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Abstract

Increasing global energy consumption together with environmental concerns has led to much
interest in alternative, cleaner sources of energy such as solar photovoltaic. Researchers in the
solar cell community have been looking for ways to reduce costs while maintaining or increasing
already high efficiencies. A fundamental understanding of the materials under consideration is
essential to rapid development of new technologies. Thel-III-VI, thin films offer promising
systems for achieving high efficiency solar cells at lower costs. In fact, by tailoring the chemistry
of the compounds it is possible to change the bandgap of the material in order to collect sunlight
more efficiently. First of all, this thesis focuses on absorber layer material preparation and
characterization, especially nanocrystalline thin films and consideration of both structural and
electrical characteristics of such main cell absorber layer.The thesis examines how different
preparation techniques and material usage could affect the properties of the synthesized thin

films (absorber layer).

In this study CulnSe, and CulnS; thin films were deposited onto ITO glass substrate using the
electrodeposition technique in aqueous solution. The electrodeposited films were characterized
by X-ray diffraction (XRD), scanning electron microscopy (SEM) and energy dispersive X-ray
analysis (EDS). The annealing effects on the electrodeposited precursors were investigated. The
chalcopyrite structure of CulnSe,/CulnS, showed an enhancement of crystallinity after
subsequent selenization/sulfurization treatment in Se/S atmosphere, respectively. XRD and SEM
studies revealed a dramatic improvement of the crystalline quality of CIS films after annealing
treatments. The optical properties of annealed CulnSe,-Se and CulnSe,-S thin films have been
studied in order to determine the effect of annealing process in different selenium and sulfur
atmosphere. The optical transmittance spectra were measured in the wavelength range 400 -
1000 nm of the visible region.The optical band gap were found to be 1.48 and 1.35 eV, for
CulnSe,-Se and CulnSe,-S which is agreement with the reported values of the optical band gap
of CulnSe; and CulnS; [22], As we notice the difference in annealing temperatures and time also
affects the resultant band gap energy in addition to the Se/S percentages in both samples. Mott-
Schottky measurements were used to assess the conductivity type of the films and their carrier
concentration. The prepared samples underwent an etching process to remove the binary

accumulated Cu,.4(Se,S) phases shown in FESEM pictures. This etching process has shown a
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noticeable decrease in both, the flat band potencial, Vg, (V), and the number of acceptors, Na

(cm™) in selenized CulnSe; and sulfurized CulnS, samples.

In the second step we modified copper indium Culn,CryGa;_,Se, where x=0.4, y= (0.0, 0.1, 0.2,
0.3) superstrate layer by spin coating process. Culn,Cr,Ga;.x.,Se; where x=0.4, y= (0.0, 0.1, 0.2,
0.3) nanoparticles have been synthesized firstly using a wet chemical hydrothermal method. This
method is based on a non-vacuum thermal process without any additional selenization process.
Introducing different metal sources in an autoclave with ethylenediamine as solvent, CIGS
nanoparticles were obtained at different temperatures range 190-230°C. The X-ray diffraction
(XRD) results confirmed the formation of a tetragonal Culn,CryGa,.x.,Se, chalcopyrite structure.
The morphology and crystal size of the prepared nanoparticles were determined by field
emission scanning electron microscopy (FE-SEM), energy dispersive X-ray analysis (EDS) and
high-resolution transmission electron microscopy (HR-TEM).The conductivity of the
synthesized nanoparticle samples was measured in a range of temperature between 20 and 200°C
by impedance spectroscopy in the frequency interval of 10 < f < 10’ Hz applying a 0.1 V signal

amplitude.

Finally, we turned again to the study of the annealing temperature effect on Kesterite materials
but this time in those of very low-cost materials and environmentally friendly Cu,ZnSnS4. We
studied the growth of quaternary Cu,ZnSnS; (CZTS) kesterite thin films by a single step
electrochemical deposition followed by annealing at low temperature. The influence of different
annealing atmospheres at constant annealing times (t = 45 min) and fixed preparation controlling
parameters; i.e., starting materials (precursor metal salts) solution concentration, time of
deposition and electrodeposition potential. Structural, compositional, morphological, and optical
properties, as well as photoelectrochemical properties were studied. The films, sulfurized during
2 hours, showed a prominent kesterite phase with a nearly stoichiometric composition. Samples
were characterized by X-ray diffraction (XRD), scanning electron microscopy (SEM), EDS and
UV-VIS-NIR spectrometry. X-ray diffraction and confirmed the formation of pure kesterite
CZTS films. SEM shows that films are compact with dense morphology and homogeneous
distribution. EDS analyzed the elemental constituents of the quaternary Cu,ZnSnS4 with an
apparent Cu deficiency and S rich for the sulfurized samples. From optical study, the energy gap

was indexed for the sulfurized samples, Eg=1.52 eV. Under illumination sulfurized CZTS films
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exhibits negative photocurrent and positive photovoltage values confirming the p-type character

of the films.
Motivation and objectives

Both superstrate and substrate device structures are currently being pursued for copper indium
gallium selenide (Culn(Ga)Se,, CIGS) device fabrication. The film growth, interdiffusion and
hence the device properties are dependent on the device structure. Those CIGS solar cells, based
on the superstrate structure (CIS, CIGS or CZTS), are inferior to the substrate structure, because
of the interdiffusion of CdS during high temperature CIGS film growth. A best device efficiency
of 10.2% and 19.2% was reported for the superstrate structure.

Chalcopyrite based solar modules uniquely combine advantages of thin film technology with the
efficiency and stability of conventional crystalline silicon cells. It is therefore believed that
chalcopyrite-based modules can take up a large part of the photovoltaic (PV) market growth once

true mass production is started.

The most important chalcopyrite compounds for photovoltaic applications are CulnSe,, CulnS,,
kesterite CZTS and CuGaSe; with bandgaps of 1.0, 1.5, 1.6 and 1.7 eV, respectively. Together
with related materials they offer high optical absorption and a wide range of lattice constants and
bandgaps. The compounds can be alloyed to obtain intermediate bandgaps. Starting with single
crystals, chalcopyrite based solar cells have been under investigation since 1974. The first
chalcopyrite cells had a CulnSe, absorber and therefore the technology is most advanced for
lower gap materials with a composition close to CulnSe,. Today the efficiency of lab scale thin
film devices is close to 20%, efficiency comparable to the best multicrystalline silicon cells.

Many scaling up and manufacturing issues have been resolved.

Chalcopyrites clearly offer the highest efficiency potential among all thin film technologies. The
record efficiency for a small, lab scale cell is close to 20%, using just a single layer antireflective
coating and a standard metal grid but none of the complex concepts that have been used to
produce record silicon cells. Submodule efficiencies are at almost 17%, and square foot and

larger modules range from 14 to 12% efficiency.

The low-cost potential is roughly comparable to that of other thin film technologies and is rooted

in the use of inexpensive substrates, effective use of raw materials, high throughput, and large
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area deposition at low temperatures as well as monolithic interconnection. Apart from the
substrate, the total thickness of a chalcopyrite cell, including all films, is in the range of 2 to 4
um, which implies that the raw material usage is only a tiny fraction of the material input for a

silicon cell. Mass production will not be limited by the availability of raw materials.

The energy payback time (EPBT) is obviously an important parameter when considering how far
photovoltaics can contribute to the future energy supply. The much lower thermal budget of thin
film preparation (lower process temperatures as well as short process times) leads to a significant

benefit.

As we will show in this study, there is considerable flexibility concerning the choice of
components of a chalcopyrite cell or module as well as concerning the preparation methods for
these components. It is therefore the main objective of this study is to design different absorber
material (substrate) products with an optimum efficiency/cost trade-off for various applications,
with power demands ranging from mW to MW and with illumination intensity ranging from

indoor, low level to high level under concentration.

Those chosen chalcopyrite materials in this study is CIS, CIGS and CZTS were studied
previously in different manners and we aimed to reproduce them in a modified manner. Studying
a critical factor in the synthesis process of these materials, (annealing temperature relation with
annealing time), in a successful attempt to reach an effecting parameter of the massive
production of this type of solar cells. Then applying different preparation technique (spin coating
process) in another attempt to prepare the CIGS thin films by a very low-cost preparation
technique by synthesis of CIGS as nanocrystalline powders by hydrothermal process then
converting them into thin films in such a case we save the annealing process time and power. In
addition, incorporation of Chromium metal as dopant with different percentages in order to get

new chalcopyrite material with suitable high efficiency values of the developed cell.
The outline of this thesis is as follows:

4+ Chapter 1 is an introductory part to the thesis and it is divided into two parts:
Partl: study the Basic Photovoltaic Physics and
Partll: includes the state of the art of thin film solar cells.

+ Chapter 2 introduces the literature reviews on photovoltaic solar energy materials.
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Chapter 3 including all the experimental techniques used i.e; electrodeposition, spin
coating process and hydrothermal auto-clave method and characterizations tools used.
Chapters 4 present the effect of annealing temperature and time relation on the
electrodeposited p-type CulnSe,and CulnS,, mott-schottcky measurements were also
presented.

Chapter 5 focus on Cr doped CIGS thin films prepared by spin coating process from
nano-crystalline CIGS:Cr powders hydrothermally synthesized.

Chapter 6 CZTS single step electrodeposited kesterite thin films and studying the effect
of annealing temperature on the properties of the synthesized films.

Chapter 7 summarizes the work presented here and the overall, additionally possible
future guidelines in applying the research capabilities and building from the significant

results described in this dissertation.

23



Resumen (Castellano)

El aumento del consumo de energia global junto con las preocupaciones ambientales ha
generado mucho interés por las fuentes de energia alternativas y limpias, como la energia solar
fotovoltaica. Los investigadores en la comunidad fotovoltaica han estado buscando formas de
reducir costos mientras mantienen o aumentan las eficiencias. Una mejor comprension de los
materiales implicados es esencial para el rapido desarrollo de nuevas tecnologias. Las peliculas
delgadas I-I1I-VI, ofrecen sistemas prometedores para lograr células solares de alta eficiencia a
un costo menor. De hecho, al adaptar la composicion de los compuestos, es posible cambiar la

banda prohibida del material para captar la luz solar de manera mas eficiente.

Esta tesis se centra en la preparacion y caracterizacion del material de la capa absorbente,
especialmente las peliculas delgadas nanocristalinas y la consideracion de las caracteristicas
estructurales y eléctricas de dicha capa principal absorbente de células. La tesis examina como
las diferentes técnicas de preparacion y uso del material podrian afectar las propiedades del

peliculas delgadas sintetizadas.

Peliculas delgadas CulnSe, y CulnS, se depositaron sobre sustratos de vidrio ITO usando la
técnica de electrodeposicion en solucion acuosa. Las peliculas electrodepositadas se
caracterizaron por difraccion de rayos X (XRD), microscopia electronica de barrido (SEM) y
analisis de rayos X de energia dispersiva (EDS). Se investigaron los efectos de recocido sobre los
precursores electrodepositados. La estructura de calcopirita de CulnSe,/CulnS, mostré una
mejora de la cristalinidad después del tratamiento posterior de selenizacion/sulfurizacion en
atmosfera Se/S, respectivamente. Los estudios de XRD y SEM revelaron una mejora de la
calidad cristalina de las peliculas de CIS después de los tratamientos térmicos. Las propiedades
opticas de las peliculas delgadas recocidas CulnSe,-Se y CulnSe,-S se han estudiado para

determinar el efecto del proceso de recocido en diferentes ambientes de selenio y azufre.

Ademas, modificamos el CulniCryGa;_,Se, de cobre indio, donde x = 0.4, y = (0.0, 0.1, 0.2,
0.3) la capa de superestrato por el proceso de recubrimiento por centrifugado. Culn,Cr,Ga;_x,Se,
donde x = 0.4, y = (0.0, 0.1, 0.2, 0.3) nanoparticulas han sido sintetizadas en primer lugar usando
un método hidrotermal quimico himedo que se basa en un proceso térmico sin vacio sin ningiin
proceso de selenizacion adicional. Introduciendo diferentes fuentes de metal en un autoclave con

etilenamina como solvente, se obtuvieron nanoparticulas de CIGS a diferentes temperaturas en
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un rango de 190-230 °C. Los resultados de la difraccion de rayos X (XRD) confirmaron la

formacion de una estructura de calcopirita Culn,CryGa;..,Se, tetragonal.

Finalmente, se estudidel efecto de la temperatura de recocido en los materiales tipo Kesterita
(como el Cu,ZnSnS4)que son materiales de muy bajo costo y que no dafian el medio ambiente.
Estudiamos el crecimiento de las peliculas delgadas cuaternarias Cu,ZnSnS4 (CZTS) de kesterita
mediante un depdsito electroquimico de un solo paso seguido de un recocido a baja temperatura.
La influencia de diferentes atmosferas de recocido a tiempos de recocido constantes (t = 45 min)
y parametros de control de preparacion fijos; es decir, concentracion de la solucion de materiales
de partida (sales de metales precursores), tiempo de deposicion y potencial de electrodeposicion.
Se estudiaron las propiedades estructurales, de composicion, morfoldgicas y Opticas, asi como

las propiedades fotoelectroquimicas.
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Resum (Valencia)

L'augment del consum d'energia global juntament amb les preocupacions ambientals ha generat
molt d'interes per les fonts d'energia alternatives i1 netes, com ara l'energia solar fotovoltaica. Els
investigadors de la comunitat fotovoltaica han estat buscant formes de reduir costos mentre
mantenen o augmenten les eficiéncies. Una millor comprensio dels materials implicats €s
essencial per al rapid desenvolupament de noves tecnologies. Les pel-licules primes I-1II-VI,
ofereixen sistemes prometedors per aconseguir cél-lules solars d'alta eficiéncia a un cost menor.
De fet, en adaptar la composicid dels compostos, és possible canviar la banda prohibida del

material per captar la llum solar de manera més eficient.

Aquesta tesi se centra en la preparacid i caracteritzacié del material de la capa absorbent,
especialment les pel-licules primes nanocristal-lines i la consideracié de les caracteristiques
estructurals i eléctriques d'aquesta capa principal absorbent de cel-lules. La tesi examina com les
diferents técniques de preparacio i Us del material podrien afectar les propietats del pel-licules

primes sintetitzades.

Pel-licules primes CulnSe; i CulnS, es van dipositar sobre substrats de vidre ITO usant la técnica
d'electrodeposicid en solucid aquosa. Les pel-licules electrodepositadas es van caracteritzar per
difraccid de raigs X (XRD), microscopia electronica de rastreig (SEM) 1 analisi de raigs X
d'energia dispersiva (EDS). Es van investigar els efectes de recuit sobre els precursors
electrodepositados. L'estructura de calcopirita de CulnSe,/CulnS, va mostrar una millora de la
cristal-linitat després del tractament posterior de selenitzacio/sulfuritzacié en atmosfera de Se o
S, respectivament. Els estudis de XRD i SEM van revelar una millora de la qualitat cristal-lina de
les pel-licules de CIS després dels tractaments térmics. Les propietats optiques de les pel-licules
primes recuites CulnSe;-Es 1 CulnSe;-S s'han estudiat per determinar l'efecte del procés de recuit

en diferents ambients de seleni 1 sofre.

A més, modifiquem el CulnsCryGa,.x.ySe,de coure indi, on x = 0.4, 1= (0.0, 0.1, 0.2, 0.3) la capa
d'superstrat pel procés de recobriment per centrifugat. Culn,CryGa;.x.y,Se;on x = 0.4, 1= (0.0, 0.1,
0.2, 0.3) nanoparticules han estat sintetitzades en primer lloc fent servir un metode hidrotermal
quimic humit que es basa en un procés térmic sense buit sense cap procés de selenizacion
addicional. Introduint diferents fonts de metall en un autoclau amb etilenamina com solvent, es

van obtenir nanoparticules de CIGS a diferents temperatures en un rang de 190-230 °C. Els
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resultats de la difraccido de raigs X (XRD) van confirmar la formacié d'una estructura de

calcopirita Culn,CryGa..ySestetragonal.

Finalment, es va estudiar l'efecte de la temperatura de recuit en els materials tipus kesterita (com
el CupZnSnS,) que sén materials de molt baix cost i que no danyen el medi ambient. Vam
estudiar el creixement de les pel-licules primes quaternaries Cu,ZnSnSs (CZTS) de kesterita
mitjancant un diposit electroquimic d'un sol pas seguit d'un recuit a baixa temperatura. La
influéncia de diferents atmosferes de recuit a temps de recuit constants (t = 45 min) i parametres
de control de preparaci6 fixos; €s a dir, concentracid de la solucié de materials de partida (sals de
metalls precursors), temps de deposicidé i1 potencial d'electrodeposicid. Es van estudiar les
propietats estructurals, de composicidé, morfologiques i1 Optiques, aixi com les propietats

fotoelectroquimiques.
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Chapterl. Introduction:

Part I: Basic Photovoltaic Physics
1. 1.1.Energy

Energy is the capability of a system to do work. There are various types of energy that can be

changed from one form to another.
Energy divided and exists in two main forms:

1. Potential energy or stored energy.

il. Kinetic energy or moving energy.

Every form has several types of energy such as: heat, light, electrical, and others. Energy is never
created (nor destroyed or lost), but it can be transformed from one type to others. Electricity is
produced from a power plants when the energy stored in coal or the energy from rushing water
from waterfalls transforms into energy. Energy is measured in electron volts (eV) or joules (J),

where 1 eV = 1.6x10™" I. For example, a photon of yellow light has about 2 eV of energy [1].
1.1.2. Power

Power is the rate at which work is done or the rate at which energy is transformed from one place
to another or transformed from one type to another. For example, if 2 J of energy were used in
one second, the power rating would be 2 J/s. Power is often measured in watts (W), where 1 W =
1 J/s. We usually discuss the power of electricity rather than the energy because electrical energy

usually flows over time. Electrical power is calculated by
Power [watts] = Current [amps] x Voltage [volts].

Typical light lamps require 60 W of power to operate. For comparison, consider that about 100
mW/cm? of power would be incident on a solar cell in sunlight. If the solar cell is 1 cm? and 30%
efficient, then 30 mW of electrical power would be produced. If this cell were used with a 1000-
sun concentrator, collecting light from 1000 cm? of area, then 30 W of electrical power would be

produced [1-5].
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1.1.3. Efficiency

System efficiency is defined as the rational percentage of the drawn out amount of useful energy

from the system to the total fed up energy into the system and is usually expressed as following:

drawn out amount of useful energy from the system

Effici f syst =
lciency of system total fed up energy into system

As power is similar to energy, except for the addition of the time factor, the efficiency of a
photovoltaic cell can also be calculated by dividing the electrical power that the cell generates by

the total power of the light energy incident on the cell:

resulted useful power out of system

Efficiency of solar system =
y y total power fed into system

This resulted in a creation of electron flow which in turn results in an electrical voltage. This
voltage is very small, but by connecting a large number of cells, they can reach the desired

voltage.

Characteristic curves of a solar panel:
(1) I-V curve.
(2) P-V curve.

These two curves represent the ratio between the current or power generated off and the voltage
across the panel. These two curves are shown in Figure 1.1.To determine the quality of a solar
panel in energy terms, there is a term called form factor (fill factor), this factor relates the
maximum power that is able to provide the panel with the maximum power that could really

offer. The value of this factor is usually between 0.7 / 0.8, with 1 being the best possible value
[7].

lee
141 B [T ———

i , Vv
Vm Vo vm Vo o

Current-Voltage curve Power-Voltage-power

Figure 1. 1. Current-voltage and Power-voltage curves for a solar cell.
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1.1.4. Electricity

Electricity is defined as a flux of charged particles. Current is the rate of flow of these charged
particles—or moving electrons. Voltage is the “pressure” causing the flow, and the resistance of

a material describes the degree to which this flow is inhibited [2,3].
1.1.4.1. Electric Fields

An electric field is a region of influence of an electrostatic force on charges that could be placed
within the field. For example, in its simplest form, a positive charge would attract a negative

charge placed nearby [2,3].
1.1.4.2. Current

Electrical current can be defined as a measure of the flow of positive charge. The charge is
measured in coulombs and time in seconds, the rate at which charges flow is measured in
coulombs/second, just like flowing water. The term amps is used to indicate the number of
coulombs per second, where 1 A = 1 C/s. Multijunction solar cells can generate about 10

A/em®of current when used with solar concentrators at 1000x concentration [3,5].
1.1.4.3. Voltage

Voltage acts like the pump that causes the current flow through the pipe. Voltage describes the amount of
energy contained by each charge (or group of charges). Because a joule is the standard unit of energy and
coulomb the standard unit of charge, the units for voltage are joules per coulomb, which is more typically
referred to as a volt (1 V=1 J/C). GalnP/GaAs/Ge multijunction solar cells, typically generate about 2.5
volts [3,6].

1.1.4.4. Resistance

Resistance can be considered as the length and diameter of a “pipe” through which current flows.
Resistance restricts the flow of current. The higher the resistance—either because the pipe
diameter is small or the pipe length is long—the less current will be able to flow. The lower the
resistance, the more current will flow—or the less voltage is required to cause the same current
flow. The narrower or longer the conducting material, the more resistance it will have. In most
cases, a lower resistance is desired, so designers try to keep “diameters” wide and distances

short. Resistance is typically measured in ohms as follow:

31



Voltage [volts]

Resistance [ohms] = Current [amps]

This relationship implies that if a material has a high resistance, even a high voltage will create
only small currents. Such materials are referred to as insulators. For this if the resistance is small,
current can be large even with small voltages. Such materials with low resistance are referred to

as conductors [3,7].
1.1.5. Circuits

Are the paths or routes where the electrical current movements start and finishes in the same
place where power can be delivered. It seems to be continuous and the charges flow can easily
move. In electrical devices the electricity in the form of voltage and current collection is
transformed inside the electrical circuits by such a way to power for lighting and other working

functions of electricity [3,7].
1.1.5.1. Series Circuits

Elements in a circuit are said to be in series with each other if the same collection of charges

moving in a current flow through them one after another is a must (Figure 1.2(a)).
1.1.5.2. Parallel Circuits

Elements in a circuit are said to be in parallel with each other if a split in the current path orders

the charges flow to be through one or the other, but not both elements (Figure 1.2 (b)).

(2) gy oy
b))

—
—l—

Figure 1. 2. a) Two elements connected in series, b) parallel connection

1.1.5.3. Short Circuits

Short circuits are alternative paths where the charges can move through them. This is called a

short circuit (Figure 1.3), these short circuits prevent the devices from receiving those energized
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charges. If the path has no resistance, there is no voltage change, and thus, no work is done even
though current is flowing. Most of those alternative charges paths usually have a resistance with
a considered quantity that leads to dangerous levels of power. In the design of photovoltaic cells,

the current generated by the cell when it is short-circuited, I , is an important characteristic

quantity describing the behavior and effectiveness of the cell [9].
1.1.5.4. Open Circuits

Open circuits, like short circuits, similarly prevent the normal flow of charges through a device.
In an open circuit, however, the flow of charges is stopped entirely. For example, inspecting a
burned-out light lamp may reveal a broken filament (the wire that normally shining brightly as
current passes through it). This broken filament breaks the flow path of charges. The voltage

across an open circuit can be very high, but with no current flow, no power is used [10].

In the design of photovoltaic cells, an open-circuit situation may be intentionally created to

measure the behavior of the photocell. This open-circuit voltage is denoted as V.

Power =

% Eectrical Device
source

Typical circuit

H

Power =& % Eectrical Device
source e
Short circuit
N e .
Power hon i %Eectrical Device
source |

Open circuit

Figure 1. 3. Short and Open circuits.
1.1.6. Diffusion

Diffusion is the movement of particles from a region of higher concentration to a region of lower
concentration. A concentration gradient is a difference in the concentrations of particle type.
When concentration gradients occur in isolation, there is chemical potential energy—the

potential for movement exists. The concentration gradients of the particles will not exist for long
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time as their potential energy changes into kinetic energy with the movement and diffusion of the

particles [11].
1.1.7. Atomic Theory

Quantum theory supposes that electrons can occupy only discrete energy levels. The theory was
with good explanation for the crystal structures of the semiconductor materials, where the
photons of light can be absorbed in materials in a way that generates electrical current by

transformation from one energy level to another.
1.1.7.1. Bohr Model of the Atom

The classical Bohr model of the atom is helpful in providing a convenient description of the
atom. This model arranges the electrons in planetary-like orbits around the center of the atom,
which is consisted of protons and neutrons. The external orbiting electrons are referred as
valence electrons. These electrons are perhaps the basic essential component of the atom as it
describes how these atoms interact chemically and physically with other atoms in their

environment [12]. Bohr model for atom structure are indicated in (Figure 1.4).

