
temperature (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
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