Valence
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nucleus

Figure 1.4.Bohr atom.

1.1.7.2. Band Theory of Solids

The electrical properties of a material depend on both the valence band and the conduction band.
The valence band includes the energy levels where most of the electrons (at the absolute zero

temperature, for all electrons) can be found. Electrons found in the higher-energy conduction
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band are considered free electrons. Free electrons are shared among all the atoms of the solid and
are not associated with any other atom. Therefore, they are very mobile. Any applied electric
field can create an electrical current with these electrons. Both insulator and semiconductor

materials, the valence and conduction bands are separated by a region called the bandgap [13].
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hﬁ ' —
5 mmm--------- Band gap Band gap
& i
Bonding T
‘\ Valence band /
Metal Insulator (bonding)  gemiconductor

Figure 1. 5. Band gap description for metal, insulator and semiconductor

The band gap is a region of forbidden energy levels, as defined by the quantum aspects of
modern atomic theory. The difference between the lowest energy level of the conduction band
and the highest energy level of the valence band is called the band gap energy (Eg). At
temperatures above absolute zero, electrons may possess enough thermal energy (at least Eg) to
be excited across the forbidden energy gap into the conduction band. This occurrence is less
likely if the band gap energy is large, as in insulators. In conductors, the conduction band and the
valence bands overlap, and conduction of electrons occurs, even at absolute zero [14]. This
situation explains why insulators are poor conductors of electrical current, whereas conductors
are not. Semiconductors have band gap energies somewhere in between (Figure 1.5 and Figure

1.6).
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Figure 1.6. Band gaps of some common semiconductors.

1.1.8. Semiconductors: p-n Junctions

Pure semiconductor materials have four covalent bond structures with other atoms, such as
silicon. However, to design an electronic device means intentionally to add impurities in the
semiconductor materials so that there will be fewer or more valence electrons. This practice of
“doping” a material produces a variety in the new designed materials which are very useful in a
broad number of different applications. Pure crystal structures of such substances use every
electron in forming their covalent bonds. However, when doped with Group V elements such as
phosphorus, an extra electron is available that is automatically promoted to the conduction band
as the rest of the phosphorus atom takes on the four-bond behavior of a Group IV element. This
material is described as n-doped (additional free electrons are generated by adding impurities to
the basic crystal structure). An inverse situation occurs when doping with a Group III element
such as boron. Instead of creating extra free electrons, “holes” are created where electrons
normally occur to complete the four-covalent-bond structure. These p-doped regions (n is for
negative electrons and p is for positive holes) take electrons from the valence band, leaving a
hole where an electron could have been (in an opposite fashion compared to n-doped regions)
[15]. Free holes and electrons are mobile charge carriers. Both types of mobile carriers are
present in n-doped material, but in this case, electrons are referred to as the majority carriers and
holes are referred to as minority carriers. Inversely, in p-doped material, holes are the majority

carriers and electrons are the minority carriers. When two different types of semiconductor
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material are brought together—one being p-doped and the other n-doped—interesting electrical

behavior develops near this pn junction [16].
1.1.9. Light

The sun sends the energy to the earth in form of radiation energy. This radiated energy is
transferred to the earth carried by tiny particles having no mass called photons. Photons behave
like waves and, as such, have a characteristic wavelength, frequency, and energy. It is the energy
of these photons that is used in photovoltaic cells to excite electrons so that an electrical current

can be produced [17].
1.1.9.1. Waves

Figure 1.7. illustrates that the wavelength of a wave is the distance between two successive

peaks, or maxima, of a wave.

wavelength
X 4 >

‘ wavelength

>

Figurel.7. Wavelength of wave.

The frequency of a wave is a measure of how many peaks are observed in one second from a
stationary point along a wave’s path. The product of the wavelength and frequency gives the
wave’s velocity: v = A.f, where v = velocity in meters per second, A = wavelength in meters,

and f = frequency in hertz.

All irradiative, or light, energy travels at the same velocity, commonly known as the speed of
light, which is about 300,000,000 m/s (3 x 10® m/s, or about 186,000 mi/s). Because the velocity
of light is a constant and also a product of frequency and wavelength, specific frequencies of

light are associated with specific wavelengths, and vice versa. For example, blue light has a
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frequency of about 667x10'? Hz. To calculate blue light’s associated wavelength, the above

equation is rearranged for wavelength, A., to get A=v / f.
Then, substituting the values, we find:
A blue = (300,000,000 m/s) / (667 x 10'* Hz) = 450 x 10 m = 450 nm.

The same is true for all colors of the spectrum—each color has a corresponding wavelength and,
therefore, a corresponding frequency. The red end of the visible light spectrum has lower
frequencies and longer wavelengths, and the blue end of the spectrum has higher frequencies and
shorter wavelengths. Even shorter and longer wavelengths (higher and lower frequencies,
respectively) are possible for photons. In fact, the region with frequencies just less than that of
red is called infrared (infra means under) and those with higher than the highest frequency of the
visible violet color (ultra means higher). The entire range of possible photon wavelengths and

frequencies is referred to as the electromagnetic spectrum [18].
1.1.9.2. Electromagnetic Spectrum

All energy carried by photons is referred to as electromagnetic (EM) energy and cross all
possible values for wavelength and frequencies. Ranges of this spectrum—from shortest
wavelength to longest—are referred to as gamma rays, X-rays, ultraviolet, visible light, infrared,
microwaves, and radio waves. The energy carried by a photon is calculated by multiplying the

frequency of the photon by a universal constant, h, called Planck’s constant:
E=hv

Where E is the energy in joules or electron volts, h is Planck’s constant (6.63x10>*J-s, or
4.1357x 107" eV-s), and v is the frequency of the photon in Hz. In photovoltaics and
semiconductors, this energy is often measured in electron volts eV). An electron volt is the
energy required to increase the electric potential, or energy, of the charge on one electron by one
volt. Energy, like wavelength and frequency, is unique for a specific part of the electromagnetic

spectrum [19].
1.1.10. The Solar Spectrum
Stars, including our own sun, emit energies covering a range of wavelengths of the EM

spectrum. However, different types of stars produce differing amounts of energy in each region

of the spectrum. Our sun emits more photons in the visible light and surrounding regions than in
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any other part of the EM spectrum. This phenomenon may be why our eyes have evolved to see
that part of the EM spectrum and not microwaves, gamma rays, or any of the other wavelengths

that are emitted at lower intensities by our sun [20].
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Figure 1.8. Solar radiation spectrum.

Figure 1.8. includes a spectrum of the sun’s light that reaches Earth’s upper atmosphere. We can
notice that the peak region is from 400 to 700 nanometers (nm), which is the visible range of the
spectrum. Also note that there are a large number of photons through most of the infrared region
of the spectrum (700 to 10,000 nm). At the higher-energy, shorter-wavelength end of the
spectrum, the number of photons drops off dramatically. The sun’s spectrum contains very little
light with wavelengths shorter than about 300 nm (i.e., photon energy greater than about 4 eV).
The Earth’s atmosphere protects us from the higher-energy forms of light, such as ultraviolet
rays. In fact, the existence of life on Earth would be far less likely if these more damaging forms
of energy were more abundant. The terrestrial spectrum in (Figurel.8.) describes the light that
actually reaches the Earth’s surface after passing through the atmosphere. Notice that there are
various wavelengths in which the number of photons is greatly reduced as compared to the space
solar spectrum. This difference is due to photons being absorbed by atmospheric gases, the best-
known being ozone (O;), which absorbs higher-energy (lower-wavelength) ultraviolet light
below 400 nm. Photons with wavelengths near 900, 1100, and 1400 nm are absorbed by water

vapor in the atmosphere [21].
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1.1.11. Photon Absorption

Photovoltaic cells are designed to capture the photons of the solar spectrum. Energies in the
visible range are especially important to consider, but energy is available in the near-infrared, as
well. Solar cell designs that more efficiently absorb these photons must consider the specific
energies of these wavelengths. Photons with energies equal to or greater than the band gap are
absorbed as their energy promotes electrons into the conduction band. If photons have energy
exceeding the semiconductor’s band gap, the excess is usually sputtered as heat and is thus
wasted. Alternatively, photons whose energies are less than the band gap are not absorbed at all
but are transmitted through the material and their energy is not used. If the photon’s energy is
equal to the band gap, the energy transfer, in terms of its photovoltaic usefulness, is as close to

100% efficient as is thermodynamically possible [22].
1.1.11.1. Photocurrent

The amount of current produced by a photovoltaic cell is directly related to the number of
photons absorbed. The lower the band gap, the more photons are absorbed and the greater the
number of electrons promoted into the conduction band, and thus, available for current
production. The absorption of photons, of course, will only occur if their energies exceed the
band gap. But such absorption does not occur precisely at the surface of materials, but rather,
may penetrate deeply before being absorbed. Silicon and germanium, for example, have a much
lower absorption coefficient than does gallium arsenide. For this reason, thicker layers of silicon
and germanium are required to absorb equivalent numbers of sufficiently energetic photons.
Generated current, then, also depends on the absorptivity of a material and its thickness. Two
important performance parameters for a PV cell are its short-circuit current (Is.), and maximum-
power current (I,p). As its name implies, the I is the current produced by the cell when a zero-
resistance short is placed across its terminals. The I is easily measured in a laboratory setting.
The I, 1s the current produced under maximum power conditions and is more representative

than I of operational performance [23].
1.1.11.2. Photovoltage

The output voltage of a PV cell is directly related to the energy of the electrons promoted or
excited into the conduction band. The higher the band gap, the greater the energy of the electrons

in the conduction band must be. The voltage created by a semiconductor can easily be
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determined firstly, by dividing the band gap value (in electron volts) by the charge of an electron
(the “e” in eV). For reasons, the voltage generated is typically around 0.4 V lower than the
results of such a calculation, so 0.4 V must be subtracted from the previous result. For example,
GaAs has a band gap of 1.4 eV, so it would create an output voltage of 1.0 V (1.4 eV/e=1.4V;
14V-04V=10V).

Two important voltage performance parameters are open-circuit voltage (V,.) and maximum-
power voltage (Vmp). The Vi is a measurement of the output voltage of a solar cell with no
current flowing from it, which is a value easily measured in a laboratory setting. But V,;, is more

indicative than V. of actual performance [24].
1.1.11.3. Fill Factor and Maximum Power

Figure 1.9. shows the current-voltage (I-V) curve indicating the behavior of a sample PV cell
over all a full range of currents and voltages. By definition, V. and I are the x and y intercepts,
respectively, of such a plot. And it is a characteristic of photovoltaic cells; they represent upper
limits for voltage and current, respectively. As already noted, Vy,, and I, are more appropriate
measures of actual performance. The performance parameter, fill factor, is commonly used to
collectively describe the degree to which V,, matches V. and I, matches L. Fill factor is given

by the following:
Fill factor = (Imp X Vimp) / (Isc X Voc), and because the maximum power, Pnax = (Imp X Vinp),

Fill factor = Py« / (Isc X Vo). Fill factors for our high-efficiency cells are typically in the range of
80% to 90%, where 100% would be ideal. These curves may vary depending on the type and

amount of radiation and temperature of the panel [25].
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Figure 1. 9. I-V curve and FF equation.
1.1.12. Single-Junction Solar Cell Design

The maximum power is obtained within high current and voltage optimization of necessary
comparison. In order to get maximum optimized current, it is advisable to capture lots of photons
from the spectrum of solar radiation energy as much as possible. Small band gap materials are
preferred in selection for band gap construction. Those photons with lower radiation energies
will be available for electrons excitation from valence band into conduction band. On the other
hand the photons of higher energies who own much higher energy will lose these energies in

form of heat and will not be transformed into electrical energies.

Solar cells engineering designers tends to choose those of intermediate band gaps (near the
middle of the energy spectrum for solar radiation) to make a balance between selected materials,

photocurrent and output current of the device [26].
1.1.13. Multijunction Solar Cell Design

Multijunction cells use a combination of semiconductor materials to get more efficiently capture
of a larger photon energies range. They do so without sacrificing photovoltage or creating A
“sun” as a unit of concentration. For example, 500 suns would be 500 times the intensity of the

sun at all wavelengths. “One-sun” implies no concentration is taking place [27].
1.1.14. Bandgap Selection

Figurel.10. shows the spectrum of sunlight split and distribution over a variety of semiconductor

materials by using a prism.
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Figurel.10. Dispersion of sunlight and distribution over variety of semiconductor materials through a prism.

Different semiconductor materials could be used that would be in good matching at each portion
of the spectrum. Such an arrangement for the selection of solar cells materials is reasonable,

acceptable theoretically and mechanically, but designing is an abrupt led to be problematic.

In that case the more adequate solution is to arrange a multiple layer display. Those multiple
layers of semiconductor materials will be arranged from top (higher band gap materials) to
bottom (lower band materials). Those on top with larger band gap energies will absorb photons
with higher energies photons, then transmitting lower energy photons to following layers in

arrange. This strategy is the characteristic feature of multijunction solar cells [28].
1.1.15. Lattice Matching

The maximum current conductivity and high optical transparency between the top and bottom
cells in monolithic multijunction devices can be produced if all layers have similar crystal lattice,
and structures. Mismatch in the crystal lattice constants creates defects or dislocations in the
lattice where recombination centers can occur. Recombination results in the loss of
photogenerated minority carriers (e.g., electrons drop from the conduction band back into the
valence band) and significantly degrades the photovoltaic quality of the device. Such effects will
decrease the open-circuit voltage, short-circuit current density (Ji), and fill factor, which
represents the relationship, or balance, between current and voltage for effective power output

[29].
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1.1.16. Cell Optimization

In order to maximize the efficiency of multijunction devices, bandgap and lattice matching are
very important desirable characteristic for such designs. Monolithic design needs all to be grown
in one piece, series-connected, two-terminal multijunction device where each of the sub cells
should have matched currents. For that, they should absorb photons at the same overall rate, thus

producing the same current [30].
1.1.16.1. Current Matching

The output current of the multijunction solar cell depend on the nature of its series connection,
where it is always limited by the smallest produced currents of any individual junction. For this

reason, it is desirable to design each junction to produce the same amount of photocurrent [31].
1.1.16.2. Power Production

Maximizing total power—the product of total current and total voltage—is the photovoltaic
designer’s ultimate goal. Multijunction designs, as compared to single-junction designs, have
reduced currents. Multijunction designs are advantageous in that they inherently reduce current

while increasing voltage [32].
1.1.16.3. Concentration Systems

Concentrators are a vital component of terrestrial multijunction solar cell systems. By
dramatically increasing the total power produced by a given solar cell 100- to 1200-fold, the
increased cost of that cell is more readily justified. In addition, high solar concentrations actually

work to improve the performance of multijunction solar cells [33].
Part II: State of the Art of Thin Film Solar Cells
1.2. CIGS Thin Film Solar Cells

Cu(InGa)Se;-based solar cells have often been touted as being among the most promising of
solar cell technologies for cost-effective power generation. This is partly due to the advantages
of thin films for low-cost, high-rate semiconductor deposition over large are as using layers only
a few microns thick and for fabrication of monolithically inter connected modules. Perhaps more
importantly, very high efficiencies have been demonstrated with Cu(InGa)Se, at both the cell
and the module levels. Currently, the highest solar cell efficiency is 18.8% with 0.5 cm? total
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area fabricated by the National Renewable Energy Laboratory (NREL) [34]. Furthermore,
several companies have demonstrated large are a modules with efficiencies >12% including a
confirmed 13.4% efficiency on a 3459 cm” module by Showa Shell [35]. Finally, Cu(InGa)Se,
solar cells and modules have shown excellent long-term stability [36] in outdoor testing. In
addition to its potential advantages for large-area terrestrial applications, Cu(InGa)Se, solar cells
have shown high radiation resistance, compared to crystalline silicon solar cells [37,38] and can
be made very light weight with flexible substrates, so they are also promising for space

applications.

Recently CulnGaSe, (CIGS) thin film solar cell with an active area of 0.5 cm® made by ZSW
company exhibits the highest efficiency of 20.3% (Table 1.1) [39]. A several companies such as
First Solar, Nanosolar, Globalsolar, Miasole’, Solopower, Honda, Sharp, A vancis etc., have
been immensely involving to developing and producing CIGS based thin film solar cell mani-
modules to target production of several GW/Yr range around the world. For example, the
Solyndra company initiated a new approach to develop 1.8 m long cylindrical tube CIGS
modules, as fluorescent tubes and panel width of 1 m to reach 110 MW [40]. The CuS/CdS thin
film solar cells may be origin for the development of CIGS thin film solar cells in step by step

process in which Cu,S is unstable compound with time [41].

Table 1.1. Highest reported efficiencies of solar cells with prominent materials

S.No Solar Cells n (%) Ref.
1 CIGS 20.3 [16]
2 CdTe 15.8 [17]
3 CZTS 10 [18]
4 GaAs multijunction 41.1 [19]
5 Si 24.5 [20]
6 Polymer 7 [21]
7 DSSC 11 [22]

In order to improve stability of compound, In is added to it to make strong covalent bonding that
turns into CulnS,. The theoretical models reveal that 1.55 eV band gap absorber materials are

optimal to capture maximum solar spectrum. In this juncture, CulnS, is suitable material but its
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performance is inferior to CulnSe;. The band gap of CulnSe; is 1.1 eV therefore band gap needs
to be increased by adding either Ga or Al in it. Thus, the CIGS thin film solar cells now occupy

main stream of market as next generation of photovoltaics.
1.3 Multiple Junction GaAs Based Thin Film Solar Cells

The leading laboratories such as Fraunhofer Institute for Solar Energy Systems, National
Renewable Energy Laboratory, Spectrolab, Emcore, etc., have been developing III-V group

based monolithic Gay 35Ing ¢sP/Gag g3Ing 17As/Ge multijunction thin film solar cells [42].

The III-V semiconductor family possesses a number of attractive properties for fabricating solar
cells. The bandgaps of the binary III-V semiconductors are conveniently scattered around the
solar spectrum with further bandgap tuning possible through alloys of group III and V elements.
Most III-V semiconductors share the zinc blende crystal structure, lending the family to hetero
structure solar cells and multijunction configurations [43]. The majority of III-V materials have
direct bandgaps, leading simultaneously to large absorption coefficients for photons with
energies in excess of the bandgap and short radiative lifetimes (ns); the absorption coefficients
for a series of III-V semiconductors are shown in Figure 1.11. In comparison to silicon solar
cells, the active region of III-V solar cells is thin, no more than a couple of micrometers and
epitaxial crystal growth techniques exist that are capable of depositing extremely high-quality
layers of III-V semiconductor, leading to almost ideal semiconductor junctions. Many high-
performance III-V solar cells have been demonstrated to date, namely the highest efficiency
single-junction solar cell (GaAs), multijunction solar cell (InGaP/GaAs) and concentrator solar

cell [44].

Despite their high performance and potentially low use of semiconductor material, the reare
disadvantages to III-V-based solar cells. The materials are relatively expensive and some rare
elements, such as indium are used and the metal-organic precursors commonly used during cell
fabrication are highly toxic and often pyrophoric. Finally, the lack of a chemically inert and
electrically passivating oxide, equivalent to Si0,, complicates the cell design and places the solar
cell at risk of corrosion. Nevertheless, the superior efficiency and radiation tolerance of III-V
multijunction solar cells initially led to their use in space and satellite applications and
subsequently in terrestrial concentrator systems. The III-V semiconductor family spans the

ultraviolet, visible and infrared wavelengths offering the possibility to efficiently absorb the
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broad solar spectrum and also finding application for thermo photovoltaics, the conversion of
lower temperature radiation to electricity [45,46]. A map of semiconductor bandgap and lattice
parameter for most relevant binary and ternary zinc blende III-V materials [47], as well as for
silicon and germanium [48]. A key attribute of the III-V material system is the ability to grow
hetero structures composed of different semiconductor alloys, enabling binary, ternary,
quaternary and even quinternary alloys to be combined. Traditionally a high-efficiency III-V
solar cell would be grown lattice matched to a convenient substrate, often GaAs, Ge or InP
placing some restriction on the bandgap combinations that could be attained. However, recent
progress in controlling defect introduction during lattice relaxation has enabled highly efficient
lattice mismatched solar cells to be grown, where the lattice parameter varies within the cell [49].
The direct bandgap of III-V solar cells and high material quality means than some devices
operate close to the radiative limit. In this limit, the dominant solar cell loss is unavoidable

radiative recombination.
1.4. GaAs Solar Cells

GaAs solar cells hold the record for the highest efficiency single-junction solar cells fabricated to
date. Table 6.1 lists some notable cells with different efficiencies showing a remarkable recent

result of 27.6% under 1-sun AM1.5G.

A typical p/n GaAs solar cell is shown in Figure 6.4 showing both the layer structure and the
associated band diagram. Typically, the junction is formed 0.5 um from the front window layer
and a back surface field (BSF) is formed by the Aly3GaAs layer to ensure the diffusion gradient

for minority holes is directed towards the junction [50].

InGaP has also been used very successfully as a window layer material on account of extremely
low InGaP/GaAs interface recombination velocity [51], resulting in a marginally higher power-

conversion efficiency in an n/p configuration [52].
1.5. InP Solar Cells

InP solar cells are highly desirable as space solar cells on account of their exceptional tolerance
to radiation [53]. Typical device designs closely follow that of GaAs except that there is no
suitable window material to passivate the front surface. Instead, shallow homo junction designs

with appropriate metal contacts have reached efficiencies of 19% AMO [54,55].
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1.6. InGaAsP and GaN

Under solar concentration the limiting efficiency rises and the optimal bandgap energy shifts to
lower energy. The reason for this difference has very little to do with the solar spectrum, but
arises from the increased voltage of the solar cell under concentrated sunlight. Since the optimal
bandgap energy for power-conversion is a balance between photogeneration and recombination,
increasing the solar concentration shifts the balance to favor higher levels of recombination and
hence a lower optimal band-gap energy [56,57].The electricity costs 3$/watt for multijunction
solar cells, whereas it is 8$/watt for Si solar cells but much more complexity is involved for
designing and fabrication of former. The multijunction thin film solar cells are promising
candidates for terrestrial and extraterrestrial applications owing to the highest conversion
efficiency of 41.1% over the cell area of 0.5 cm” under 400-500 suns in the concentrated
systems, whereas the same cells show efficiency of less than 30% under 1 sun (1.5 AM) [58].
Similarly, the Spectrolab developed metamorphic Gag44Ing s6P/Gag 92Ing osAs/Ge multijunction
thin film solar cells, which show efficiency of 40.7% under 240 suns, whereas lattice matched
Gay 44lng 56P/Gag 92Ing 0sAs/Ge multijunction cells exhibit more or less same efficiency of 40.1%
[42]. As we know the absorber with band gap of 1.55 eV in the single junction solar cell is
optimal to absorb high intensities photons from the solar spectrum. However, the multijunction
solar cells utilize all the wavelength photons of solar spectrum by graded band gap absorber cells

that enhance efficiency of cells.

III-V compound multi-junction solar cells

Multijunction SC also called a cascade or tandem cell, can achieve a higher
total conversion efficiency by capturing a larger portion of the solar spectrum.
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Figure 1. 11. Multijunction thin film solar cells in which part of the spectrum observed by each sub cell noted in
color and the participation mechanism of different band gap absorbers.
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Over all aspects of lattice mismatch and band gap grading, III-V compounds are best suit for
multijunction solar cells comparing with other materials. The fundamental principle behind the
Physics of multijunction solar cells is that the absorbers of top InGaP, second AlGa(In)As, third
Ga(In)As and bottom Ge sub cells in the multijunction solar cells. The absorber of top cell
absorbs ultraviolet and partial visible region photons with energy greater than or equal to Egl.
The near infrared region photons with less than Egl energy hit second cell by passing through
top cell where the photons greater than or equal to Eg2 are absorbed by second cell AlGa(In)As
absorber. The same phenomena is applicable to third cell Ga(In)As absorber. The bottom Ge cell
absorbs rest of low energy or infrared region photons. The voltage of multijunction cell is
combination of voltage of each cell, whereas the lowest current of the sub cell dictates current of
device since the cells are connected in series. The efficiency of cell can be increased by properly
equaling current of each cell in the multijunction. In order to improve cell current, the thickness
of top cell is increased hence absorption by top absorber increases thus current increases in the

cell. The current is high in Ge sub cell since most of the spectrum covers by Ge[60,61].
1.7. Plastic Solar Cells

Plastic or polymer solar cells are based light weight thin film solar cells. A number of major
companies such as Konarka, Solarmer, Fiber Inc, Plextronics, etc., have sincerely devoted their
effort to increase efficiency of the cells. The efficiency of polymer based solar cells steadily
reaches from 3 to 10% as a milestone [62,63]. The Konarka company first introduced its polymer
based thin film solar cell prototype modules to the market even though the efficiency of module
is low around 3% that would be also profitable because of low cost production. The low
efficiency flexible prototype modules have been using in calculators, laptop computers, cell
phones, iPods, carrying bags, umbrellas, etc. So far, the highest reported efficiency on polymer
thin film solar cells is 6.8% [64].
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Figure 1. 12. (A) Single layered organic solar cell, (B) Planar heterojunction, (C) Exciton dissociation (donor —
acceptor), and (D) bulk heterojunction.

There are different kinds of heterojunction plastic solar cells (Figure 1.12);

(1) one is planar heterojunction that the electron donor (copper phthalocyanine) and the electron
acceptor (perylene tetracarboxylic derivative) are sand witched between reflecting metal (Al, Ag,
or Au) and poly(3,4-ethylenedioxyl-enethiophene):polystyrene sulfonic acid (PEDOT:PSS)
coated TCO (ITO or FTO) [65,66]

(i1) bulk heterojunction consists of a typical structure of glass/ITO/40 nm PEDOT:PSS/P3HT(1
wt.%)-PCBM(0.8 wt.%)TiOx/100 nm Al thin film, which exhibits efficiency of 5% in which
poly(3,4-ethylenedioxyl-enethiophene):polystyrene sulfonic acid (PEDOT:PSS) is used as a
conducting layer for hole transport and poly (3-hexylthiophene), that is, P3HT with band gap of
1.6-2.0 eV acts as electron donor, whereas phenyl C61-butyric acid methyl ester (PCBM)
contributes acceptor. The TiOx with band gap of 3.7 eV grown by sol—gel technique is virtually
used as an optical spacer [67]. The interface between n and p is randomly distributed all over the
place in the bulk heterojunction, since both donor and acceptor contributors are mixed unlike
conventional heterojunction solar cells. The schematic diagram of bulk heterojunction solar cell
is shown in Figure(1.12)[68]. The generated electron—hole pair (exciton) has diffusion length of
10 nm or less. Hence, it has to find donor—acceptor interface within diffusion length of 10 nm
otherwise it undergoes recombination without getting separation. In this case, the morphology of

active layer plays a dominant role for separation of electron—hole pair to drive electrons and
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holes to their respective electrodes by avoiding suppression of excitons. In such a way the

domain size of active layer should be kept double size of exciton diffusion length.

(ii1)) The order heterojunction solar cells are made with nanostructured TiO, templates/P3HT
polymer that the polymer is inserted into TiO,, as shown in Figure 1.4C. The radius of straight
and continuous pores should be slightly less than diffusion length of exciton of polymer. The
ordered heterojunction solar cells exhibit efficiency of 5%. Recently Heliatek company claims

efficiency of 7.7% for tandem organic photovoltaic cell over the area of 1.1 cm” [69].

The dye sensitized solar cells (DSC) first developed by Gratzel in 1991 is also known as Gratzel
cells. The typical configuration of laboratory DSC consists of TCO (SnO;:F) coated glass
substrate/TiO,/Ruthenium polypyridyl complex (N3 (RuL,(NCS),, L=2,20,-bipyridyl-4,40-
(COOH),)) dye/electrolyte/Pt/TCO glass, which shows efficiency of 10.8%. In the cell Pt is
counter electrode (Figure 13). The interface is between organic donor and inorganic nonporous
Ti0; acceptor. When the light hits cell, the ruthenium dye absorbs it and electron injection takes

place into TiO, conduction band.
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Figure 1. 13. Dye sensitized solar cell.
1.8. Photovoltaic Conversion
Solar cell or photovoltaic cell is nothing but p—n junction when the photons with energy greater
than or equal to the band gap of p-absorber this has led to solar cells, the electrons excite from

valence band to conduction band in the absorber. Thus electron-hole pairs are created. The

electrons cross barrier from p- to n- region and holes from n- to p- region in order to release their
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energy before taking place recombination. In other words, the electron—hole pairs, which are
within one diffusion length from the built-in electric field of the junction are separated giving
rise to photovoltage and photocurrent. The interface is usually homojunction or heterojunction or

Schottky barrier [70].
1.8.1. Heterojunction

It is an interface formed between two semiconductors of different energy gaps, a small band gap
semiconductor known as “absorber,” in which optical absorption takes place and a large band
gap semiconductor, known as “window,” 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.
The output current of circuit can be related to:
J= JPH_ JD — JSH(I . 1)

from the equivalent circuit of solar cell (Figure 1.14A), where Jpy is photogenerated current, Jp is

diode current, and Jsy is shunt current [71]

(Jsu= Vj/Rsn)(1:2)

The expression for output voltage can also be written as

V=Jgs—Vj (1:3)

where Rg is series resistance and Vj is voltage across diode and resistor Rgy. A solar cell behaves
like a p—n junction in dark and the current—voltage relationship of the junction in dark is

represented by the standard Shockley diode equation
In=Jo{explqVj=AksT]-1} (1:4)

where Jy is reverse saturation current, A is diode quality factor, q is electron charge, kg is
Boltzmann constant, T is absolute temperature. By substituting Equation (1.2),Equation (1.3),
and Equation (1.4) in Equation (1.1), the final derivation for output current results in
combination of diode forward current and light generated current for solar cell under light

illumination [72].
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Figure 1. 14. (A) Equivalent circuit of solar cell, and (B) J-V characteristics of solar cell under dark and light
illumination.

1.8.1.1. Open-Circuit Voltage

When J=0, the corresponding voltage known as open-circuit voltage is denoted by V.. It is seen
that the reverse saturation current increases, the open-circuit voltage decreases in the solar cell.
The experiments on several CIS, CIGS, and CGS cells reveal that the V. increases linearly with
increasing Eg up to certain point then it becomes nonlinear, as shown in Figure 14. In linear

portion the expression follows as [73]:
Vo= Eg/q-0.5 (1:6)

The Voc equals to the length between quasi Fermi levels of window and absorber in the
inorganic semiconductor solar cells. In the case of plastic solar cells, the V. is determined by the
distance between the highest occupied molecular orbital (HOMO) level of the electron donors
and the lowest unoccupied molecular orbital (LUMO) level of the electron acceptors, for which

the equation is derived as [74].

= - (ERSRRS| = [Efomo 1) — 0.3 V(1:7)
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1.8.1.2. Short-circuit Current

When V=0, the corresponding current is known as short-circuit current and is denoted by J. It

depends upon the incident photon flux, absorption coefficient and collection efficiency.
1.8.1.3. Fill Factor (FF)

FF, defined as the ratio of maximum power delivered by the cell to the product of Ji. and V., is

given by:

FF = Imtm g
IJscVoc

where J,, and V,, are the current and voltage corresponding to the maximum power point
respectively (Figure 1.6B). The FF is one of the parameters to measure stability of solar cell.
Poor FF is always observed for low efficiency cells. The high series resistance and low shunt
resistance result in low FF in the solar cells. The highest reported FF is 88% for multijunction

solar cells.

1.8.1.4. Efficiency

The conversion efficiency (1) of the solar cell is given by:
N=JnVa/ P (1:9)

where Pj, is the total input power to the cell.

1.8.2. Homojunction

It is an interface formed between the p- and n-regions of a single semiconductor. The best-known
examples are Si and GaAs solar cells. In general, homojunction exhibits high efficiency,
particularly in direct band gap materials with high absorption coefficient but there are

appreciable losses due to front surface recombination [75].
1.8.3. Schottky Barrier

It is a metal-semiconductor junction in which a blocking contact is formed. The performance is
usually limited by large thermionic emission currents that reduce the open-circuit voltage. A thin

insulating layer, usually, oxide is employed in metal-insulator-semiconductor (MIS) and
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semiconductor—insulator—semiconductor (SIS) configurations to reduce forward currents and

improve the open circuit voltage [76].
1.9. Criteria for the Choice of Heterojunction Pair in the Thin Film Solar Cells
1.9.1. Band Gap of Absorber

The band gap is the first order parameter in deciding the semiconductor pair for the
heterojunction. Based on theoretical considerations, Loferski [81] proposed a plot of theoretical
conversion efficiency versus band gap of the semiconductor. It is seen that a semiconductor with
a band gap of about 1.55 eV is ideal for absorber to achieve maximum conversion efficiency. In
addition, it should be a direct band gap material with high optical absorption coefficient. It
should preferably be a p-type material because of longer electron diffusion length[78].

1.9.2. Band Gap of Window Material

A wide band gap n-type semiconductor with a low series resistance is very essential to function

solar cells well [79].
1.9.3. Electron Affinities

Electron affinity of the absorber and window materials should be compatible so that no potential

spike occurs at the junction for the minority photoexcited carriers [80].
1.9.4. Lattice and Thermal Mismatch

The lattice and thermal mismatch between the absorber and window material should be as small

as possible to reduce interface state density and recombination losses through such states [81].
1.9.5. Electrical Contacts

It should be possible to form low resistance electrical contacts to both n- and p-type materials. So

far, the suitable metal electrical contact is not probably found for p-CdTe absorber [82].
1.9.6. Cell Stability and Life Time

The cell must have stable performance and long operating life at least more than a decade. The
cell must pass damp heating or the rmocycling test in order to compile market standards to

introduce into public [83].
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1.9.7. Deposition Methods

Convenient deposition methods for thin film formation process with highly controlled production
are completely necessary. The cost-effective techniques such as ink-based printings, screen
printings, doctor blade, spray, spin-coating, etc., are encouraging techniques while costly
vacuum techniques such as thermal, sputtering, MOCVD, MBE, etc., are part of the process for

cutting edge technologies whereby cost is negligible [84,85].
1.9.8. Materials

Materials used in solar cells fabrication must have some characteristically safety precautions at
least to be nontoxic with no environmental degradation. For example, Sn, Fe, Al, Si, etc., based
compound semiconductors are adjusted for thin film solar cells. If toxic compounds are used,
intensive high care conditions must be taken in consideration, for example, the case of H,Se, H,S

annealing atmosphere gases, Hydrazine, etc.[86].
1.9.9. Window Materials

The wide band gap semiconductor materials usually n-type or doped with suitable n dopants to
obtain the required low resistivity are used as window materials [87]. The CdS is the most
widely studied window material with absorbers like Cu,S, CdTe, InP, CulnS,, CulnSe, Culn,.
«GaxSe,, etc., others include CdZnS, In,O5:Sn, ZnO, SnO,:F, etc. In the case of CdS, CdZnS, and
ZnO suitable dopants such as In or Al are used to obtain high conductivity with reasonably high
transmission. Higher V. and J. are reported with CdZnS as a window instead of CdS in the

heterojunction solar cells [88].
1.9.10. Absorber Materials

The performance of heterojunction thin film solar cell is basically dependent on the choice of the
optimum absorber material. The material should be a direct band gap semiconductor with a high
absorption coefficient [89]. A plot of absorption coefficient of different semiconductors as a
function of photon energy (hv) yields in the band gap value. There are a number of possible
materials with band gap neighborhood of 1.5 eV. However, other factors such as technology and
stability are also important. The solar cells based on absorber materials like Si, a-Si, GaAs,
CdTe, InP, CulnSe,, CIGS, Zn;P,, CZTS, WSe,, etc., have received much attention [90]. The

search for innovative materials has led to investigations on efficiencies in excess of 10%. The
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studies on ternary, quaternary, and pentenary semiconductor materials with considering the band
gap and lattice constants in matching the window materials are important. The family of ternary
chalcopyrite’s offers many attempts for obtaining absorber materials because of their favorable
optical and electrical properties [91]. The materials are of current technological interest since
they also find application in other solid-state devices like visible and infrared light emitting
diodes, infrared detectors, parametric oscillators, up converters and far infrared generators.
Among those ternary chalcopyrite semiconductors, copper based I-1II-VI, semiconductors have
attracted many investigators. The basic scale of thin film solar cells is that low lattice in

coincidence between the absorber and window layers which reduces interfacial states [92].
1.10. Copper Based I-11I-VI, Semiconductors

The compound semiconductors, particularly CulnX; (X= S, Se) or Cu(In;.xGay) Se, have several

desirable features as absorbers in the thin film solar cells [93].
(1) They are direct band gap semiconductors with a high absorption coefficient.

(i1) They can be deposited either in n- or p-type. However, the CuGaSe, always have p-type
conductivity. A wide variation in the conductivity can be controlled by changing the atomic

ratios of cations or by doping with different dopants [94].
(ii1) The electron affinities of these semiconductors appear compatible with CdS, CdZnS, indium

tin oxide (ITO) such that deleterious conduction band spikes are unlikely upon heterojunction

formation.

(iv)The notice lattice match is good with CdS and CdZnS which help in minimizing the

interfacial state density.

(v) The materials can be deposited in thin film form employing suitable techniques for large

scale production.

(vi)The materials should be more stable than Cu,S. In the ternaries, trivalent indium seems to
bind copper tightly in the chalcopyrite lattice suppressing the undesirable copper migration into

CdS, which is observed in the Cu,S/CdS solar cells[95].
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1.11. Nanocrystalline materials:

Nanocrystalline materials have been the subject of widespread research over the past couple of
decades with significant advancement in their understanding especially in the last few years [96].
As the name suggests, they are single or multi-phase polycrystals with nano scale (1*10°—
250*10° m) grain size. At the upper limit of this regime, the term “ultrafine grain size” is often
used (grain sizes of 250—1000 nm). Nanocrystalline materials are structurally characterized by a
large volume fraction of grain boundaries, which may significantly alter their physical,
mechanical, and chemical properties in comparison with conventional coarse-grained
polycrystalline materials [97], which have grain sizes usually in the range 10-300 nm. As the

grain size is decreased, an increasing fraction of atoms can be ascribed to the grain boundaries.

Nanocrystalline materials may exhibit increased strength/hardness, improved toughness, reduced
elastic modulus and ductility, enhanced diffusivity, higher specific heat, enhanced thermal
expansion coefficient (CTE), and superior soft magnetic properties in comparison with
conventional polycrystalline materials [98]. This has been the incentive for widespread research
in this area, and lately, with the availability of advanced tools for processing and
characterization, there has been an escalation of work in this field. Nanostructured materials
provide us not only with an excellent opportunity to study the nature of solid interfaces and to
extend our understanding of the structure—property relationship in solid materials down to the
nanometer regime, but also present an attractive potential for technological applications with

their novel properties [99].
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Chapter 2. The semiconductor materials. Literature Review
2.1. THE SUN

The sun is an average star. It has been burning for more than 4-billion years, and it will burn at
least that long into the future before erupting into a giant red star, engulfing the earth in the
process. Some stars are enormous sources of X-rays; others mostly generate radio signals. The
sun, while producing these and other energies, releases 95% of its output energy as light, some of
which cannot be seen by the human eye. The peak of its radiation is in the green portion of the
visible spectrum. Most plants and the human eye function best in green light since they have

adapted to the nature of the sunlight reaching them.

The sun is responsible for nearly all of the energy available on earth. The exceptions are
attributable to moon tides, radioactive material, and the earth's residual internal heat. Everything
else is a converted form of the sun's energy: Hydropower is made possible by evaporation-
transpiration due to solar radiant heat; the winds are caused by the sun's uneven heating of the
earth's atmosphere; fossil fuels are remnants of organic life previously nourished by the sun; and
photovoltaic electricity is produced directly from sunlight by converting the energy in sunlight

into free charged particles within certain kinds of materials [1].
2.2. Photovoltaic Power Systems:

Photovoltaic (PV) power systems are one of today’s fastest growing renewable energy
technologies. Solar cells, which are the foundation of PV systems, convert the energy in sunlight
directly into electricity. Consequently, the “fuel” is free. The term “photo” comes from the Greek
“phos,” which means “light.” “Volt” is named for Alessandro Volta (1745-1827), a pioneer in
the field of electricity. Electricity is produced when sunlight strikes the semiconductor material

in a photovoltaic (solar) cell, creating an electric current [2].

Photovoltaic energy systems can be as small as a few solar cells or as big as a large array of PV
modules, which are made up of interconnected groups of solar cells. Most modules are about the

size of a coffee table top, though they can be manufactured in many different sizes and shapes.

The simplest and smallest PV systems are those that provide power for small consumer items

like solar calculators and wrist watches. Larger PV systems were originally developed for use in
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space. They now power nearly every satellite circling the Earth, because they operate reliably for

long periods of time and require little maintenance [3].

There are different energy forms, i.e; electrical, chemical, or mechanical energy, and they can be
used to distinguishtheir forms of change,i.e; movement, heating, or chemical change. Human
beings need energy to move their bodies, to cook, to heat and light houses, or to drive vehicles.
An active young man needs about 2500 kcal (2.9 kWh) per day to fulfil his daily energy
requirements. This means the energy of about 1060 kWh per year. The present global energy
consumption is around 19 000 kWh per inhabitant per year. It means that on average a man
consumes about 19 times more energy than is needed for his survival and satisfactory health

[4,5].

The mankind has witnessed an enormous increase in energy consumption during last 100 years.
While in 1890 the energy use per inhabitant per year was around 5800 kWh it reached 20200
kWh in 1970. Since 1970 the energy use has dropped to the present level of 19000 kWh per
inhabitant per year. The increase in energy use in the 20th century can be related to an evolution
process that has started about five centuries ago. The underlying motivation of this process was
formulated during the Enlightenment period in the 18"century as the philosophy of human
progress. The aim of the process was an examination of the surrounding world and its adaptation
to the needs of people whose life would become more secure and comfortable. This process was
accompanied by growing industrialization and mass production, which were demanding more
and more energy [6,7]. At the end of the 19" century coal was the main source of energy. In this
period electricity was introduced in the industrialized countries as a new and elegant form of
energy. This form of energy was quickly applied on a large scale. The widespread growth of
electricity use led to construction of hydroelectric plants and hydropower became an important

source of energy in the first half of the 20" century [8,9].

In the period after the World War II much effort was put into the reconstruction of the society.
The emphasis was directed on the growth and efficiency of the mass production. New
technologies and new materials, such as plastic, were applied in the production. The energy
demand was tremendously growing in this period. Oil and gas started to play an important role as
energy sources in the second half of the 20" century. Coal, oil, and gas form today dominant

sources of energy. These three energy sources, also known as fossil fuels, are called the
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traditional energy sources. In this period nuclear energy was introduced as a new source of
energy. Increasing and more efficient mass production resulted in the low price of many
household products. The consumption of the products grew enormously and therefore it is not

surprising that we characterize today society as a consumption society [10,11,12].

Nevertheless, it has become evident at the end of the 20™ century that the philosophy of human
progress that has manifested itself in a huge production and consumption of goods has a negative
side too. It has been recognized that a massive consumption of fossil fuels in order to full fil the
present energy demands has a negative impact on the environment. The deterioration of
environment is a clear warning that the present realization of human progress has its limitations
[13]. The emerging international environmental consciousness was formulated in a concept of a
sustainable human progress. The sustainable human progress is defined as: “... to ensure that it
(sustainable development) meets the needs of the present without compromising the ability of
future generations to meet their own needs”. A new challenge has emerged at the end of the
20thcentury that represents a search for and a utilization of new and sustainable energy sources.
The urge of this challenge is underlined by limited resources of the fossil fuels on the Earth and
increasing demand for energy production. This is the reason why the attention is turning to the
renewable energy sources. Energy is an essence of any human activity. When we are interested
in how the human civilization has been producing and using energy, we can describe it in terms
of an energy system [14,15]. The main characteristics of the energy system are: the population,
the total consumption of energy, and the sources and forms of energy that people use. The energy
system at the beginning of the 21%century is characterized by six billion people that live on the

Earth and the total energy consumption of approximately 1.3 x 10'° kW[16].
2.3. Photovoltaics advantages:

*= Have no moving parts (in the classical mechanical sense) to wear out.

= Contain no fluids or gases (except in hybrid systems) that can leak out, as do some solar-
thermal systems.

= Consume no fuel to operate

= Have a rapid response, achieving full output instantly

= (Can operate at moderate temperatures
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= Produce no pollution while producing electricity (although waste products from their
manufacture and toxic gases in the event of catastrophic failure and disposal may be a
concern).

= Require little maintenance if properly manufactured and installed

= (Can be made from silicon, the second most abundant element in the earth's crust [17].

=  Modular permitting for a wide range of solar-electric applications such as:
o Small scale for remote applications and residential use
o Intermediate scale for business and neighborhood supplementary power
o Large scale for centralized energy farms of square kilometers size

= Have a relatively high conversion efficiency giving the highest overall conversion
efficiency from sunlight to electricity yet measured
= Have wide power-handling capabilities, from microwatts to megawatts

= Have a high power-to-weight ratio making them suitable for roof application

= However, there are ambivalent views about solar, or photovoltaic, cells' ability to supply

a significant amount of energy relative to global needs.
* Those pro, contend: Solar energy is abundant, inexhaustible, clean, and cheap.
* Those can, claim: Solar energy is tenuous, undependable, and expensive beyond practicality.

There is some truth to both of these views. The sun's energy, for all practical purposes, is
certainly inexhaustible. However, even though sunlight striking the earth is abundant, it comes in

rather a dilute form [18,19].
2.4. Photovoltaic effect and principle of solar cell operation

One important way to convert solar radiation into electricity occurs by the photovoltaic effect
which was first observed by Becquerel [20]. It is quite generally defined as the emergence of an
electric voltage between two electrodes attached to a solid or liquid system upon shining light
onto this system. Practically all photovoltaic devices incorporate a pn-junction in a
semiconductor across which the photovoltage is developed. These devices are also known as
solar cells. A cross-section through a typical solar cell is shown in Fig. 2.1. The semiconductor

material has to be able to absorb a large part of the solar spectrum. Dependent on the absorption
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properties of the material the light is absorbed in a region more or less close to the surface. When
light quanta are absorbed, electron hole pairs are generated and if their recombination is
prevented they can reach the junction where they are separated by an electric field. Even for
weakly absorbing semiconductors like silicon most carriers are generated near the surface. This

leads to the typical solar cell structure of
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Figure2.1.(a) A cross-section through a typical solar cell and (b) the p-njunction explanation diagram.

which separates the emitter and base layer is very close to the surface in order to have a high
collection probability for free carriers. The thin emitter layer above the junction has a relatively
high resistance which requires a well-designed contact grid also shown in the figure. The
operating principles have been described in many publications [21] and will not be addressed
further here. For practical use solar cells are packaged into modules containing either a number
of crystalline Si cells connected in series or a layer of thin-film material which is also internally
series connected. The module serves two purposes, it protects the solar cells from the ambient

and it delivers a higher voltage than a single cell which develops only a voltage of less than 1 V.
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1.2. PV world market, market shares of different materials, future prospects Today’s
photovoltaic market is about 277 MW (in 2000) corresponding to a value of over US$ 1 billion.
This is a remarkable market but still far away from constituting a noticeable contribution to the
world energy consumption. Market growth in the last decade was between 15 and 25% as is
shown in Figure 2.2. This market growth would be very satisfying for any conventional product
but in the case of PV it is entirely insufficient if we consider the goals. The main motivation for
developing solar energy is the desire to get away from depletable fossil fuels with their adverse
effect on the environment. At the present growth rate, it will take us far into the second half of
this century gets a relevant contribution by PV to world energy demand. As will be pointed out
below, support programs in several countries are already accelerating market growth. Besides the
terrestrial market there is also the space market which has entirely different boundary conditions
and also different materials requirements. In order to keep the volume of this paper at a

reasonable size, space solar cell materials will not be included [22,23].

120

Major shifts in the global solar market in 2016:
1. China: FiT pullback of 11% — 5% drop in 2016 demand
100 2. U.S.: ITC extension — 120% spike in 2016 demand
3. Japan: Scaling back FiT support — 12% drop in 2016 demand
4. U.K.: FiT pullback of 65% — 64% drop in 2016 demand
80 5. India: 23GW tender pipeline — 127% spike in 2016 demand
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Figure 2.2. Development of the world market shares in photovoltaics over the last decade in megawatts per year.
2.5. Photovoltaic technologies

The first practical use of solar cells was the generation of electricity on the orbiting satellite
Vanguard 1 in 1958. These first solar cells were made from single crystal silicon wafers and had
efficiency of 6 %. The space application was for some time the only application of solar cells.
The energy crisis in the seventies of the 20th century accelerated a search of new energy sources
for terrestrial applications. This search resulted in a growing interest for PV solar energy. The

major obstacle of using solar cells for terrestrial electricity generation has been a much higher
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price of the solar electricity when compared to the price of electricity generated from the
traditional sources. Therefore, there has been much effort in the field of solar cells to reduce the
price of solar electricity to a level that is comparable to the conventional electricity. The single
crystal silicon wafer-based solar cells that had been used in space became also the first solar cells
to be used for terrestrial generation of electricity. In order to decrease the material costs of
crystalline silicon solar cells, research has been directed to develop low cost thin-film solar cells,

which represent second generation solar cells for terrestrial application.
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Figure 2.3. Market shares of different photovoltaic materials.

There are several semiconductor materials that are potential candidates for thin-film solar cells,
namely copper indium gallium diselenide (CulnGaSe,=CIGS), cadmium telluride (CdTe),
hydrogenated amorphous silicon (a-Si:H), thin-film polycrystalline silicon (f-Si). The titanium
oxide nanocrystals covered with organic molecules represent so called dye-sensitized nano-
structred solar cells. It is expected that the efficiency of commercial second generation solar
modules is likely to reach 15%. Conversion efficiency has to be increased substantially in order
to progress further. Calculations based on thermodynamics demonstrate that the limit on the
conversion efficiency of sunlight to electricity is 93% as opposed to the upper limit of 33% for a
single junction solar cell, such as a silicon wafer and most present thin-film solar cells. This
suggests that the performance of solar cells could be improved 2-3 times when different concepts

were used to produce a third generation of high efficiency, thin-film solar cells (Figure 2.3) [24].
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2.6. A brief history of the I-1II-VI, family

The history of CulnSe, begins with the research carried out in the Bell Telephone laboratories in
the early 70'seven though its synthesis and characterization have already been studied by Hahn in
1953 [25]. Along with new ternary chalcopyrite materials, it was also characterized by other
groups [26]. The Bell Labs had grown crystals of a wide selection of these materials reporting
their structural and electro-optics properties [27,28]. In that period, a solar cell with an efficiency
of 12% based on CdS evaporated onto a p-type CulnSe; single crystal was realized [29]. In 1977,
depositing by flash-evaporation a CdS thin film onto a single crystal of p-type CuGaSe,, a solar

cell that exhibited an energy conversion efficiency of up to 7 % was realized [30].

CulnSe; is a semiconducting compound of the I-III-VI, family with a direct band gap of 1.05 eV.
Its chalcopyrite structure makes a good match to wurtzite CdS with only 1.2% lattice mismatch.
This explains the good efficiency for the first time obtained with CulnSe; single crystal and put
in evidence that CulnSe,/CdS was the sixth system, along with junctions based on Si, GaAs,
CdTe, InP, and Cu,S that showed energy conversion efficiency up to 10%. Besides, CulnSe; is a
direct band gap semiconductor, which minimizes the requirements for minority carrier diffusion
length, and exhibits the highest absorption coefficient (3x10° cm™) in the visible region of the
solar spectrum. These considerations make CulnSe, the best-suited material for the fabrication of

an all polycrystalline thin film solar cell.

There has been relatively little effort devoted to devices realized on a CulnSe, single crystal
apart from this first work, because of the difficulty in growing high-quality crystals. But, the
aforementioned properties of CulnSe, channeled all the attention to thin-film solar cells because
of their intrinsic advantages. The first thin-film CulnSe,/CdS solar cell was fabricated by
Kazmerski et al. in 1976 [31] by using films deposited by evaporation of CulnSe, powder in

excess of Se vapor. This solar cell showed an efficiency of about 4-5%.

Boeing laboratories, 1981, the first high-efficiency all thin film solar cell based on the system n-
ZnCdS/p-CulnSe; was realized with a conversion efficiency of about 9.4% and in 1985 they
reached the efficiency of 11.4% [32].

Since the early 80's, ARCO Solar and Boeing have tackled the difficult issues involved with
industrial production such as through put and yield. These efforts have led to many advances in

the technology of CulnSe; solar cells.
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The two groups have characterized their R&D approaches in different ways. The diversity of the
two approaches consists basically in the CulnSe, (CISe) deposition methods, while the

architecture of the device remains essentially the same.

The Boeing method includes the co-evaporation from separate sources of the single elements for
CISe deposition. These films were deposited on alkali-free glass or ceramic covered by a thin
layer of Mo, which acts as a positive electrode. The devices were finally completed by
evaporating, on top of the CISe film, two layers of CdS (or ZnCdS), the first one was an intrinsic
layer and the second one heavily doped with indium in order to ensure a best photocurrent
collection. The two methods, introduced by Boeing and ARCO Solar, still remain the most
common techniques for producing high efficiency cells and modules. Boeing was focused on co-
evaporation of individual elements from separate crucibles while ARCO Solar was more
confident in a two-stage process in which a low-temperature deposition of Cu and In was

followed by a heat treatment at high temperature in H,Se ambient.

With the “Boeing” basic structure, in 1996 a fantastic result was reached for all the thin film
solar cell: a conversion efficiency of 17.7%. This improvement was obtained by using CuGaxIn;.
xSe; as absorber layer. Effects of partial substitution of Ga for In appeared to be optimized for
X=0.25. The band gap of the quaternary compound varies from 1.04 eV for X=0 to 1.7 eV for
X=1; this means that the substitution of Ga for In causes an increase in open-circuit voltage, but
a decrease in short-circuit current and fill factor and only for X=0.25 does the system reach the
right equilibrium. Adjusting the Ga concentration profile into the absorber layer, in order to
enhance the collection of the photo-generated carriers, it was possible to fabricate thin film solar
cells based on the CdS/CuGalnSe, system with an efficiency of 18.8% in 1999, of 19.2% in 2003
and of 20.3% in 2011 [34]. This last result is the highest value for energy conversion efficiency

in an all thin film photovoltaic device.

Let's summarize the key enhancements to the method that gave the more efficient cells

(coevaporation-Boeing).

1. Soda lime glass replaced ceramic or borosilicate glass substrates. This change was made for
the lower costs of soda lime glass and its good thermal expansion match with CulnSe,. An

increase in processes tolerance and device functioning were the result. It was soon clear that the
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better results obtained came primarily from the beneficial inter diffusion of sodium from the

glass [35].

2. The high thickness of the In-doped CdS or ZnCdS film was replaced by a thin un-doped CdS
layer followed by a conducting Al-doped ZnO (ZAO) film. This was effective in increasing the

photocurrent having enlarged the spectral response in the blue region wavelengths.

3. The absorber energy gap was increased from 1.02 eV for CulnSe, to 1.1-1.2 eV for
Cu(In,Ga)Se; by the partial substitution of In with Ga, leading to an important increase in

efficiency.

4. Innovative absorber deposition processes were developed to obtain energy gap gradients

improving the photovoltage and current collection [36].

The key operation of photovoltaic cells is its "sandwich" distribution of materials endowed with
different shape, so that some of them have excess electrons and others, on the contrary, have
deficit. Photons of sunlight carry on the energy that tear off the remaining electrons from a layer
and makes them move toward the "gaps" of the other (Figure 2.4. CIGS solar cell array and

diagram).

The first copper chalcopyrite PV devices were introduced in 1976 in the form of copper-indium-
di-selenide (CulnSe; or CIS) by Kazmerski and co-workers (Kazmerski et al., 1976) [37]. CIS
has a band gap of 1 eV, however, by substituting either Ga for In or S for Se the band gap can be
continuously engineered from around 1 eV to as high as around 2.5 eV (Wolden et al., 2011)
[66]. Consequently, the abbreviations CIS, CIGS, CIGS or CIGSSe are generally used to

describe this material, depending on how many elements are involved.

With up to five elements and numerous binary and ternary phases, the CIGSSe system presents

much greater complexity than the other commercial PV technologies.
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Figure 2.4. Solar Cell array and diagram for CIGS.

Extensive theoretical work helped to understand the electronic structure and role of defects
(Siebentritt et al.,2010), and today it is well-known that sodium (Na) plays a critical role in the
morphology and electronic properties of CIGS (Hedstrom et al., 1993) [153,68]. Originally Na
diffused into the CIGS layer from the soda lime glass substrates, but nowadays more controlled
and systematic approaches that employ sputtered layers of Na-containing material have been
developed to gain control over Na introduction (Granath et al., 2000; Ruckh et al., 1994) [69,70].
Concerning the window layers, CdS is still the first choice, but both In and Zn sulfides are being
investigated to substitute CdS in the long term (Panthani et al., 2008) [71]. Nevertheless, there
are strong interactions between buffer and absorber layer, and in general simultaneous
optimization of these layers is required to improve efficiency. Regarding flexible CIGS solar
cells, further development of transparent ultra-barriers is required to improve the long-term

stability.

CIGS is the only commercial TF technology that has continually reported efficiency

improvements of its record cells during the last decade, surpassing the 20-percent threshold and
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making it the clear efficiency leader among TF technologies (Green et al., 2012; Wolden et al.,
2011) Today, several companies are producing commercial CIGS modules in the range of 10-50
MW/year with Japanese manufacturer Solar Frontier on the forefront selling 14.5% efficient
modules from GW-scale production (Sugimoto et al., 2011) [66,72,73]. Substrates include soda
lime glass, metal foils, or high temperature polyimide that aroused substantial interest for BIPV

and portable power applications.

The basic structure of CIGS devices fabricated by current manufacturing schemes begins with
the deposition of a Mo back contact followed by the p-type CIGS absorber (1-3 Im), a thin

buffer layer (50—100 nm), and a doped ZnO serving as the transparent front contact.

Nevertheless, a variety of companies are working on the large-area commercialization of this
technology by applying various manufacturing schemes, especially regarding the CIGS absorber
(Tiwari et al., 2010) [74]. At present, the maturity of commercial module technologies is in the
rangeof 60-80%. Much of this difference attributed to the quality of the absorber layer (Stolt et
al., 1993; Gabor et al., 1994), and its corresponding manufacturing approach, with the most
important routes being (i) coevaporation, (ii) metal selenisation/sulphurisation, and (iii) solution-
based processing. In-line production using co-evaporation is pursued by companies such as Q-
Cells, Manz AG, and Global Solar. Challenges involve the cosine flux distribution of the
evaporation sources, the diffuse conditions of high vacuum, and sources have to be mounted in a
top-down configuration for large glass substrates heated to 600°C [68,75]. Another challenge
with co-evaporation is that the relatively unreactive Se must always be supplied in great excess,
leading to practical concerns related to condensation and materials management (Wolden et al.,
2011) [66]. Selenisation and/or sulphurisation of pre-deposited metal films in a defined
stoichiometry is the second common method to fabricate CIGS absorber layers on module-size
substrates. The metal films can be deposited by various methods but are in most cases sputter-
deposited onto the substrate and then converted to CIGS through annealing in a gaseous
atmosphere. Solar Frontier, Honda Soltec, and Avancis are the most prominent commercial
representatives of this approach. As compared to co-evaporation the chalcogen utilization can be
improved by more than an order of magnitude, whereas the sources are either elemental vapors
or hydride gases such as H,Se or H,S. The latter have the advantage of being more reactive and
easy to control, though they present safety concerns due to their toxicity (Wolden et al., 2011)
[66].
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manufacturing. Source: van Hest and Ginley (2009).

The best module efficiency obtained with this process up to date is as high as 15.7% (Green et
al., 2012), whereas Manz AG very recently announced a total average panel efficiency of 14.6%,
which according to the company sets a world record for thin-film solar panels [72]. Due to the
high price pressure on the module market, a variety of companies is currently trying to abandon
vacuum processes in their process scheme. This would help to reduce capital requirements,
improve the utilization of applied materials, lower the energy requirements during fabrication,
and improve the compatibility with roll to roll (R2R) processing Hibberd et al., 2010 [76]. In
principle, such schemes are based on two-step processes, where a glass or foil substrate coated —
by solution-based processes, electrodeposition, or particulate deposition — and followed by a high
temperature annealing/sintering step. Record cell efficiencies of more than 15% have been
obtained by a number of such techniques (Bhattacharya et al., 2000; Todorov et al., 2012)
[77,79]. The integration of multiple evaporation or sputtering sources provides versatility that
allows controlling the film composition and the corresponding phase profile, but also requires a
large capital investment (Habas et al., 2010) [83]. Furthermore, a considerable amount of energy
is required to deposit material from the target sources, and the relatively slow throughput and
low materials utilization are not beneficial for large-scale production (Habas et al.,2010; Wang,
2011; Hibberd et al., 2010) [76,83,88,89]. Therefore, nonvacuum based deposition methods have
been developed to tackle these issues. The straightforward comparative advantages of such
methods include atmospheric pressure processing significantly lowering capital equipment costs,
suitability for large-area and flexible substrates, higher throughput, and the combination of more

efficient materials usage and lower temperature processing (Figure 5.) (van Hest and Ginley,
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2009) [90]. Ideally, such approaches are based on R2R substrate handling instead of wafer
batches, with the materials deposited from gases or solutions without the need of vacuum. The
incredible array of such methods applicable to PV device fabrication ranges from coating
processes such as electrochemical and chemical bath deposition, spin- or spray coating, to direct-
write techniques like inkjet printing (Habas et al., 2010) [83]. Fig. 2.6 depicts the most
representative basic process schematics for electrodeposition, spray coating, die coating, and

inkjet printing (Krebs, 2009; Steirer et al., 2009; Hoth et al., 2007)[91-93].
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Figure 2.6. Process schematics for (a) roll-to-toll electrodeposition, which may also be representative for chemical
bath deposition (without anode and appliedvoltage potential), (b) spray coating, (c) die coating heads for single and
multiple layers, and (d) inkjet printing. Adapted from: Krebs (2009) and Steirerand et al. (2009),
http://www.isetinc.com/technology-overview/, December, 2012.
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2.7. A brief history of CZTS based solar cells
2.7.1. Introduction into CZTS based solar cells

Up to date TF solar cells based on the ternary chalcopyrite structure CulnSe, (CIS) have
emerged as one of the most successful ones, progressing from first proof-of-concepts (Wagner et
al., 1974) to high-efficiency record devices of over 20% for laboratory scaled CIGS devices and
over 15% for modules (Green et al., 2012) that are presently manufactured in the hundreds of
MW to GW range (Wolden et al., 2011) [66,72,94]. As these production volumes increase,
concerns have been risen regarding the price and the availability of In, and whether it may limit
the amount of chalcopyrite PV that can be manufactured at low cost. To tackle the
aforementioned issues, Copper-zinc-tinsulphide/selenide (Cu,ZnSnS4(Ses), CZTS or CZTS(e))
entered the spotlight of researchers all over the world. CZTS is the I,-II-IV-VI4 quaternary
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compound semiconductor that is obtained by replacing one half of the indium atoms in CulnSe,
with zinc (group II) and the other half with tin (group IV). Depending on the ordering of the
metals along the long c-axis of the structure, the kesterite or the stannite structure is obtained
(Mitzi et al., 2011; Schorr,2011) [88,96]. All components of CZTS are abundant in the earth’s
crust (Cu: 50-70 ppm, Zn: 75-80 ppm, Sn: 2.2 ppm, S:260 ppm) and they possess extremely low
toxicity (Siebentritt and Schorr, 2012; Emsley, 1998; Katagiri et al., 2009) [97-100].

The compound exhibits intrinsic point defects that lead to p-type semiconductor behavior
(Delbos, 2012), and has a direct band gap and an absorption coefficient of more than 104 cm™
suitable for TF PV applications (Ito and Nakazawa, 1988; Chan et al., 2010) [101-103]. With a
predicted and experimentally verified band gap ranging from 1.0 eV for Cu,ZnSnSes
(Friedlmeier et al., 1997; Todorov et al., 2010; Altosaar et al., 2008) to 1.5 eV for Cu,ZnSnS,
(Friedlmeier et al., 1997; Chen et al., 2009; Moynihan et al., 2011; Mellikov et al., 2011; Tanaka
et al., 2005; Moriya et al., 2006; Scragg et al., 2008; Kamoun et al., 2007), the material system is
well suited to enable high-efficient single junction solar cells (Shockley and Queisser, 1961), and
in addition the band gap is tunable due to the variation of the S/Se ratio (Timmo et al., 2012). It
was shown recently that the crystal structure allows some slight shifts from the stoichiometric

composition (Choubrac et al., 2012) [80,81,104-106,109, 111,112,114-116,120-122,206].

The device structure of CZTS solar cells is similar to CIGS and can be obtained by replacing the
CIGS absorber layer by CZTS in Fig. 2.7¢c. Ito and Nakazawa reported the photovoltaic effect of
CZTS for the first time in 1988, while achieving an open-circuit voltage of 165 mV (Ito and
Nakazawa, 1988) [102]. During the past decade the technical transformation of CZTS into an
absorber layer in solar cell devices has mainly been established by Katagiri and coworkers by
employing various vacuum-based physical vapor deposition methods and subsequent
sulphurisation (Katagiri et al., 1997; Katagiri et al., 2001; Katagiri, 2005; Jimbo et al., 2007)
[123-125,128]. More recently, studies on the sulphurisation of metal layers (Kurihara et al.,
2009), co-evaporation (Repins et al., 2012), and non-vacuum techniques (Deligianni et al., 2012;
Ahmed et al., 2012; Guo et al., 2010) attracted significant attention (Delbos, 2012). More and
more work was done on non-vacuum solution-based processing approaches (Mitzi, 2009;
Steinhagen et al., 2009; Kumar et al., 2009; Fella et al., 2011) [67,86,87,101,129,131-
133,135,136,138]. This evolution may have been additionally triggered by the very successful

IBM-approach applying spin-coating of a particle-containing solution diluted in hydrazine to
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fabricate Cu,ZnSn(S,Se)4 based PV devices with over 11.1% conversion efficiency (Todorov et
al., 2010; Barkhouse et al., 2012; Bag et al., 2012; Todorov et al., 2012), impressively
demonstrating the potential of these deposition technologies as well as of the material system

[79-81,139,140].

Figure 2.7. Basic device structures of the main TF solar cell approaches: (a) CdTe, (b) a-Si/1-Si, (¢) CIGS/CZTS, (d)
OPV, and (e) DSSC. Please not that different variations of these structures in terms of material, morphology, and
layer sequence exist, respectively.

The most important manufacturing routes are (i) solution-based precursor fabrication followed
by a short annealing, (ii) annealing of nano-crystalline precursors, (iii) low-temperature co-
evaporation followed by a short annealing, (iv) sputter deposition followed by long annealing in
H,S, and (v) fast co-evaporation (Redinger et al., 2011; Riha et al., 2009) [141,144]. One
interesting fact regarding the processing of CZTS is that a non-vacuum based processing scheme
is still leading to highest efficiencies, even though very recently Repins and co-workers
published a 9.15% efficient CZTS based solar cell fabricated by vacuum-based 4-source co-
evaporation, stating that the ease of composition and phase control is responsible for the success
of the solution based processes (Katagiri et al., 1997) [123]. The evolution of the power
conversion of the main published CZTS based solar cell fabrication schemes is summarized in

(Figure 2.8).
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Figure 2.8. Evolution of record efficiencies for CZTS-based thin film solar cells fabricated by various process
schemes. The red marking shows the updated value as published in Steinhagen et al. (2009), Delbos (2012).

The knowledge gathered by CIGS scientists on back contact, buffer and window layers, etc. in
the past few years was very helpful be to achieve a quite fast learning curve regarding device
fabrication and related conversion efficiency of CZTS based solar cells. Nevertheless, to keep up
this pace and push the record values to higher numbers, processes as used in the case of CIGS
solar cells may need to be tuned, as it is suggested by theory (Repins et al., 2011) and by detailed
experimental investigation of crystal structure, phase transformations during growth, related
defects, etc. (Siebentritt and Schorr, 2012) [97,130]. For example, as it has been shown recently
by Scragg and co-workers that the Mo back contact and CZTS(e) suffer from a detrimental
reaction causing the formation of MoS ) and secondary phases at the CZTS/Mo interface during

thermal processing (Scragg et al., 2012)[119].
2.7.2. Crystal structure, defects, and composition

Until recently, it was not clear whether the crystal structure of Cu,ZnSn(S,Se), is a kesterite
(Hall et al., 1978) or a stannite one (Bernardini et al., 2000), whereas these two structures just
differ in the ordering of Cu and Zn (Fig. 9)[185,146]. Finally, in a comprehensive neutron
diffraction study of various Cu,ZnSn(S,Se)s compounds, it was shown that Cu,ZnSnS, and
Cu,ZnSnSe4 occur in the kesterite structure, and not in the stannite structure, even though both

show a certain disorder in between the Cu and Zn sites (Siebentritt and Schorr, 2012; Schorr,
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2011) [96,97]. This disorder may be explained by a co-existence of kesterite and stannite, even
though density functional theory calculations predict kesterite as the most stable phase for the
sulphide and the selenide (Raulot et al., 2005; Paier et al., 2009; Persson, 2010) [147-149].
However, the energy difference of the stannite structure is only slightly larger, and since the
band gaps predicted for the stannites are smaller than those of the kesterite, a co-existence of
both structures could lead to the relatively low open-circuit voltages observed in kesterite solar
cells as compared to the band gap (Mitzi et al., 2011) [88]. Another important structural
parameter in chalcopyrites and kesterites is the tetragonal distortion, which is the deviation of
c/2a from 1 (here, c is the long axis, and a is the short axis), since this deviation leads to a crystal
full field and a non-degenerate valence band maximum (Shay and Wernick, 1975) [150]. Values
have been determined experimentally as well as calculated whereas all calculations find a small
tetragonal distortion of 0.998 = ¢/2a = 1.006 (Siebentritt and Schorr, 2012) [97]. However, so far
there is no agreement between the different methods regarding the trends between sulphide and

selenide and between kesterite and stannite (Siebentritt and Schorr, 2012) [97].
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Figure 2.9. Schematic illustration of chalcopyrite structure, as well as kesterite and stannite structures. The unit cell
boundaries are denoted with dashed lines. Source: Mitzi et al. (2011).

As in the case of CIGS materials, the doping and thus the bend bending in CZTS based solar
cells is believed to be obtained by defects (Delbos, 2012; Siebentritt and Schorr, 2012) [97,101].
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Published theoretical studies on defects in kesterites are all based on density functional theory
(Nagoya et al., 2010; Biswas et al., 2010; Chen et al., 2010) [107,151,152]. Even though defect
level predictions have to be taken with care (Siebentritt et al., 2010), regarding defect formation
energies, which depend on composition and on the Fermi level, some clear trends are observed:
The defect with the lowest formation energy is the acceptor Cuy, defect. Further low energy
formation acceptors are Cug, as well as V¢, (Chen et al., 2010; Chen et al., 2010) [107,108,153].
Donor defect levels such as VS or Znc, in general show higher formation energies, which in
combination with the low, often even negative formation energy of Cugz, explains that

CuyZnSnS4 and CuyZnSnSey so far have always found being p-type.
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Figure 2.10. (a) Ternary CZTS phase diagram including the expected secondary phases at 400°C, (b) ternary CZTS
phase diagram including regions as defined in Chen et al. (2010) giving hints which secondary phases should be
expected to form at that composition.

Experimental phase diagrams have been published for Cu,ZnSnSe, (Fig. 2.10a) Olekseyuk et al.,
2004; Scragg, 2010, as well as for Cu,ZnSnSe4 (Dudchak and Piskach, 2003) [117,118,154,155].
Both phase diagrams predict a small region of single phase kesterite, allowing 1-2% (absolute)
deviation in the composition at temperatures around 550 °C, which is significantly less than in
the case of chalcopyrites allowing Cu deficiency of 4% (absolute) Go decke et al., 2000 [156].
The highest efficiencies have been obtained in the Zn-rich and Cu-poor region of the metal
compositions (Fig. 2.10b) Delbos, 2012; Katagiri et al., 2009[101,126]. Due to the complexity of
the Cu,ZnSnSe4 material and the number of elements, a large number of secondary phases exist.
The most likely one is ZnS(e), which has been experimentally verified (Redinger et al., 2011;
Redinger et al., 2011) [141,142]. Even though ZnS(e) — due to its wide band gap and usually

relatively low conductivity — is not expected to reduce the open-circuit voltage or decrease the
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shunt resistance of the solar cell, it may however be responsible for the high series resistance
observed (Mitzi et al., 2011) [88]. In this context, lower band gap phases such as SnS(e),
Cu,S(e), Cu—Sn—S(e) may be more unfavorable due to their lower band gap and/or their high
conductivity (Siebentritt and Schorr, 2012) [97]. In Fig. 2.10b the expected secondary phases as
related to the compositional regions as given by (Scragg, 2010) [117,118]. The unit cell
boundaries are denoted with dashed lines. Source: Mitzi et al. (2011) [88].

2.7.3. Sulphurisation/selenisation and recrystallization

CZTS absorber layers fabrication by non-vacuum or solution-based processes is usually split into
a two-step process scheme, where the needed elements are first incorporated during an
ambient/low temperature process followed by an annealing step. Further elements (like
chalcogens as in the case for CZTS) can be incorporated during this second annealing step to
tailor the stoichiometry and crystal structure of the final film. Figure 2.11.depicts the process
schemes for various two-step processes as from vacuum as well as non-vacuum deposition
methods (Razykovet al., 2011) [157]. This is contrary to vacuum-based methods such as co-
evaporation, reactive sputtering or pulsed laser deposition, which are able to perform the film
fabrication within a one-step process, where all the elements are incorporated simultaneously.
Such processes yield better results for CIGS based solar cells, but until now this was not the case
for CZTS, even though very recently a 9.15% efficient CZTS based solar cell fabricated by
vacuum-based 4-source co-evaporation has been published (Repins et al., 2012) [129]. In this
context, it cannot be concluded that one of the processes (one- or two-step) is inherently better.
Rather it appears that temperature and atmosphere control during the one-step deposition or
annealing step are essential, and that this finally leads to improved control of composition and
crystal structure (Delbos, 2012; Repins et al., 2012) [101,129]. Nevertheless, due to the
complexity of the Cu,ZnSnS(e), materials and the number of elements, the advantage of the
solution-based processes to precisely control composition and phases within the precursor
substances may be a big one and may be responsible for the success of these methods so far.
Regarding the formation of the quaternary CZTS structure temperatures between 500 and 600 °C
are needed (Washio et al., 2011) [158]. Before the formation of the quaternary form, successive
reactions form binaries and ternaries, whereas at room temperature, only binaries such as CuZn,
CusSn or CusZng are formed (Volobujeva et al., 2009; Schurr et al., 2009). At temperature
between 550 and 580 °C ZnS(e) reacts with Cu,SnS(e); to form Cu,SnZnS(e);Washio et al.,
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2011; Volobujeva et al., 2009; Schurr et al., 2009; Ganchev et al., 2011[110,158,160,161]. In
order to control the reactions during the annealing step it is important to control temperature
ramps and times since too steep temperature ramps or too short annealing times can inhibit the

formation of large grains (Ge et al., 2012; Maeda et al.,2011) [162,163].
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Figure 2.11. Various process sequences for the sulphurisation/selenisation of precursor materials for CIGS(e) cells.
The most common sequences for CZTS(e) materials can be assumed equal. Source: Granneman et al. (2010).

The final layer has to be Zn-rich in order to lead to high-efficient devices (Figs. 2.10 and 2.11).
By using Zn-rich growth conditions ZnS(e) formation is promoted; as a consequence, ZnS(e)
reaction with Cu,SnS; is increased (Nagoya et al., 2010; Chen et al., 2010) [107,151]. In
addition, the formation of Cu,X has to be prevented as much as possible, since the presence of
Cu,S(e) leads to increased layer resistance, reduced efficiency, and to voids and defects during
cyanide etching after deposition (Delbos, 2012; Muska et al., 2011) [101,164]. A Cu,S(e)-rich
layer is also promoted by the decomposition of CZTS at high temperatures, according to the
chemical equilibrium between Cu,ZnSnS(e)4 and solid Cu,S(e) and the gaseous binaries ZnS(e),
SnS(e), and S(e) which are then lost (Redinger et al., 2011; Redinger et al., 2011) [141,142]. In
addition, SnS sublimes at 350 and Zn at 430 °C (Redinger and Siebentritt, 2010; Teeter et al.,
2010), whereas SnSe evaporates at 370 and Sn at 460°C (Weber et al., 2010; Yoo et al., 2012)
[143,165,166]. In addition, the selenization of CZTS or pre-annealed precursor layers may be
dependent on the structure of the stacked films. A high grade of selenization without the
appearance of secondary phases may be achieved if using precursor stacks of Mo/Zn/SnS/Cu or

Mo/SnS/CuS/ZnS without the formation of CZTS (Salome et al., 2012) [167].

85



As can be concluded from the above paragraph, it is essential to prevent CZTS decomposition as
well as binary losses during annealing. This can be achieved by (i) controlling the atmosphere
during the thermal treatment, or by (ii) annealing time and heating/cooling rates. Regarding point
one, SnS(e) losses can be reduced/prevented by introducing gaseous SnS(e) Redinger et al.,
2011, increasing partial pressure of chalcogen (Fella et al., 2011), or performing the
chalcogenation in a small closed container (Biccari et al., 2011) [138,141,142,168]. Regarding
the second point, a two-stage annealing sequence appears preferential, where CZTS formation is
done during a short (a few minutes) step, followed by a longer (up to a few hours) step for the
grain growth. In the case of stacked metals and regarding the reaction mechanisms, Cu must not
be deposited first, and Cu and Sn should be in close contact. Superior combinations for the
formation of large CZTS grains are therefore Zn(S,Se)/Cu/Sn or Zn(S,Se)/Sn/Cu (Yoo and Kim,
2011; Delbos, 2012; Araki et al., 2008) [101,169,170].

2.7.4. Electrodeposition of CZTS based solar cells

In the last decade, Electrodeposition (ED) was thoroughly investigated and applied for the
deposition of CIGS TF solar cells (Bhattacharya, 2009; Hodes, 1995; Schlesinger and Paunovic,
2000; Lincot et al., 2004) [172-175]. Several groups, including EDF-CNRS and the related spin-
off NEXCIS, CIS Solar Technologies, and CIS CuT have been using such approaches and
obtained cells with efficiencies greater than 10% (Lincot et al., 2004; Razykov et al., 2011),
whereas NREL achieved efficiencies as high as 15.4% with a hybrid approach additionally using
vacuum deposition (Bhattacharya et al., 1999) [175-177].

First publications of the use of ED to fabricate CZTS thin films were made in 2008 (Scragg et
al., 2008; Scragg et al., 2008) and 2009 (Scragg et al., 2009; Hideaki et al., 2009; Ennaoui et al.,
2009) [115-117,178,179]. Three process schemes are employed for the ED of CZTS: (i) direct
compound deposition (Pawar et al., 2010a; Pawar et al., 2010b; Chan et al., 2010; Cui et al.,
2011; Septina et al., 2013; Gea et al., 2012; Jeon et al., 2011a; Jeon et al., 2011b), (ii) co-
deposition of a mixed/alloy Cu-Sn-Zn precursor (Chan et al., 2010; Schurr et al., 2009; Ganchev
et al., 2011; Hideaki et al., 2009; Ennaoui et al., 2009; Ganchev et al., 2010; Li et al., 2011; Li et
al., 2012; Schurr et al., 2009; Ennaoui et al., 2009; Jus'ke'nas et al., 2012), and (iii) stacked
deposition of sequential layers (SEL) of Cu, Sn and Zn (Scragg et al., 2008; Ahmed et al., 2012;
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Scragg et al., 2008; Kurihara et al., 2009; Scragg et al., 2010; Araki et al., 2009; Sarswat et al.,
2012; Scragg et al., 2008; Zhang et al., 2009) [67, 103,110,111,115-118,132,161,171,180-190].

The first approach is experimentally challenging and only recently more reports on the
fabrication of kesterite compounds from direct single-step electrodeposition were published,
even though in some cases the films have been additionally sulfurized / selenized. Although, so
far no working devices have been presented due to insufficient film quality, the progress is
promising, and further optimizations of the electrolyte and electrodeposition conditions as well

as the sulfurization parameters may lead to improvements regarding photovoltaic applications.

The general idea of co-deposition is to produce an already homogeneously mixed precursor,
which may lead to a more uniform CZTS film in the following annealing step. However, there
are some difficulties with the use of a mixed electrolyte. The main problem is that the optimum
conditions for the electrochemical deposition of one metal may be different for another one, due
to — for example — the difference in their standard reduction potentials. In the case of three
different metals, these conditions have to be adjusted in order to meet the requirements of all
three as good as possible. Hence, targeting co-deposition is nontrivial, and adjusting the
composition in a rational manner is very difficult (Scragg, 2010) [117]. So far, the most efficient
solar cell device including a CZTS absorber from electrodeposited Cu—Zn—Sn precursors yielded
3.4% (Ennaoui et al.,2009) [179].The most significant benefit of using the SEL approach is the
ability to easily vary the composition and deposition parameters for every layer. For example, the
thickness of each layer can be adapted, or the electrolyte pH and additive composition can be
optimized in order to achieve high deposition rates, high efficiency and good morphology.
Although the single layers are stacked and therefore separated in the precursor film, they can be
intermixed by appropriate heat treatments. Since obtaining high quality kesterite absorbers needs
annealing for the sulfurization / selenisation anyway, a pre-treatment to achieve this mixing is
quite straightforward. This is even more of an issue when using electrodeposition to produce a
layered precursor, since the standard reduction potentials of Cu, Sn and Zn are very different; for
example, the potential required to electrodeposit Cu would lead to an oxidation and subsequent
peeling of a Zn deposit (Scragg, 2010) [117]. For example, it has been shown that a
Mo/Zn/Sn/Cu stack was most favorable for CZTS formation and gave better adhesion to the
substrate (Araki et al., 2008) [170]. This stacking order is not easy to achieve by

electrodeposition, and the deposition sequence preferred by the electrochemical approach would
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be Mo/Cu/Sn/Zn (Scragg, 2010) [117]. So far, Cu,ZnSnS, films prepared by sulfurization of an
electrodeposited precursors stack lead to the highest efficiency of all electrochemical methods,

namely 7.3% (Ahmed et al., 2012) [132].

The main growth criteria, especially for large area high throughput deposition, are uniformity on
the (i) microscopic (e.g. the morphology of the electrodeposited material) and the (ii)
macroscopic scale (e.g. the thickness/density of coverage of the substrate area), as well as the
control of bulk electrolyte flow (e.g. convection inside the solution). The growth mechanisms of
electrodeposited films can be very complex, and may be influenced by the deposition potential,
or by the interactions between the solute and the substrate. To improve morphology, surfactants
are added to the solutions to control the properties of the electrode-solution interface. Regarding
convection, natural currents are responsible for maintaining a constant current during
potentiostatic electrodeposition. In order to avoid thickness variations, convection must be

deliberately provided in a uniform way (Scragg, 2010) [117].
2.7.5. Spin/spray/blade coating of CZTS based solar cells

Direct liquid deposition approaches, including solution, particle and mixed solution-particle
precursors, are particularly attractive for large-scale manufacturing due to their compatibility
with ultrahigh-throughput deposition techniques Todorov and Mitzi, 2010 [80]. This approach
was pioneered by Kapur and co-workers at ISET (Kapur et al., 1987; Kapur et al., 2003), and
more recently championed by Nanosolar (Wolden et al., 2011) [66,192,193]. Currently,
Nanosolar’s first commercially operational production line produces panels certified 11.4 to
11.6% efficiency and holds the world record for printed solar cells at 15.3% total-area efficiency
for lab cells (http://www.nanosolar.com, December, 2012). Regarding CZTS, first approaches
employed spray pyrolysis from metal chlorides and thiourea as metal and sulfur sources,
respectively (Nakayama and Ito, 1996) [194]. This process was further optimized to yield
nominally single phase CZTS in the as-deposited state without further annealing or sulfurization
treatment, leading to almost stoichiometric CZTS films (Kumar et al., 2010) [137]. Nevertheless,
an appropriate sulfurization/selenisation process is necessary to obtain high quality CZTS(e)
films by using spray-based deposition (Yoo and Kim, 2011; Madarasz et al., 2001; Rajeshmon et
al., 2011; Guo et al., 2009) [143,169,195,196]. Since then, various synthesis routes for CZTS,
CZTSe, and CZTS(e) solutions were presented (Fella et al., 2011; Fischereder et al., 2010; Edler
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et al., 2012; Ilari et al., 2012), with efficiencies of up to 6% using open atmosphere type CVD
(Washio et al., 2012) [138,159,197-199]. A sol—gel-like approach for spin-coating CZTS films
was reported in 2007 also resulting in an almost stoichiometric composition (Tanaka and
Moritake, 2007) [113]. With a similar approach, the same group published the first report on a
CTZS device incorporating absorber, buffer layer and TCO layers all deposited from solution
processing: The device with a structure of glass/Mo/CZTS/CdS/AZO/Al yielded 1.01%
conversion efficiency which was later improved to 1.61% (Moritake et al., 2009) [200].
Recently, a sol-gel method applying metals and sulfur in ethanol including a post-deposition
annealing in N,+H,S (5%) atmosphere at 530 °C for 30 min yielded 5.1% efficient devices (Woo
et al., 2012) [201].
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Figure 2.12. (a) J-V characteristics for 11.1% efficient record solar cell based on a soda lime
glass/Mo/CZTSSe/CdS/ZnO/ITO structure and (b) SEM images of the cross section of a CZTSSe film on Mo-
coated glass. Source: Barkhouse et al. (2012).

As in CIGS, also particle-based precursors have been examined (Todorov et al., 2009)[80].
Precursors, comprising reasonably uniform particles in the range of 200 nm have been obtained,
but the needed organic binders hindered crystal growth. First devices with CZTS nanoparticles
without or with post-deposition annealing in Se atmosphere at 500°C reached 0.23% or 0.74%
efficiency, respectively (Steinhagen et al., 2009; Guo et al., 2009) [134,135]. Various synthesis
routes for CZTS, CZTSe, and CZTS(e) solutions with nanoparticles and grains were presented
(Rath et al., 2012; Shavel et al., 2010; Wei et al., 2010; Zhou et al., 2010) [202-205]. Mono-grain
(MG) solar cells were developed, based on growth of high-quality CZTSSe crystals in KI melts,
whereas every MG is coated by CdS, embedded in a single layer of organic resin, and
individually contacted (Mellikov et al., 2011; Krustok et al., 2010; Mellikov et al., 2009; Timmo
et al., 2010; Mellikov and et al., 2011) [121-206-208]. So far, the record performance of MG
solar cells with a S/Se gradient was published to be 7.4% (Kauk et al., 2011), whereas the
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technology is commercialized Austrian/Estonian company Crystalsol (http://www.crystalsol.at,
December, 2012) [209].So far the most prominent technology is being developed at the IBM T.J.
Watson Research Center, based on mixed inks of a combination of dissolved and solid
components:(Emsley, 1998) To process CZTSSe, metal chalcogenides as well as elemental
sulfur and selenium are dissolved in hydrazine solutions (Mitzi, 2009; Mitzi, 2009; Milliron et
al., 2006; Mitzi et al., 2004; Mitzi et al., 2008) [84-88,209-211]. However, since ZnS(e) does not
readily dissolve in hydrazine under ambient conditions, hybrid solution-particle inks were
prepared by dissolving Cu,S and SnS(e) in hydrazine and adding elemental zinc powder to the
solution (Todorov et al., 2010) [80,81]. Via spin-coating of multiple layers of the solutions and a
heat-treatment at temperature in excess of 500 °C, CZTSSe devices based on a soda
limeglass/Mo/CZTSSe/CdS/ZnO/ITO structure have been prepared, leading to a up-to-date
record power conversion efficiency for CZTSSe-based solar cells of 11.1% (Fig. 13) Todorov et
al., 2012[79,82]. Regarding a manufacturable technology, the transfer of this approach from pure
hydrazine solutions to more industry-friendly aqueous-based (diluted hydrazine) solvents, with
device efficiencies reaching 8.1%, appears very important (Mitzi, 2010; Todorov et al., 2011)
[81]. Very recently, a couple of publications on CZTS film formation based on the successive
ionic layer adsorption and reaction (SILAR) method which have been presented by Su et al.,
2012; Gao et al., 2012; Mali et al., 2012; Shinde et al., 2012; Lokhande et al., 2011 [45,212,215].
This method appears to be an especially simple and inexpensive method for the synthesis of
large-area thin film photovoltaics. Nevertheless, so far presented device efficiencies are in the

area of 1.85% (Mali et al., 2012) [214].
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Chapter 3. Experimental Techniques, Methodology and Characterization
3.1. Experimental Techniquesand Methodology

3.1.1. Electrochemical Deposition (Electrodeposition)

The electrodeposition technique has significant advantages over other methods for synthesizing
nanocrystalline materials: (1) potential of synthesizing large variety of nanograin materials—
pure metals, alloys and composite systems with grain sizes as small as 20 nm, (2) low
investment, (3) high production rates, (4) few size and shape limitations, and (5) high probability

of transferring this technology to existing electroplating and electroforming industries.

[IENY .

|

Figure 3.1. (a) Auto lab control.

In an electrochemical cell, two conductive electrodes are immersed in an electrolyte containing a
certain concentration of a reducible or oxidizable component. Additionally, a large background
concentration of inert ions is provided to ensure good electrical conductivity in the solution. The
electrodes are connected to an external, controllable voltage (potential difference), and when a

sufficient potential difference, E, is applied between them, a current may flow.

The three-electrode cell setup is the most common electrochemical cell setup used in
electrochemistry (Figure 3.1). upon the immersion of the electrodes in the electrolyte, the
difference of chemical potential between those electrons of the electrode and the others of the
solution phase means that there is a certain amount of electron transfer, which occurs until the
chemical potential in both phases is equalized. This creates a net charge at the surface of the
metal electrode, which is compensated by an accumulation at the interface of ions from the
electrolyte, forming what is known as the Helmholtz layer. The potential drop across this layer

cannot be measured directly; any physical probe used to do so would also have an unknown

103



potential drop at its own surface. Because of this fact, we can only ever measure differences in
electrode potential, rather than absolute values. Potentials must therefore always be quoted with
respect to some reference. Any two dissimilar materials immersed in an electrolyte will develop
a potential difference between them, which may change if electrochemical processes cause
alterations to their surfaces. Since in the above case of Cu deposition, both electrodes underwent
changes as the reaction progressed, the potential difference between them will vary. In order to
maintain a steady reference point, we introduce a third electrode, a ‘reference’ electrode, which
is a well-defined system containing a redox couple which adopts a constant potential difference.
The potential difference between the two other electrodes is defined and controlled with respect
to the potential of the reference (Fig. 3.1). We rename these other two electrodes as the ‘working
electrode’, which is the site of the electrochemical reaction of interest, and to which is applied
the desired potential, and the ‘counter electrode’, which is present only to support the current
flow and to which is applied whatever potential is necessary to do this. Current flows only
between the working and counter electrodes to ensure that there are no chemical changes in the
reference electrode. There are different kinds of reference electrodes, which are suitable for
different conditions (e.g. acidic/alkaline solutions, molten salt electrolytes). Their potentials are

all defined with respect to the absolute standard, the ‘normal hydrogen electrode’ (NHE).

In practice, we would like to apply either a constant potential difference between the working
and the reference electrode, or a constant current flow between the working and the counter
electrodes. The former case—constant potential difference—is more applicable to this work, and
the system used to accomplish it is called a potentiostat. The potentiostat maintains a desired
potential difference between the working electrode and the reference electrode, even while
electrochemical changes are occurring at the working electrode surface. The current flowing
between the working electrode and the counter electrode, which may vary as the

electrochemistry dictates, is measured as a function of the potential.
3.1.2. Annealing Process:

In order to study the effect of annealing process on the physical and electro-optical
properties of the prepared thin films, selected as-grown films were heat treated in different
ambient four main annealing regimes were adopted: annealing in vacuum, annealing in the

presence of an inert gas such as argon (Ar), (N,+H;) and annealing in a selenium or sulfur
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atmosphere at various annealing temperature required. Post deposition annealing in vacuum and
selenium or sulfur atmospheres was carried out in a closed end quartz tube evacuated by means
of vacuum pump figure (3.2).The samples were enclosed in a graphite box with the selenium or
sulfur source in the elongated quartz tube. Program adjustment of the required annealing

temperature and time set up is provided by means of an automated system.

Pressure
gauge Furnace

Outlet valve

_ Temperature Controller

Figure 3.2. The sulfurization/selenization setup.

3.1.3. Hydrothermal technique:

The hydrothermal technique is historically rooted in the geological sciences. In the mid-
nineteenth century, the term “hydrothermal” was first used by a British Geologist, Sir Roderick
Murchison (1792e1871), to describe the formation of minerals by hot water solutions rising from
cooling magma. Since then, extensive study has been performed to study the synthesis of new
materials, the development of new hydrothermal methods, and the understanding of reaction

mechanism.

Chemists today commonly refer to a hydrothermal or solvothermal synthesis as the synthesis by
chemical reactions of substances in a sealed and heated aqueous solution or organic solvent at
appropriate temperature (100 — 1000 °C) and pressure (1-100 MPa). Normally, hydrothermal and
solvothermal reactions are conducted in a specially sealed container or high-pressure autoclave
under subcritical or supercritical conditions of solvent. The studies on hydrothermal and
solvothermal syntheses have mainly focused on the reactivity of the reactants, regularities of
synthetic reactions and conditions, and their relationship with the structures and properties of

products.
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The main difference between hydrothermal and solid-state reactions lies in “reactivity” which is
reflected in their different reaction mechanisms. Solid-state reactions depend on the diffusion of
the raw materials at interface, whereas in hydrothermal and solvothermal reactions the reactant
ions and/or molecules react in solution. Obviously, the difference of reaction mechanisms may
lead to different final structures of products, even if the same reactants are used. Hydrothermal
and solvothermal syntheses deal with the chemistry in preparation, synthesis, and assembly of
special compounds or materials through solution route. More importantly, many compounds or
materials with special structures and properties, which cannot be prepared from solid state
synthesis, may be obtained by hydrothermal and solvothermal reactions. In some cases,
hydrothermal or solvothermal reaction offers an alternative and mild synthetic method for solid-
state reactions by lowering reaction temperature. Based on hydrothermal and solvothermal
chemistry, we may conduct unique synthetic reactions which cannot take place in solid-state
reactions due to evaporation of reactants at high temperatures, prepare new materials with special
valence states, metastable structure, condensed and aggregation states, produce metastable
phases or materials with low melting point, high vapor pressure, and low thermal stability, grow
perfect single crystals with thermodynamically equilibrium defect, controllable morphology and

particle size, and make ion-doping directly in synthetic reaction.

The hydrothermal or solvothermal technique has become one of the most important methods for
the fabrication of nanostructural materials. In recent years, a large number of nanomaterials have
been processed by hydrothermal or solvothermal method and thousands of science papers about
the hydrothermal/solvothermal synthesis of nanomaterials have been published. From the
perspective of morphology of nanomaterials, the hydrothermal technique has been used to
process nanomaterials with a variety of morphological features, such as nanoparticle,

nanosphere, nanotube, nanorod, nanowire, nanobelt, nanoplate, and so on.

From the perspective of composition of nanomaterials, the hydrothermal technique can be used
to process almost all types of advanced materials like metal, alloy, oxides, semiconductors,
silicates, sulphides, hydroxides, tungstates, titanates, carbon, zeolites, ceramics, and a variety of
composites. The hydrothermal or solvothermal technique is not only used to process simplest
nanomaterials, but also acts as one of the most attractive techniques for processing nanohybrid
and nanocomposite materials. In short words, the great advantages of hydrothermal technology

for nanomaterials processing are the production of particles that are monodispersed with total
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control over their shape and size in addition to their chemical homogeneity with the highest
dispersibility.

3.1.4. Reaction Containers:

High-pressure vessel, popularly known as an autoclave, is the basic equipment of hydrothermal
and solvothermal synthetic experiment. Advances in hydrothermal and solvothermal synthesis of
research depend largely on the equipment available. Crystal growth or materials processing
under hydrothermal and solvothermal conditions requires high-pressure vessels to have
outstanding capability of containing highly corrosive reagents, resisting high temperature and
high pressure. Experimental studies under hydrothermal and solvothermal conditions require
facilities that must operate routinely and reliably under extreme conditions. For different
objectives and tolerances of hydrothermal synthetic experiment, there is a great variety of high-
pressure vessels used for hydrothermal technology. Most of the earlier workers had dealt with
this aspect in their own way. An ideal hydrothermal autoclave should have the main

characteristics as follows:

» Should have high mechanical strength in order to bear high pressure and temperature

experiments for long duration.
» Should have excellent acid, alkali, and oxidant resistance.
» Should have a simple mechanical structure and easy to operate and maintain.

» Should have good sealing performance in order to obtain the required temperature and

pressure.
» Should have a suitable size and shape in order to obtain a desired temperature gradient.

Up to now, there is no uniform standard for the classification of hydrothermal autoclaves in the
world. In accordance with different classification standard, there is more than one name for a

hydrothermal autoclave.
Classification of hydrothermal autoclaves is introduced as follows:

» Classification by sealing methods: self-tightened seal autoclave and external-tightened

seal autoclave.
» Classification by mechanical structure: flange-disc type autoclave; internal-plug-screw

type autoclave; big-screw-cap type autoclave; and lever-press type autoclave.
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» Classification by pressure formation methods: internally pressurized type autoclave and

externally pressurized type autoclave.

» Classification by the name of designers: Morey autoclave; Smyth autoclave; Tuttle

autoclave; and Barnes rocking reactors.

» Classification by heating methods: internally heated autoclave and externally heated

autoclave.

» Classification by experimental system: high pressure autoclave and flow reactors and

diffusionreactors.
Externally heated and internally pressurized autoclave This type of autoclave is popularly known
as a Morey autoclave since Morey first designed this simple, gasketed, sealed steel autoclave of
25-100 mL volume. The cross-section of a typical Morey autoclave is shown in Fig. 3.3 The
usual dimensions of a Morey autoclave are 10-20 cm length and 2.5 cm inner diameter. The
autoclave generates an auto generous pressure depending on the degree of filling, the fluid, and

the temperature.

Figure 3.3. A typical Morey autoclaves.

3.1.5. Spin Coating Process

Spin coating is one of the most common techniques for applying thin films to substrates. It is
used in a wide variety of industries and technology sectors. The advantage of spin coating is its
ability to quickly and easily produce very uniform films, ranging from a few nanometres to a few
microns in thickness.The use of spin coating in organic electronics and nanotechnology is

widespread and has built upon many of the techniques used in other semiconductor industries.
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Figure 3.4. Example of spin coating a small molecule in solution using a static dispense.

o Step (1): the substrate is coated in the ink containing the molecules dissolved in a solvent.

e Step (2): Then the substrate is rotated at high speed and the majority of the ink is flung off the

side.
o Step (3): Airflow then dries the majority of the solvent, leaving a plasticised film.
e Step (4): the film is completely dried to just leave the molecules on the surface.

Solvent A Solvent B Solvent C
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Figure 3.5. Example of solvent blends.

Solvent A: If a low boiling point solvent (high evaporation rate) is used then coating can be

achieved more easily but an amorphous (disorganized) film is produced.

o Solvent B: If a high boiling point (slow evaporation rate) solvent is used then coating is harder
because the ink has time to dry and dispersed off on all the edge of the substrate leaving no

coating.

e Mixture of A & B: If a mixture of solvents is used with a majority of low boiling point (fast

evaporation rate) with minority of high boiling point (slow evaporation rate) then coating can
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still be achieved because the fast evaporating solvent is removed quickly leaving a plasticised

film that is less likely to dry but also gives the molecules time to organize themselves.
3.2. Characterization techniques:
3.2.1. UV- Visible Spectroscopy

This technique of optical spectroscopy has been used to measure the kinetic growth of
nanoparticles and to characterize both inorganic and organic nanomaterials. It provides
information on the absorption and emission spectra, which determine the electronic structures of
ions, atoms, molecules, or crystal during the excitation of electrons from ground to excited states
(absorption) and from excited to ground states (emission). The ultraviolet visible (UV-vis)
technique measures the absorption of photons in the visible, ultraviolet and near infrared ranges.
The characteristic curves observed in the absorption and emission spectra indicate ions and
atoms isolated by transitions between the energy levels. As a result, their wavelengths or photon

energies can be determined.

In this work, UV-vis spectra were recorded using a high resolution (HR 4000-vis-NIR)
spectrophotometer. A lamp produces a beam of light which hits a sample and splits into its
component wavelengths. The specific wavelength of light reaches the exit aperture, before
interacting with the sample. A detector then measures the transmittance and absorbance of the
sample. Transmittance light passes through the sample and hits the detector, while absorbance is
a measure of the light absorbed by the sample. The detector senses the light being transmitted

through the sample and converts the information to a digital display.
3.2.2. X-ray Diffraction analysis

X-ray diffraction is the most important and widely used method for characterizing of
crystalline materials. It is a crystallographic tool used to identify the different crystalline phases
present in solid materials and powder samples. As X-rays pass through atomic planes in crystals,
can either be transmitted, or it will be scattered by the electrons of the atoms in the material.
When two parallel X-rays scatter from two adjacent planes of atoms within the crystal, they can
either do so constructively or destructively depending on their phase. Constructive interference
occurs when two X-ray waves with phases separated by an integer number of wavelengths add to

make a new wave with a larger amplitude, Figure 3.6.
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Figure 3.6. Schematic representation of diffraction of X-rays by a crystal (Bragg’s Law)

The general relationship between the wavelength of the incident X-rays, angle of incidence and

spacing between the crystal lattice planes of atoms is known as Bragg's Law and is expressed as:
NA=2dSING ........coviiiiii (3.1)

Where n order of reflection, A is the wavelength of the incident X-rays, d is the inter planar
spacing of the crystal and 0 is the angle of incidence. Since in a crystal atoms are arranged in a
periodic fashion, the diffracted waves will consist of sharp interference maxima (peaks) with the
same symmetry as in the distribution of atoms. Measuring the diffraction pattern therefore allows

the determination of the distribution of atoms in a crystal.

X-ray diffraction can not only be used to identify the crystal phase of a material by comparison
with data from known structures, but also to quantify changes in the cell parameters, crystal
orientation, crystallite size and other structural parameters. The average crystallite size can be

estimated from the X-ray diffraction pattern by using the Scherrer equation

D=KMBCOSO ..ot (3.2)

Where B (20) is the line broadening at the full width half maximum (FWHM, after taking into
account the instrument broadening), K is the Scherrer constant which is around 0.9, A is the

incident X-ray wavelength and D is the crystallite size.
3.2.3. Field emission Scanning Electron Microscopy (FESEM)

FESEM is a technique which is used to obtain topographical and morphological

information about a sample (figure 3.7). In SEM measurement, the sample under investigation is
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bombarded with a beam of electrons. The electron of an incident beam either excites an electron
that leaves the sample if it has sufficient energy (called the secondary electron)or is scattered
(called the back-scattered electron). Both secondary and back-scattered electrons are detected by
their respective detectors and then used to modulate the brightness of a cathode ray tube (CRT)

after amplification. Secondary electrons generally originate near the surface of the sample.

Figure 3.7. image of scanning electron microscopy (FE-SEM), a Zeiss ULTRA 55

If they originate deep inside the sample, they will lose sufficient energy in transit to the surface
that they cannot leave the sample. The number of detected electrons changes depending on the
orientation of the surface. Due to the change in the number of detected electrons, the brightness
on the CRT monitor changes which results in a 3-dimensional image. On the other hand, back
scattered electrons possess different energies depending on whether they were scattered from a
heavier or a lighter nucleus. Electrons scattered from a heavier nucleus have a higher energy than
the ones scattered from a lighter nucleus, and thus, the image of the heavier nucleus element
appears brighter. In our study, FE-SEM was performed on thin films deposited on ITO substrate,
using Zeiss ULTRA 55 Excel equipped with a 30 kV field emission gun.

3.2.4. Energy-dispersive Spectroscopy (EDS)

Energy-dispersiveSpectroscopy (EDS) allows for a quantitative compositional
measurement of a specimen. EDS most commonly uses electrons as probes and measures x-rays

emitted from atomic orbitals with specific energies that are characteristic to specific elements.
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Specifically, when an incident electron collides with inner core atomic electron, the core electron
is ejected, leaving a hole. An outer shell electron fills the core electron and an x-ray photon is

emitted.

Typical operating voltages depend on two things: 1) the depth of the site of interest, 2) the
inclusion of peaks. Greater operating voltages tend to probe deeper in the specimen. This depth
can be estimated using computer simulation software employing Monte Carlo simulations.
Greater operating voltages also allow for the inclusion of higher energy peaks, increasing the
accuracy of the characterization. Typical operating voltages are twice that of the peak of interest.
Characterization accuracy is also increased by longer acquisition times, higher resolution

detectors, and lower time spent on processing an x-ray event (dead time).
3.2.5. Transmission electron microscopy (TEM) analysis

TEM is a microscopy technique in which a beam of electrons is transmitted in vacuum
through a thin sample, interacting with it to reveal information including its particle size
distribution. It is also capable of focusing on a single nanoparticle to identify directly its
chemical and electronic structure. The principle behind TEM is similar to a slide projector: as the
beam of electrons passes through the sample, only some parts of it are transmitted, forming a
contrast image, which passes through a magnifying lens and is then projected onto a fluorescent
screen or is detected by a charged couple device (CCD) camera. Figure 3.8 shows a photograph
and a schematic diagram of a TEM set-up. The electron gun cathode, which is often made from
tungsten filament, is heated by a high current to produce a stream of electrons. These are
accelerated by a field of 100-300 keV and as they travel down the column, the increasing voltage
increases their kinetic energy and decreases the effective wavelength. The condenser lenses are
responsible for primary beam formation and focusing the beam to a small cylinder, while the
condenser aperture eliminates any electrons scattered at wide angles. The beam hits the specimen
on the sample holder and a large part of it is transmitted, magnified and focused by the objective

lens and later the projector lenses. Finally, a fluorescent screen or CCD is used to form an image.

TEM is capable of creating diffraction patterns from a tiny area, which is called Selected Area
Diffraction (SAD); by controlling the condenser lens settings, entering a selected area aperture
and parallel incident beam illumination, a SAD from an area ranging hundreds to small

nanometers in diameter is obtained.
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Figure 3.8. image of transmittance electron microscopy (TEM) JEOL JEM 2100F

Energy Dispersive X-ray Microanalysis (EDX) is used to measure the X-rays emitted during
electron bombardment in a TEM to define the chemical composition of materials on nano and
micro-scales. The elements present in the sample are determined from the X-ray energies emitted
from the area being excited by the electron beam. The proportion of detection of characteristic
X-rays gives a measure of the amounts of different elements present in the sample. Weight
percentages are calculated using specific peak energies relating to individual energy shells of
each atom of each element and peak areas are determined using an internal calibrated standard,

usually cobalt.

The work reported in this thesis, TEM measurements of thin films were achieved using aJEOL
JEM 2100F operating at 200 keV. Samples were prepared by drop casting dispersions of the film

in ethanol on holey carbon copper grids.
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3.3. Electrical Properties of I-1II-VI, Compounds

The electrical conductivities of CulnSe,, CuGaSe,, CulnS,, and their solid solutions such as
Cu(In; xGay)Se, and Culn(Se;«Sx), play an immense role in the thin film or single crystal solar
cells to control efficiencies of the cells. The electrical transport properties of the compounds at
RT and low temperature with effect of intrinsic doping are systematically discussed. The
conductivity of the sample can easily be varied at large extent by varying its intrinsic
composition ratios without making extrinsic doping. The n- and p-type conductivities can be
made in the compounds. However, it is little difficult to make n-type CuGaSe; rather than p-type
because the creation of Gag, sites in the CGS is not easy task like Inc, in the CulnSe,, which are

responsible for n-type conductivity.
3.3.1. Mott-Schottky Measurement

The measurement of the space charge capacitance can yield both the flat band position and the
donor density of a sample. The simplest approach to do this is to use a resistor and a capacitor in
series as equivalent circuit and measure the impedance vs applied DC potential at a set
frequency. The only contributor to the real impedance is then the resistor and the only
contributor to the imaginary impedance is the capacitor and the values for resistance and

capacitance can be readily extracted.

Another method is to do impedance sweeps at different applied DC potentials and deconvolute
the spectra to get the contribution of the space charge capacitance. This is a much more

complicated and time-consuming method one often tries to avoid.
3.3.2. Flat band Potential

In addition to the utilization of the Mott-Schottky equation to determine the flat band potential,
there is a method using current-voltage characteristics. The approach is widely used and is based
on the onset of the photocurrent. That means the potential where the photocurrent deviates from
the measured current in the dark. This is based on the assumptions that when the bands are bent
downwards (accumulation), all generated electron-hole pairs recombine and thus no current is
generated. When the bands are flat, the electrons are able to escape and current can be measured.
However, this method tends to yield more positive flatband potentials since recombination might

occur to a large extent even when the bands are bent upwards (depletion).
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3.3.3. Electrochemical Impedance Spectroscopy (EIS)

Electrochemical Impedance Spectroscopy (EIS) is an early technique deals with the difference of
the electrical elements that the photoelectrochemical cell consists of. It is a very powerful tool

for finding the contributions of each element such as resistancesand capacitances.
Impedance

Impedance is a more general expression for resistance. Resistance is mainly used for describing
DC-circuits. It can be seen from equations (2.1) and (2.2) the ratio between the voltage and the
current will contain a phase angle and is what is called impedance. This is why it is said that

impedance is a broadened description of Ohm’s law to include AC-circuits.
When AC voltage is applied to a circuit, the voltage and current varies with time. The voltage
will be given by the amplitude, Uy, and the angular frequency, ®

U =Uj sin(mt) ...(2.1)
This sine wave voltage will give rise to a current in the circuit. If this circuit consists of
capacitive
or inductive circuit elements the current will get a phase change, 0, with respect to the voltage:

[=Ipsin(wt+0) ... (2.2)

As there is a different types of space charges in n- and p-type semiconductors a normal depletion
layer contains only ionized donors or acceptors is formed. An inversion layer is formed when the
Fermi level crosses the mid gap energy, and the minority carriers outnumber the majority carriers
in a thin layer at the surface. When these minority carriers are consumed faster than they are
generated, a deep depletion layer forms; under these conditions the surface is not in thermal
equilibrium and the Fermi level is not well defined in this region. In an accumulation layer, the
adsorbed surface charges are compensated by majority charge carriers that accumulate at the

surface
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Figure 3.9. Different types of space charges in n- and p-type semiconductors.
When doing impedance measurements, it is beneficial to divide the impedance into two
components. One component is the part that is in phase with the voltage and the other is the
partthat is 90° out of phase. The component that is in phase is called the resistance, R, and is the
real part of the impedance. The part that is out of phase is called the reactance, X, and is
theimaginary part of the impedance. Hence, it is beneficial to represent the impedance as a

complexnumber, the complex impedance, Z*:

ZF=REGX oo, 2.3)

ZH®) = Z(0) + J.Z7(®)  eoeeeeeeeeeen. (2.4)
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Figure 3.10. (a) Novocontrol Concept 80 set up device and (b) the Complex impedance Cartesian coordinates
diagram.

Figure 3.10. shows the Novocontrol concept set up device used in measuring the EIS for the
prepared nanocrystalline powders of Culn,CryGaj...ySeswhere (x = 0.4, and y = 0.0, 0.1, 0.2,
0.3). The impedance is often represented in Cartesian coordinates with R on the horizontal axis
and X on the vertical axis. An electrical circuit usually consists of three main elements; a
resistor,a capacitor and an inductor. The impedances of these three are quite discrete from each
other.An ideal resistor does only have real impedance (resistance). The resistance through a
resistor is independent of the frequency and describes transport of charge when the current is in
phasewith the voltage. The impedance of an ideal capacitor consists of only the imaginary
impedance (reactance). Reactance, since it is imaginary, implies that the charge is not actually
transportedbut rather stored, as is the case for a capacitor. In a coil (inductor) an AC-signal will
set up amagnetic field that in turn will induce a voltage. The voltage will then be out of phase
withrespect to the current and the impedance of the coil will only have reactance. If these
threeelements are connected in series the expression for the complex impedance, also called the

totalimpedance:
Z'=R- j/oC+ joL
3.3.4. Photo electrochemical analysis

The main component of the PEC cell is the semiconductor, which converts incident
photons to electron—hole pairs. These electrons and holes are spatially separated from each other
due to the presence of an electric field inside the semiconductor,Figure 3.11. A schematic

diagram showing photoelectrochemical current measurement setup. The two electrodes are
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interconnected via an external circuit source. An electrolyte is applied to the solar cell, acting as
a conducting mediator between the electrodes. A light source Xenon lamp is using for
illumination of semiconductor films, various long-wave band pass filters is located between the
light source and the sample electrode.The working electrode can be composed of a
semiconductor material, polycrystalline or nanocrystal line, which is attached to a conducting

substrate.

When n-doped semiconductors are brought into contact with an electrolyte, current willflow until
their electrochemical potentials are equalized and equilibrium is attained. The absorption of
photons with an energy exceeding the band gap generates electron-hole pairs close to the
semiconductor electrolyte interface. In case the Fermi level (EF) lies above the standard redox
potential (VO redox), €lectrons will be withdrawn from the semiconductor to the electrolyte,
leaving positive charges behind. A charge separation will occur when the holes reach the surface
and react with the electrolyte. The electric field is important regarding the separation process of
the photo generated electron/hole pairs. The charge ordering in the electrolyte is often described

in the terms of Helmholtz and Gouy-Chapman layers.

| —~Reference Electrode

_—Counter Electrode

i /Working Electrode
(CZTS Substrate)

Computer Control

IS

Light Source

Electrochemical Cell

Figure 3.11. A schematic diagram showing photoelectrochemical current measurement setup.

119



120



Chapter 4. CIGS thin films

4.1. Objectives

The main objective was to deposit high quality CIS thin films by use of electrodeposition to

develop low cost solar cell absorber layer. The main Specific objectives are:

1. To evaluate the electrical and optical properties of CIS thin films deposited by linear

sweep cathodic electrodeposition.

ii.  To evaluate the effect of annealing temperature on CIS thin films optical and electrical

properties.

iii.  To determine the quality and type of the deposited CIS thin films using Mott-Schottky

measurements.
4.2. Introduction

Many years ago, the gradual and unavoidable consumption of natural energy sources like fossil
fuels lead to massive demand of energy alternative sources all over the world [1]. In addition, to
solve the problems related to heating and greenhouse effect, it's important to take in
consideration those of renewable energy sources, e.g., solar, hydro, wind, tidal, ocean, and geo-
thermal energy. One of these renewable energy sources is photovoltacis (PV) technology. This is
a widespread alternative source as their low cost and effectiveness choice. It depends on charge
carrier generation in some type of light sensitive materials. The first applied solar cell was
proposed by Gritzel in 1991 [2]. Among those (PV) technologies thin-film semiconductor
absorber materials, where sunlight is converted directly into electricity, Such as CdTe, CdSe,

PbS, CulnSe,, CulnS,, Culn(Se,S),, CulnxGa, 4Se, and Cu(In,Ga)(Se,S), [3].

CulnSe; is considered a benign absorber material for thin-film solar cells, due to its high
absorption coefficient of about 10° cm™ and its band gap nearly 1.5 eV with a well match to the
solar spectrum. In addition, CulnS, is low-cost, environmentally friendly material, and has a
long-term stability in photovoltaic applications [4]. Electrodeposition-based technique is one of
the foremost promising approaches to reach an enhanced reduction in the production cost this
thin film types. Due to its low-temperature processing, large area deposition, and negligible
waste of chemicals with higher efficiencies close to 100%. Therefore, several research groups

have studied fabrication of CulnSe,;, Culn(Se,S),, and CIGS-based solar cells by
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electrodeposition [5]. So, several techniques have been developed to prepare CISSe thin film
solar cells such as, mechanical milling [6], chemical bath deposition [7], evaporation [9], paste
coating technologies [11], magnetron sputtering [11], microwave irradiation [12,13] and
solvothermal method [14], electrodeposition [15], in order to improve their efficiencies. Some of
these methods, in particular the chemical-based ones, have the advantages of simplicity, high

throughput and inherent low investment requirements.

Hence, in the present study, we prepared CulnSe, and CulnS; thin films from previously
electrodeposited CulnSe; films by selenization or sulfurization of in Se or S-rich atmosphere,
respectively, in a graphite box under N,+H, gas in a quartz tube vacuum oven. Then, we further
investigated the effect of precursors on the properties of CIS films by X-ray diffraction (XRD),

scanning electron microscopy (FESEM) and Mott-Schottky measurements.

The use of Schottky barrier solar cells based on thin-film semiconductors is another way to
improve solar cell performance. The Mott-Schottky plot is a usual way for semiconductor
material electrochemical characterization [16-18]. A Mott-Schottky plot (inverse square of space
charge layer capacitance (C,.~) versus semiconductor electrode potential (E) gives the doping

density by slope of the straight line and flat-band potential by x-axis intercept.
4.3. Theory of CIS electrodeposition:

CulnSe; thin film electrodeposition conditions were first introduced by Bhattacharya (1983)
[19]. This is by far the most investigated such a process, usually referred to as single-step
electrodeposition; it involves only one electrochemical process. The drawbacks of this process is
that the electrochemical features is arbitrarily difficult control, either the formation of the
elements in their elemental form, or as binary compounds additionally to the required ternary
CIGS chalcopyrite phase, that refers to the fundamental individual electrochemical reactions
concerning the deposition of Cu, In and Se [20]. The single-step electrodeposition of CIS from
aqueous solution containing CuCl,, InCls, and H,SeO; according to the Nernst equation is quite
difficult and difference in the reduction potential between these ion species is rather large. The
electrochemical reduction reactions among Cu, In and Se ions is illustrated in the following

equations [21] (vs. NHE, normal hydrogen electrode):

Cu? g + 26~ = Cugy) (4.1)
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E=E®— 20 . n(2)=0.342 + 0.0295 log a2+ - — (42
cu

2F Acy2+
In3+ (aq) + 3e7 - Il’l(s) -——- (43)
E=E%, — = . In(22) = —0.338 + 0.0197logas+ ~ (4.4)
In 3F a3+ . . 83am .
ste03(aq) = HSeO, + (aq) + OH (5q) - - (4.5)
HSeO, + (aq) + 3H™ (o) + 4e™ = Seg + 2H,0()---- (4.6)
_ 0 RT dse _
E=E%c — 5 - In(=2) + 2agye = 0.74 + 0.014810gaygeoz+ — 0.043 pH-—--- (4.7)
HSeO

where E refers to the deposition potential of Cu, In, and Se, R is the ideal gas constant, F is the
Faraday constant, ax, where (X=Cu,Cu’",In, In’", Se, HSeO*" and H") refer to activities of Cu,
Cu*", In, In*", Se, HSeO,", and H", respectively. To manage a good deposition process, some
complexing agents were used in order to bring deposition potentials of the ion species closer by

shifting the copper ion potential into the negative direction.

4.4. CIS Structure:

Figure 4.1. Schematic representation of CulnSe, chalcopyrite crystal structure
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4.5. Experimental Procedure
4.5.1. Thin film preparation

CulnSe; (CIS) films were electrodeposited using Indium-doped tin oxide (ITO) as substrates.
Before deposition process, substrates were cleaned successively in an ultrasonic bath with
detergent, alcohol solution, and acetone then rinsed with deionized water and subsequently dried.
A three-electrode cell was used with a Pt wire as a counter electrode, a (Ag/AgCl) as reference
electrode, and the working electrode was ITO coated glass substrate. Electrodeposition was
carried out employing an Autolab PGSTAT 302N. The electrolytic bath was consisting of an
acidic aqueous solution containing 0.025 mol/L CuCl,, 0.025 mol/L InCls, and 0.025 mol/L
H,SeO; dissolved in high-purity distilled water. The pH of the electrodeposition bath was
adjusted at 1.5 using hydrochloric acid (HCl). Also, the addition of KCI as supporting electrolyte
provides better stability of the electrodeposition bath solution and improves the quality of the
deposited layers. CIS thin films were electrodeposited in potentiostatically, applying a potential
of -0.90V vs. Ag/ AgCl for 30 min. Before deposition, the solution was deaerated by argon
bubbling and stirred up for 20 min. After completing the electrodeposition, the samples were
rinsed with distilled water and dried in air. Then, the as-deposited CulnSe, films were annealed
at 450°C for 20 min under nydron forming gas (10 % H; in N;) atmosphere with a pressure of
107 bar to improve the crystallinity of the resulted films. A sulfurization process was performed
onto the electrodeposited CulnSe, layers to obtain CulnS, films. A sufficient amount of
molecular sulfur was loaded into a graphite box inside a quartz tube under the forming gas
atmosphere. The oven temperature was kept at 400°C for 10 min. The selenized CulnSe, samples
will be referred to as CulnSe,—Se and the sulfurized samples will be referred to as CulnSe,—S in

order to differentiate them.
4.5.2. Characterization

The crystal structure of CulnSe; as grown, CulnSe,—Se selenized and CulnSe,—S sulfurized thin
films was investigated using X-ray diffraction (XRD) Rigaku Ultima IV diffractometer with the
Bragg-Bentano configuration and CuKo radiation (A = 1.54060 A). Chemical composition,
surface morphology and topography were characterized using energy dispersive spectroscopy

(EDX) and field emission scanning electron microscopy (FESEM).
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Mott-Schottky measurements were applied to investigate the manner of the prepared
semiconductor layers. Mott-Schottky studies were employed using 0.5 M NaOH as an electrolyte
in a three-electrode electrochemical. Reference Ag/AgCl electrode was used and a platinum wire
as a counter electrode. Working electrodes were prepared using ITO n-type and CulnSe,-Se
CulnSe;-S p-type thin films. The ohmic contacts were made using copper wire and a conductive
silver paste. The nature of those ohmic contacts was tested before measurements. The relevant

measured area of the photo-electrodes was 0.32 cm”.
4.6. Results and discussion
4.6.1. XRD analysis

Figure. 1 shows the XRD pattern of the prepared samples containing three diffraction peaks. The
first one is for the as-grown CulnSe, electrodeposited thin films. The second is for the selenized
samples and the rest is for the sulfurized samples. The diffraction pattern of the as-grown
CulnSe; polycrystalline thin films evidences poor crystallinity. The as-grown electrodeposited
sample shows broad peaks with a low intensity at the positions (112, 220/204 and 116/312)
indicating that the grown films have to be annealed for good crystallinity. Also, characteristic
peaks with higher intensity for the ITO substrate, marked with *, are obviously shown. The
tetragonal structure of the CulnSe, deposited onto ITO was observed with very small particle
size 6 nm. After the annealing processes with selenium (selenization) and sulfur (sulfurization)
both in inert atmosphere using Nydron gas (10% of H; in N;), the crystallinity of the prepared
samples improved, i.e., the characteristic peak intensity of both CulnSe, and CulnS; increased
give the improved crystallinity of the prepared samples. The peak position shifts considerably to
higher 260 angles for the sulfurized samples. For the selenized samples the resulted crystallite size
was 61 nm. The peaks of CulnSe, situated at 20=26.68, 44.38 and 52.63 degree for 112,
(204/220) and (116/312) diffraction planes, respectively, match those of the JCPDS-040-1487 of
the CulnSe; reference card. The diffraction peaks of sulfurized samples were clearly obtained at
27.86, 46.31 and 54.82 degree for 112, (204/220) and (116/312) diffraction planes, respectively,
matching those of the JCPDS-027-0159 CulnSe; reference card with a crystal size of 34 nm

calculated at 112 main peaks as shown in Table 4.1.
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Figure 4.2. XRD spectra of CulnSe; as-grown, sulfurized and selenized films.

The crystallite size of the prepared films was calculated according to Scherer’s formula:

KA

D= ﬁc056(4'8)

where B is the Full Width at Half Maximum (FWHM), A wavelength of X-rays with value is
1.5418 A, K is Scherer’s constant depending on the crystallite shape and is close to 1 (K= 0.9
was used) and 0 is the Bragg angle at the center of the peak.

Table 4.1. Crystallite size measurement of CulnSe, as-grown, sulfurized and selinized films.

Sample Crystallite size (nm)
CulnSe; - as grown 6

CulnSe, - sulfurized 34

CulnSe; - selenized 61

Table 4.1. displays the crystallite size of different studied samples calculated through the Sherrer
equation. The crystallite size of the as grown samples, with molecular formula CulnSe, is about 6 nm.
Independent of the gas used, the subsequent annealing produces an effective increase of the crystallite
size. In sulfur atmosphere, sulfur atoms replaced most of selenium atoms forming CulnS, phase. With the

smaller atomic size of sulfur than selenium and the growing up of the grains together the calculated
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crystal size is about 34 nm, which is more than five times larger than that measured for the as grown
films. Annealing in selenium atmosphere still produces larger crystallites and the growing up process of
the selenized phase CulnSe, in selenium rich atmosphere leads to an increase in the crystallite size up to
61 nm. This can be due to the fact that selenium atoms are larger than sulfur atoms, the higher

temperature processed for annealing in case of selenium and the time of annealing.

4.6.2. FE-SEM analysis

Figure 4.3 shows FE-SEM images for the CulnSe,-Se and CulnSe,-S films at different
magnification scale. It can be clearly seen that all films were uniform, homogenous, well-
covered with good adherence. An agglomeration of grains in the films and some In,(Se,S); and

Cu,.xSe hexagonal secondary phases in both CulnSe,-Se and CulnSe,-S films can be seen.

a) CulnSe,-Se
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e) CulnSe,-Se

Figure 4.3. FE-SEM images for (CulnSe,-Se) selenized and (CulnSe,-S ) sulfurized films at different magnification
scales (a) 2um, (b)1pm, (c)200nm.

FE-SEM images show that the CulnSe,-Se and CulnSe,-S thin films are composed of densely
packed small particles with a homogenous uniform distribution and agglomeration of nano-
particles. CulnSe;-S thin films are composed of a smaller particle size than the CulnSe-Se films
in accordance with the calculated particle size of the XRD results, i.e., 34 nm for sulfurized and
61 nm for selenized samples. Also, hexagonal shapes are clearly visible in both the CulnSe-Se
and CulnSe;-S micrographs due to formation of some binary In,(Se, S); and Cu,«(Se, S) phases.
During the sulfurization process selenium atoms were replaced by sulfur atoms and a small
amount of selenium was not completely converted into sulfur resulting in an Se/S ratio= 0.06
(Se/S=2.28/38.at%) as measured by EDX. A clear substitution of the selenium atoms from the
as-grown CulnSe; phase into sulfur atoms and a complete crystallization of CulnS, thin films is
displayed in Figure4.3. The sum of the Cu and In atomic percentage is approximately the same

as the selenium percentage.

According to the EDX measurements, the selenized and sulfurized CulnSe;-Se and CulnSe,-S
films contained 24.86, 23.92 at.% Cu, 27.49, 33.07 at.% In, 47.65, 2.28 at.% Se and, 38.0 at.% S,
respectively, corresponding to copper poor CulnSe,-Se and CulnSe;-S phases with an optimum
Cu/In ratio of 0.9 and 0.7 for p-type semiconducting properties [20]. Table 4.2. displays the EDX

results for these samples.
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Table 4.2. Composition of the CulnSe,-Se and CulnSe,-S films measured by EDS.

Sample Cu (at%) | In (at%) | Se (at%) | S (at%) | (Cu/In) (Se&Se+S)/(Cu+In)
CulnSe,-Se 24.86 27.49 47.65 | --—- 0.9 0.9
CulnSe,-S 23.92 33.07 2.28 38.00 0.7 0.7
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Figure 4.4. EDX spectrum for both CulnSe, selenized and CulnS, sulfurized samples.

4.7. Optical measurements

The optical properties of annealed CulnSe;-Se and CulnSe,-S thin films have been studied in
order to determine the effect of annealing process in different selenium and sulfur atmosphere.

The optical transmittance spectra were measured in the wavelength range 400 - 1000 nm of the

visible region.

Figure 4.7. show the transmittance spectra of CulnSe, samples annealed in Selenium and Sulfur

atmosphere, respectively. The optical properties are studied, the transmission spectra of the

sample T(A) are measured:

_ 1)
T = - (x)(4'9)

where Io(A) is the intensity of light illuminating the sample, I(A) is the intensity of the light
transmitted through the sample. Often one uses the term absorbance (or optical density), which is

defined according to the formula (10):
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Abs () = log 2% = _Jog (T(L)) (4.10)
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Figure 4.5. Transmittance spectra of CulnSe, samples annealed in Selenium and Sulfur atmosphere.
The bandgap energy was determined from the Tauc relationship, Eq. (11):
(ohv) = A(hv - Eg)" (4.11)

Where A is constant, hv is the photon energy of the incident radiation, Eg is the band gap energy,

n="% for allowed direct transition and n=2 for allowed indirect transition.

As CulnSe,-Se and CulnSe,-S is a direct allowed band transitions, so n=1/2.

(0hv) = A(hv - Eg)"? ———----- - (4.12)

By square the values of both sides we will got that:

(ohv)? = A(hv - Eg) (4.13)
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Figure 4.6. Tauc plots for (a) selenized CulnSe, —Se and (b) sulfurized CulnSe, —S thin films
Figure 5 (a, b) shows plotting the values of (ahv)” as a function of photon energy (hv) for
CulnSe,-Se and CulnSe,-S, respectively. The band gap values can be obtained by extrapolating

the slope of curves to the X-axis where (ohv)* =0.

The optical band gap is found to be 1.48 and 1.35 eV, for CulnSe,-Se and CulnSe;-S which is
agreement with the reported values of the optical band gap of CulnSe; and CulnS; [22], As we
notice the difference in annealing temperatures and time also affects the resultant band gap

energy in addition to the Se/S percentages in both samples.
4.8. Mott-Schottky measurements

To study the charge distribution of the prepared thin films capacity/electrode potential has been
studied. The capacity/electrode potential is very sensitive to changes in the charge concentration.

Applying Mott-Schottky relationship:

1 2 kT
& = o (E — Eg — ?) (4.14)

where the capacity of space charge is referred as C, the carrier density N is (the concentration
of electron donor for n-type semi-conductor or hole acceptor for the concentration of p-type
semi-conductor), the relative electric permittivity is €, the electric permittivity of vacuum is &,
the electronic charge is q, the surface area is A, the Boltzman constant is k, the absolute

temperature T, Ey, is the flat band potential and E is the applied potential.
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By plotting 1/C* vs. V we suspect obtain a straight line with appositive or negative slope. The
plot intercept of dC,.”/dE with the potential axis yields the flat band potential Eg,. The flat band
potential Eg, does not depend on time nor polarization of the layers. The carrier density N can be
derived from the gradient dCy.”/dE, and the intercept with the potential axis yields the flat band
potential Eq. Mott-Schottky equation is used for determining the carrier density and the flat band

potencial characterizing semiconductor layers [23].

The electrochemical solution used for mott—Schottky measurement was deaerated with argon.
The distinguished layer formed by a potentiodynamic cycling in different potential ranges by
means of an auto Lab system PGSTAT 302N conducted at 10kHz. The measurements were
conducted at room temprature. The calculated negative slope of Csc vs. potential is inversely
proportional to the acceptor concentration and is an indication of a p-type semiconductor layer.

In contrast the positive slope of Csc vs. potential refers to an n-type semiconductor.
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Figure 4.7. Mott-Schottky plots for n-type ITO.
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Figure 4.8. Mott-Schottky plots for p-type CulnSe, selenized thin films.
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Figure 4.9. Mott-Schottky plots for p-type CulnS, sulfurized thin films.

Figures (4.7, 4.8, 4.9) show the plots of Mott-Schottky measurements for ITO and CIS thin-films
(1/C* vs. V) in 0.5M NaOH. Figure (4.6) shows the Mott-Schottky (MS) plot for the ITO
substrate layer. The resulting slope was positive, indicating that the ITO film is an n-type
semiconductor. The flat band potential was found to be -1.17V (vs SCE) by extrapolating the
linear section to the x-axis and Np ~ 1.18-10" cm™ was measured using the slope of the curve.

Figures (4.8 and 4.9), respectively, show the plots for CulnSe;-Se selenized and CulnSe,-S
133



sulfurized films. The calculated slopes of the (MS) plots were negative, verifying that the
prepared CIS thin film is a p-type semiconductor. The flat band potential was found to be 0.32
and 0.36 V (vs SCE), respectively, extrapolating the linear section to the x-axis. The carrier
concentrations, NA ~ 8.98-10%" and 1.62-10"” cm™, were calculated using the slope of the curves
for both CulnSe,-Se and CulnSe,-S films, respectively. It was noticed that the flat-band potential
and acceptor density determined were slightly higher than the p-type semiconductor CIS film

values [24, 25].
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Figure 4.10. Mott-Schottky plots for p-type etched CulnSe, selenized thin films.
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Figure 4.11. Mott-Schottky plots for p-type etched CulnS, sulfurized thin films.
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Before the etching process, the slope of the Mott—Schottky plots were has a higher doping
density N ~ 8.98-10%° and 1.62-10'"" cm™ and the x-axis intercept associated with the flat band
potential was highly positive 0.32 and 0.36 V (vs SCE). Table 4.3. displays the flat band
potential and number of acceptors of the CulnSe;-Se and CulnSe,-S films before and after
etching.

Table 4.3. Flat band potential Vy, (V) and number of acceptors N (cm™) of the CulnSe,-Se and CulnSe,-S films

before and after etching.

Sample Name Measured values | before etching after etching

Na (cm™) 8.98-10% 2.12-10'°
CulnSe,-selenized

Vi (V) 0.32 0.07

Na (cm™) 1.62-10" 1.44-10'°
CulnS;-sulfurized

Vi (V) 0.36 0.08

In order to explain the resulting number of acceptor values, an etching process was carried out.

Etching process using KCN solution influences the Mott-Schottky results.

Figures (4.10 and 4.11) show the Mott-Schottky plots of etched CulnSe, selenized and etched
CulnS; sulfurized CIS thin-films samples (1/C* vs. V) in 0.5M NaOH. After the etching process,
the slope of the Mott-Schottky (MS) plots showed a decrease in the doping density, and the
calculated carrier density Ny = 2.12-10'® and 1.44-10'® cm™ for etched CulnSe, selenized and
etched CulnS; sulfurized samples, respectively. Also, a drastic decrease in the flat band potential
values was observed. It was found that the flat band potential had decreased to 0.07 and 0.08 V
(vs SCE) for etched CulnSe; selenized and etched CulnS, sulfurized samples, respectively. The
carrier charge density for the etched samples was found to have 10", 10% to 10'® cm™. This
decrease in both N, and the photocurrent potential was attributed to the etching process.
Through etching the accumulation of binary Cu,.«(Se, S) phases shown in FE-SEM pictures was
removed. These binary Cu, (Se,S) phases are highly conductive, leading to an increase of the
flat band potential values. After the etching process the flat band potential is much closer to the
literature values for p-type materials, being approximately +0.1 V [24-26]. The shift in the flat

band value is due to the change in the position of the Fermi level, which depends on the density
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of acceptors. After etching, the density of acceptors decreases and then the Fermi level shifts

towards the middle of the forbidden band resulting in a drop of the flatband potential (V).
4.9. Conclusion

In this study, a facile methodology for the preparation of p-type CulnSe, and CulnS; thin films
has been described. The nano-crystalline CulnSe, and CulnS, thin films were successfully
prepared by a non-vacuum, low cost electrodeposition technique onto ITO substrates. The
resulting thin films showed very good crystallinity and homogeneity of the prepared films in
agreement with the XRD, SEM and EDX measurements. In order to detect the prepared thin film
carrier density type, Mott-Schottky measurements were carried out confirming that the prepared
CulnSe; and CulnS, thin films were always p-type. The accumulated binary phases of Cu,.(Se,
S) were successfully eliminated through the etching process which in turn decreased both the flat

band potential, Vg, (V) and the number of acceptors, N (cm™) for the prepared samples.
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Chapter 5. CIGS:Cr thin films

5.1. Objectives

The main objective was to prepare new doped high quality nanocrystalline CIGS and CIGS:Cr
powder using low cost hydrothermal process to develop low cost solar cell absorber layer. The

specific objectives are:

i. To manage an easy route for the synthesis process of CIGS by incorporation of Cr with

different Ga ratios and fixed In ratio.

ii. To evaluate the effect of different Cr% doping on CIGS nanocrystalline powders and thin

films.
iii. To Study the EIS for the prepared CIGS:Cr and its relation with the crystal size.
5.2. Introduction:

[-III-VIL, chalcopyrite compounds, particularly copper indium gallium selenide Culn,CryGaj.x.
ySex(CIGS), is intensively applied in the manufacture of thin-film solar cells, due to their high
efficiencies and stability [1]. These materials possess advantageous properties for application in
solar cells. Their direct band-gap energies as semiconductors lead to a high optical absorption

coefficient[2].

CIGS thin films were fabricated using nonvacuum techniques, such as co-evaporation and
sputtering techniques [3—5]. However, vacuum based processes resulting low yield, high costs,
and difficulties for large areas coatings. These multistage co-evaporation and two-step processes
involving sputtering and selenization are considered the main disadvantage facing the
development of this type CIGS thin-films solar cell. A lot of alternative methods have been
proposed to solve this problem, such as non-vacuum processes such as sol-gel, colloidal
methods [6], paste coating [7], inkjet printing [8] and solvothermal processes [9,10]. Obviously,
a lot of effort has been directed to the development of two step synthesis processes involving the
synthesis of CIGS nanocrystal precursor inks for printing or coating followed by selenization
[11-13]. These non-vacuum film deposition-based techniques offer an attractive alternative to
vacuum-based processes. Non-vacuum processes are used in industrial applications widely due
to their low cost competitive demand in solar cells scale production. One of these non-vacum

attractive family processes is the solvothermal method [14—-18]. This method of preparation
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produces precursor powder that is easily converted into high quality thin films. Our interest in
this paper is succeeding in the preparation of well controlled a few hundred nanometer particles
of Culn,Cr,Ga;.,Sesin order to develop well definite thin films with controlled structure. This
in role can be modified by some dopants in order to enhance new efficient thin film solar cells.

This will be discussed later in some future work.
5.3. EXPERIMENTAL
5.3.1. Synthesis of Culn,Cr,Ga;...,Se; nano-percursor powders:

Culn,CryGa.x.ySe,was synthesized according the procedure described in [ref.2] using autoclave
the solvothermal method. Elemental powders of Cu (99.9%, Sigma—Aldrich), Se (99.99%,
Sigma—Aldrich), Gals (99%, Sigma—Aldrich) and InCls (99.999%, Sigma—Aldrich) were used as
copper, selenium, gallium and indium sources, respectively. Cr (ClOy4); was used as Cr’" source
and Ethylenediamine (99.5%, Sigma—Aldrich) was used as a solvent. All constituents and
solvent were introduced in a nitrogen-filled glove box that no oxygen air disturbs our materials.
Awell-defined stoichiometry of the synthesized precursor was achieved by using 2 mmolof the
copper elemental powder, 1 mmol of indium, galliummetal sources, and 4 mmol of selenium
powder, respectively. Chromium percentage was calculated for every batch process in order to
prepare different Cr and Ga series at fixed indium percentage to get this structure Culn,Cr,Ga;_x

,Se, with x=0.4 and y= (0.0, 0.1,0.2,0.3).

All weighed materials were stirred together with a suitable amount of solvent and left to stir
overnight. Then the stirred solution was loaded into an autoclave Teflon container and annealed
in an open air oven for 36h at 190-230°C. The resultant product was washed several times using
ethanol and distilled water to remove excess byproduct or impurity materials. Centrifuging and
ultra-sonication processeswere repeated every washing time. The centrifuging process were
conducted for 10 min at 4000 rpm. Finally, the completely purified precursor powders were dried

at 100°C for 2hours. A black nano-crystalline powder of Culn,CryGai.x.ySeswas obtained.
5.3.2. Synthesis of the CulnCr,Ga;._..,Sesthin films:

All the collected synthesized precursor powders were washed several times with distilled water
and ethanol in order to remove all sub product residue chemicals. These washed powders were

then dried in open-air drier at 100°C for 2hrs. After this the powders were loaded into the glove
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box redispersion in the same preparation solvent as and left for stirring overnight then filtered
using 0.2p mesh filters. Completely clear dissolved filtered precursors solution of the prepared

nanocrystalline powders were obtained available for further processes.

]

Figure 5.1. Spin-coating process (feeding of dissolved metal solution onto ITO substrate using micropipette).

Indium tin oxide (ITO) glass substrates were cut down into small pieces of the desired surface
area.Cleaning process of the glass substrate were applied by washing the substrates using soap,
dis.H,O, ethanol and acetone ultrasonically, dried and then introduced into the glove box. The
dissolved nanocrystalline precursor solution was then transformed to thin films by spin coating
process. Metal salts nano-crystalline precursor powder to solvent ratio were taken in
consideration (1:3). Heat treatment using a pre-heated hot plate was applied for crystal structure

growing till the desired film thickness was obtained.
5.4. Charaterization and Measurment
5.4.1. Structure study for both Culn,Cr,Ga;._..,Se;nano-crystalline powder and thin films:

The structure and phase of the prepared powder were investigated using X-ray diffraction (XRD)
Rigaku Ultima IV diffractometer in the Bragg-Bentano configuration using CuKa radiation (A =
1.54060 A). The particle size and morphology of the resultant CIGS precursor powder were
characterized by Field Emission Scanning Electron Microscopy (FESEM) of model Zeiss
ULTRA 55 equipped with In-Lens and secondary electrons detectors. High-Resolution
Transmission Microscopy (HRTEM, 200 KV) JEOL Model: JEM-2100F were used to study the
crystalline structure and morphology of nanowirearrays. The chemical composition and the
purity of the prepared samples were characterized using energy dispersive spectroscopy (EDX).

A Novocontrol broadband dielectric Spectrometer (BDS) (Hundsangen, Germany) integrated by
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an SR 830 lock-in amplifier with an Alpha dielectric interface was used for measuring the

conductivity of the resultant precursor powders.
5.4.2. Electrochemical impedance spectroscopy (ELS) measurment

The conductivity of the samples in the transversal direction were measured in a range of
temperature between 20 and 200°C by impedance spectroscopy in the frequency interval of 107'<
f < 10’ Hz applying a 0.1 V signal amplitude. In previous measurements different voltages (0.1,
0.5 and 1V) was considered with the intention to ensure the linear response. From the results
observed we have considered that 100 mV is the chosen in order to get a linear regime. The
measurements were carried out in dry and wet conditions. A Novocontrol broadband dielectric
Spectrometer (BDS) (Hundsangen, Germany) integrated by an SR 830 lock-in amplifier with an
Alpha dielectric interface was used. The samples were previously dried and their thicknesses
were measured afterwards using a micrometer, taking the average of ten measurements in
different parts of the surface. For the study of the conductivity dry conditions the samples were
dried in a vacuum cell. Next the samples were sandwiched between two gold circular electrodes
coupled to the impedance spectrometer acting as blocking electrodes. The assembly membrane-
electrode was annealed in the Novocontrol setup under an inert dry nitrogen atmosphere
previously to the start of the actual measurement. For this, firstly a temperature cycle from 20°C
to 200°C to 20°C, in steps of 20°C, was carried out. After this, in a new cycle of temperature
scan, the dielectric spectra were collected in each step. This was performed to ensure the
measurements’ reproducibility and to eliminate the potential interference of water retained by the
composite membranes, in particular taking into account the hygroscopicity of this kind of
samples. For the measurements in wet conditions the samples were previously dissolved in bi-
distilled water in the ratio 40:60 wt% (sample:water) to obtain a paste which was subsequently
sandwiched between the the two gold circular electrodes. During the measurements the
electrodes were kept in a BDS 1308 liquid device, coupled to the spectrometer and incorporating
deionized water to ensure a fully hydrated state of the samples below 100°C and in equilibrium
with its vapor above 100°C, to simulate 100% RH atmosphere. During the conductivity
measurements, the temperature was maintained (isothermal experiments) or changed stepwise
from 20 to 200°C controlled by a nitrogen jet (QUATRO from Novocontrol) with a temperature

error of 0.1 K during every single sweep in frequency.
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From the frequency dependence of complex impedance Z*(w) = Z’(®) + j.Z”(®), the real part of

the conductivity is given as:

(@)= Z(@)-L L

(2@ +z@F}s RS M

where L and S are the thickness and area of the sample in contact with the electrodes,

respectively, and R, the resistance of the sample.

5.5. Results and discussion

Culn,Ga;.,Se; (CIGS) Nanocrystal Synthesis.

CIGS nanocrystals were synthesized following the routine shown above:

Cu + xInCl; + (1 — x — y)Gal; + (y Cr(Cl0),)3)

ethylenediamine
+ 2Se 190 — 230°C > Cu(InXCryGal_x_y)Se2 nanocrystals

+ by products

The In and Ga ratio could be changed with different stoichiometric ranges of x from 0 to 1 using

this approach.
5.5.1. Structure Study
5.5.1.1. XRD of the Culn,Cr,Ga;...,Se; precursor powder

Figure 5.2. shows the XRD pattern of the prepared sample with a chalcopyrite structure. A sharp
diffraction peaks was obtained which confirms that the resulted nanocrystals have a chalcopyrite
(tetragonal) phase with a definite structure of Culng4GageSe, and that no other phases are
produced in the reaction. Standard CIGS file (PDF card No. 00-035-1101) is used to identify the
diffraction peaks. All peaks are identified as a pure phase of the synthesized CulnyGa,«Se;
chalcopyrite phase with no secondary phases. It is clearly obvious from the XRD pattern (Figure
5.2) the main characteristic peaks of the tetragonal chalcopyrite structure. The main peaks of
CIGS (112) at about 27.36°, CIGS (204)/(220) at 26 = 45.35° and CIGS (116)/(312) at 20
=53.62° , respectively.
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Figure 5.2. (a) XRD patterns of Culng4Gag¢Se, precursor nanocrystals prepared by autoclave hydrothermal method
and (b) FWHM for 112 peak.
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Figure 5.3. XRD patterns of Culng 4CryGag sSe, and Culng4Cry,Ga, 4Se, precursor nanocrystals prepared by
autoclave hydrothermal method.

Figure 5.3. Shows the XRD pattern of Culng 4Cry;GagsSe, and Culng 4Cr,Gag4Se, nanocrystals
precursor powders prepared by autoclave hydrothermal method. As it is clearly seen from the

graph only those main characteristic peaks of chalcopyrite phase in both Culng 4Cry,Gag 4Se, and
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Culng 4Cr.1Gag sSe,, respectively. In Culng 4Cry2Gag 4Se; we can notice only those main peaks of
CIGS (112) at about 26.94°, CIGS (204)/(220) at 20 = 44.88°, and CIGS (116)/(312) at 20
=53.22° , respectively. On the other hand, for the sample of Culn4Cry ;GagsSe, we can observe
the main characteristic peaks of chalcopyrite CIGS in addition to wurtzite Cu,.«Se main peaks.
Herein every peak is built up of summation of two divided peaks like camel humps (like it has
been doubleted). We refer this peak shape to the presence of Cr’ " ions in the crystal lattice by a
small percent. The incorporation of ions that has three electrons in the 3d shell with spin up, and
the Cu'" ion has a 3d'° configuration, i.e. there is one hole in the 3d shell, the spin of the Cu'" ion
is aligned antiparallel to that of Cr’* ion. These holes are supposed to be delocalized and to
occupy the states in a narrow d band. The metallic behavior is associated with the t,, orbital of

these delocalized Cu'" holes.

Chromium and copper have 4s' instead of 4s®. This is because chromium is 1 d-electron short for
having a half-filled d-orbital, therefore it takes one from the s-orbital, so the electron
configuration for chromium would just be: [Ar] 4s'3d’. Similarly, for copper, it is 1 d-electron
short for having a fully-filled d-orbital and takes one from the s-orbital, so the electron
configuration for copper would simply be: [Ar] 4s'3d'’. We expect here a strong competition
between Cu,.<Se wurtzite phase formation and Culng 4Cr ;Gag sSe, for this we notice clearly both
phases formation. The intensity height of the grown phases indicates this confliction as the low
content of Cr’" ion then the grown process could show a clear single phase as shown in (Figure
5.3). In contrast to the prepared Culng4Cry,GagsSe; samples where the percentage of crrt s
equal to 2% which is higher than Culng4CrjGagsSe, where crr’ percentage is approximately
10%, the increase in Cr’" content affect clearly the stability of the CulnCr,Ga;_,Se,, (x=0.4 and
y= 0.0, 0.1, 0.2, 0.3) chalcopyrite phase formation. Then again, a deconvolution in the
crystallographic structure due to increase of Cr percent where here 3 times (triple) of the primary
incorporation of Ccrr’ percentage. The Culng 4Cry3Gag 3Se; has 3% of Cr’" ions in addition to Ga*"
ions, which in turn this time lead to a competition between Cr’* and Ga®" ions rather than the
stated competition between Cr’" and Cu'" ions. But here in this time the Cu'" ions were
successive in disturbing the crystal structure forming a mix of copper selenide compounds, i.e;
CuSe; and covellite CuyxSe as shown in (figure 5.6) for the Culng4Cry3Gag3Se; thin films onto

ITO substrates.
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Table 5.1. FWHM and particle size calculated for CulngsGag¢Se,, Culng4Cry,Gag4Se,, Culng4Cry1GagsSe,, and

Culng 4Cry3Gag 4Se, nano-crystalline percuorsor powders at 112 peak.

. Sample Name hkl 20 S} Cos © FWHM Particle size(nm)
Culng 4Gag 6Se; 112 | 2736 | 13.68 | 0.9716 0.39 20

Culng 4Cro1Gag cSes 112 | 2692 | 13.63 | 0.9718 0.83 10

Culng 4Cr2Gag cSes 112 | 26.94 | 13.45 | 0.9724 0.48 17

The mean crystallite size of the prepared polycrystalline CIGS was calculated according to

Scherer’s formula:

D KA
~ Bcosb

where B is the Full Width at Half Maximum (FWHM), A wavelength of X-rays with value is
1.5418A, K is the Scherer’s constant depending on the crystallite shape and is close to 1 and 0 is
the Bragg angle at the center of the peak.

In (Figure 5.2) the calculated FWHM was equal to 0.39 for 112 and the particle size was equal to
20 nm. The XRD patterns obtained in this case were assignable to a tetragonal Culng4Ga¢Se;
crystallographic phase (PDF card No. 00—035-1101) with preferred orientation along the (112)
plane. No other stoichiometric composition of CIGS was obtained very clear single chalcopyrite
phase. The well defined and sharp diffraction peaks indicated that the material showed good
crystallinity and purity and this was an evidence for the absence of any additional diffraction
peaks of possible binary phases or impurities. In (Figure 5.3) we can notice the main
characteristic peaks for the Culng4Cro1GagsSe, samples were located at 26.93°, 44.77 °, 53.03°,
respectively, whereas they were combined with a subsidiary wurtzite Cu,Se phase located at

27.35°, 45.48°, 53.79°, respectively,shifted to higher 20 degrees.
5.5.1.2. XRD of Culn.Cr,Gaj...,Se; thin films:

Figure5.4. shows the XRD graph of the thin film Culng4GageSe, on ITO substrate. All of the
patterns are consistent with chalcopyrite (tetragonal) crystal structure and exhibit the expected
amount of peak broadening due to their nanoscale crystal size domain. The diffraction peaks
shift to lower 20 degrees with decreasing Ga content by incorporation of Cr’" ions in Ga®" sites.

The increase in the lattice spacing is due to smaller Cr atoms substituting for larger Ga atoms
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which in turn lead to a significant change in lattice parameters values. Chalcopyrite type
compound semiconductors with Cu(In,Ga)Se, composition are successfully implemented as
absorber layers in thin film solar cells. The stoichiometric compound Cu(In,Ga)Se; crystallizes in
the tetragonal chalcopyrite type crystal structure with space group /42d . Within this crystal
structure the monovalent cations (Cu'") occupy the 4a site (0 0 0), the trivalent cations (In>" and
Ga®") are situated on the 4b position (0 0 %4) and the selenium anions are on the 8d site (x V4 %).
The cations are tetrahedrally coordinated by the anions and vice versa, substitution of Ga>" ions
with Cr affect lattice values due to the difference in atomic radius of both Cr and Ga atoms. In
general Cu(In,Ga)Se, absorber layers exhibit a copper-poor composition (Cu/(In+Ga) < 1),
whereby the chalcopyrite type crystal structure still persists but the occupation of the Wyckoff
sites may change and various kinds of intrinsic point defects are present within the material. The
kind and concentration of these defects strongly correlate with the electronic and optical
properties of the final device and the knowledge about them is crucial to tailor high efficient
photovoltaic devices made of such compounds. All the doped samples with Cr show an increase
in the lattice value corresponding to the FWHM value for Culng4Gaj4Se,. We notice the main
characteristic peaks of CulngsGageSe, and those characteristics of ITO. A well-defined
crystallographic chalcopyrite structure with all preferred orientation a long 112, (204)/(220) and
(116)/(312) for Culng4Gag4Se; at 20 =27.49°, 20 = 45.37°, and 20 = 53.36° is clearly observed.
The mainly peaks of ITO is located at 26 = 30.58° and 35.48°, respectively.

Figure5.5. shows the XRD graph of the thin film Culng 4Cry;GagsSe, and Culng 4Cry2Gag 4Se; on
ITO substrate. We notice those main characteristic peaks of Culng4Cro,Gag4Se, clearly at 20
=27.18° 20 = 44.68°, and 20 = 53.33° and those characteristics of ITO. A small percentage of
wurtzite CupxSe phase was observed by thin film formation, also duplicity of the main
characteristic peaks is observed for Culng 4Crg;Gag sSe; thin film samples. On the other hand the
pure well defined highly oriented 112, (204)/(220) and (116)/(312) peaks for Culng 4Cry,Gag 4Se;

were identified.

Figure5.6. shows the XRD graph of the thin film Culng 4Cr3Gag e, on ITO substrate. We notice
those main characteristic peaks of Culng4Cro3Gag3Se; at 20 =26.96°, 20 = 44.78°, and 20 =
53.94° and those characteristics of ITO. Mixture of copper selenide phases are very apparent in
the XRD pattern for the Culng4Cro3Gag3Se, sample, i.e; covellite Cu,<Se and CuSe,, which is

due to the stated confliction between both Cr’* and Cu'" ions at definite amount of incorporated
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Cr’" ions that results in impurity phase formation structure. Using Scherres formula the crystal
size of all the prepared thin films of Culng4Gag4Se,, Culng4Cry1GagsSe,, Culng4Cro,GagaSes,
and Culng 4Cr3Gay4Se, were calculated. It was found that the crystal size is equal to 20, 10, 17,
and 18 nm for all the prepared samples of the structure where x = 0.4 and y = 0.0, 0.1, 0.2, 0.3,
respectively. It was shown that the FWHM of Culng4Cry;GagsSe, thin film sample show
remarkable higher value than those of CulngsGageSe;, CulngsCrooGagsSe,, and
Culng 4Cro3Gag4Se,. This remarkable increase of FWHM value looks like those FWHM values
of as grown samples, which confirms the structure defects and the stablished competition
between Cr’” and Cu'" ions in the unit cell structure of those with low Cr% = 10, and Cr% = 30.

Table 5.2. FWHM and particle size calculated for Culng4GagsSe;, Culng4Cry;GagsSe,, Culng4Cry,Gag4Se, and

Culng 4Cr(3Gag 4Se, nano-crystalline thin films at 112 peak.

SampleName |hkl| 26 | © |Cos® | Sn® | FWHM Sf;‘;tfrf)
CulngsGaoeSes | 112 | 27.49 | 13.75 | 0.9778 | 0.2097 04 20
Culng+Cro1GagsSes | 112 | 27.03 | 13.55 | 0.9774 | 02112 08 10
Culng+Cro,GaosSes | 112 | 27.18 | 13.40 | 0.9779 | 0.2089 05 17
Culng+CrosGagsSes | 112 | 26.96 | 13.45 | 0.9777 | 0.2097 0.44 13
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Figure 5.4. XRD patterns of Culny4Gag¢Se, thin film deposited on ITO substrate by Spin coating process.
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Figure 5.5. XRD patterns of Culng4Cry;GagsSe, and Culng4Crq,Gag4Se; thin film deposited on ITO substrate by

Spin coating process.
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Figure 5.6. XRD patterns of Culny 4Crj3Gag3Se, precursor thin films prepared by autoclave hydrothermal method

5.5.2. FESEM Analysis
5.5.2.1. FESEM Analysis of Culn.Cr,Gaj...,Se; nano-crystalline powders:
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Figure 5.7. (A) and (B). shows FE-SEM images for Culn,CryGaj..,Se, where x = 0.4 and y =
(0.0, 0.1, 0.2, 0.3) nanocrystals. It is clearly observed that SEM images of (a) Culng4Gag¢Se,, (b)
Culng 4Cr1GagsSe;, (¢) Culng4Cro,GagaSe;, and (d) Culng4Cro3GagsSe; nano-crystalline
precursor powders contain agglomerates of spherical particles and a plate like shapes. As shown
in the images we can see a wonderful homogenous collection of spherical particles together with
some tetragonals and plate like shapes. Some tetrahedron hexagonal phases were determined in
both (b) Culng4Cry1GagsSe;, (¢) Culng4Cro,GagsSe,, and (d) Culng4Cry3GagsSe; which in
consistent with the XRD results. Those tetrahedron and hexagonals refers to the presence of Cu,.
e and CuSe, phases in a complete matching with XRD peaks refer to CuSe phases presence.
For the SEM images of (a) Culng4GaySe; nano-crystalline powders only those spherical of the
chalcopyrite structure and no other phases indication present. Which in turn confirms the XRD

data and of crystal structure and particle size calculations.

100 nm 100 nm

100 nm 100 nm

Figure 5.7(A). FE-SEM images for (a) Culng4Gage¢Se;, (b) Culng4CryGagsSe,, (¢) Culng4Crg,Gag4Se,, and (d)

Culng 4Crq3Gag 3Se, nano-crystalline precursor powders at 100 nm.
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Figure 5.7(B). FE-SEM images for (a) Culng4GaggSe,, (b) Culng4CrgGagsSe,, (¢) Culng4Cry,Gag4Se,, and (d)
Culng 4Cry3Gag 3Se, nano-crystalline precursor powders at 2pm.

The structures of the prepared precursor powders provide us with a promising feedback about the
expected thin films surface morphology. Which in one way or another will resemble these
prepared nano crystalline precursor powders. The average particle size is approximately (10-
20nm) in accordance with the HRTEM and XRD crystallite size. Such characteristic properties
will play a vital role in the deposition process of the CIGS thin films. Particle size, morphology,
uniformity, homogeneity, adhesion and cohesion of the prepared precursor powders; all these
properties will affect the nature of the resultant films by any formation process. In general, one
aims for particulate precursor powders that with few hundred nanometers and good uniformity in
particles shape will lead to a sufficient adhesion to the substrate and sufficient cohesion of one
particle to another as shown in (Figure 5.7 (A) and (B)) that still in good intact until the final

films formation.
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5.5.2.2. FESEM Analysis of Culn.Cr,Gaj...,Se; thin films:

Figure 5.7(C). shows the FE-SEM images for (a) Culng4Gag¢Se,, (b) Culng4CryGagsSes, (c)
Culng 4Cr,Gag 4Se;, and (d) Culng 4Crj3Gag3Se; thin films at 20um. A very homogenous nano-

crystalline thin films have been deposited using spin-coating process.

Figure 5.7(C) FE-SEM images for (a) Culng4Gag¢Se,, (b) Culng,Crq1GagsSe,, (¢) Culng4Crg,Gag4Se,, and (d)
Culng 4Cr(3Gag3Se,thin films at 20pum.

5.5.3. HRTEM analysis

Figure 5.8. shows the entire HRTEM image at different magnification scales of the prepared
sample. The HRTEM images indicating the crystallinity of the synthesized polycrystalline
Culng 4Gay¢Se, powder by the hydrothermal method. We can notice that all HRTEM images
contain well-arranged planes with lattice spacing corresponding to tetragonal CulnyGa;«Se, in
accordance with the sharp well defined XRD peaks of the chalcopyrite (tetragonal) Culn,Ga;.

xSe, and that no other phases are found.
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Figure 5.8. (a), (b), (c), (d) HRTEM images for Culn, 4Gay¢Se, nanocrystals. (g), (h) d-spacings of chalcopyrite

(tetragonal) Culng 4Gay¢Se;.
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The nanocrystals are approximately less than 50 nm in diameter. Both high-resolution TEM
(Figure 5.8) and XRD (Figure 5.2) confirmed that the nanocrystals are crystalline with tetragonal
chalcopyrite Culng4GageSe, structure. The d-spacings observed in HRTEM images are also
consistent with tetragonal CulnyGa;_Se, chalcopyrite phase and no other crystal phases were

observed in accordance with the XRD pattern of the prepared powder.

The HRTEM images show well defined small grains of a few tens of nm as also observed by
FESEM, shown in (Figure 5.7). Moreover, the measured lattice spacing of 3.32 A° from a high
magnification HRTEM image (Figure 5.8 (g, h)) matches well with d (112).

5.5.4. EDX analysis

EDX results reveal that the prepared nano crystalline powders contain certain amount of the
constituent elements in accordance to the desired structures. EDX analyses showed a
stoichiometric ratio closer to the expected 0.87:0.4:0.6:1.98 ratios for copper, Indium, gallium
and selenium. However, a slight decrease of Cu and Se was found in the resultant composition in
addition to an observed decrease in Cu content. The slightly copper-poor composition is
beneficial for the formation of p-type semiconductor. The proposed composition of the prepared
nanocrystal precursor powder in the first sample has a molar Cu/In/Ga/Se ratio of 1.0:0.4:0.6:2.0
with a fixed In ratio for all prepared series with incorporation of Cr atoms in Ga sites. the
composition of all measured individual particles by EDS was with a slight variation from the

prepared ratio as shown in table 5.3.

We observed a copper deficiency from 1.0 to 0.87 indicating that the prepared Culng4Gag¢Se,
are of p-type material. It is difficult to control the composition ratios in this type of
chalcopyrite’s, but we have succeeded with this hydrothermal autoclave method in optimizing
the resultant product ratios of In and Ga by controlling several factors such as metal source, time
of stirring and preparation temperature. A comparison between the proposed precursor

composition and the resultant measured EDX composition is indicated in table.5.3.
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Table 5.3. composition of nano-crystalline precursor powders.

Sample Cu In Cr Ga Se Cu/ In/ Cr/ Ga/ Se/

(at%) | (at%) | (at%) | (at%) | (at%) | In+Cr+Ga | In+Cr+Ga | In+Cr+Ga | In+Cr+Ga | In+Cr+Ga
Culng 4Gay ¢Se, 22.62 | 9.69 - 16.31 | 51.38 0.87 0.4 - 0.6 1.98
Culng 4Cr1GagsSe, | 29.44 8.8 1.58 | 11.49 | 48.69 1.3 0.40 0.07 0.53 2.2
Culng 4Cro,Gag4Se, | 2692 | 9.87 3.20 9.87 | 50.14 1.2 0.43 0.14 0.43 23
Culng 4Cro3Gag3Se, | 33.60 | 7.22 4.90 6.09 | 48.19 1.8 0.40 0.27 0.33 2.6

Figure 5.9. EDS charts for (a) Culng4GagsSe,, (b) Culng4Cro1GagsSe,, (¢) Culng4Cry,Gag4Se,, and (d)

Culng 4Cry3Gag3Se, precursor powders.

Figure 5.9. show the EDS chart for Culny4GageSe,, Culng4Cry1GagsSe,, Culng4Cr,Gag 4Ses,
and Culny4Cry3Gag3Se, precursor powders, respectively. For Culng4CryGagsSe, sample the
proposed composition of the prepared precursor (atomic ratio of Cu/In/Cr/Ga/Se) is equal to
1:0.4:0.1:0.5:2 with an atomic percentage equal 25:10:2.5:12.5:50. The resultant atomic ratio
was equal to 1.3:0.4:0.07:0.53:2.3 with an atomic percentage equal 29.44:8.8:1.58:11.49:48.69
for Cu, In, Cr, Ga and Se, respectively. A slight increase in both Cu and Se atomic ratios is
observed which in accordance with the XRD results for the presence of wurtzite Cu,.4Se phase in
competition with the Culng4Cry;GagsSe, chalcopyrite phase formation. This can be supposed
also to the formation of Culng 4Cry;Gag sSe, wurtzite phase also companion with the chalcopyrite
phase. A very slight decrease in Cr and Ga atomic percentage is noticed, but in total Ga+Cr = Ga

main atomic ratio before substitution and In ratio is completely fixed which in turn does not
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affect the chalcopyrite phase formation even in the formation of the subsidiary phase as we

explained in XRD part.

For Culng 4Cr,Gag4Se, we noticed that the resulted composition atomic ratios for Cu, In, Cr,
Ga, and Se were equal to 26.92:9.87:3.20:9.87:50.14 with an atomic percentage equal to
(1.2:0.43:0.14:0.43:2.3). The proposed composition for this structure were (1:0.4:0.2:0.4:2) with
an atomic ratio equal to (25:10:5:10:50). It is noticed that an equality in both In and Ga atomic
ratios, slight decrease in Cr content than proposed it should work as 20% atomic ratio and it was
found equal to 14%. This decrease in Cr content never affect the chalcopyrite crystal structure, in
contrast it gives stability with preferred orientation to the structure. Not negative effective slight
increase with the same ratio in both Cu and Se can be neglectable push this defined composition

to be a promising material for CIGS photovoltaic technology.

Mixture of different copper selenide phases appear as secondary phases with the determined
chalcopyrite tetragonal structure of Culng4Cr3Gag3Se;. The proposed composition for this
structure were (1:0.4:0.3:0.3:2) with an atomic ratio equal to (25:10:7.5:7.5:50). Herein an equal
amount of Ga and Cr atoms was incorporated together in this studied phase with a noticeable
remarkable increase and decrease in both Cu and Se atomic ratio compositions, respectively. We
found that the resulted composition atomic ratios for Cu, In, Cr, Ga, and Se were equal to
33.60:7.22:4.90:6.09:48.19 with an atomic percentage equal to (1.8:0.4:0.27:0.33:2.6). In
abbreviated words we conclude that it is best chosen to prepare doped Culn,Cr,Ga;.x.,Se, with an

incorporation of Cr atoms by 20% at fixed In content = 40% of total In+Ga = 1.
5.5.5. Optical Properties and electric measurements:
5.5.5.1. Optical Properties:

Near the absorption edge or in the strong absorption zone of the transmittance spectra of
materials, the absorption coefficient is related to the optical energy gap, E,, which can be

determined by the Tauc’s formula:

o =A(hv-Eg)"/hv, (5.1)
where A4 is an energy-independent constant, / is the Planck constant, v is frequency, and » is an

index that characterizes the optical absorption process and is theoretically equal to 2 and ' for

indirect and direct allowed transitions, respectively. The absorbance spectra of the Culn,Cry,Ga;.
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«ySes thin films were recorded and are displayed in Figure 5.10. All the Culn,Cr,Ga;_.,Se; thin
film samples exhibited broad absorption in the visible region. The absorption coefficients of all
the samples prepared using spin-coating process 10 cm ™' in the visible region, which supports
that the deposited Culn,Cr,Ga;..,Se, material possessed a direct band gap. Extrapolation of the
straight line to zero absorption coefficient (0=0) allows estimation of E,. That is, the band gaps
were obtained by plotting (a/v)*versus the energy in eV and extrapolating the linear part of the
spectrum (4v). The inset of Figure 5.10. shows the band gaps of the Culn,Cr,Ga|..ySe; thin films

prepared using different Ga and Cr with fixed In atomic ratio times.

The prepared Culng 4Gag ¢Se,, Culng 4Crg 1Gag sSe,, Culng 4Crg,Gag4Se, and
Culng 4Cr 3Gag 3Se,thin films with £, of 1.12, 1.16, 1.20, and 1.17 eV, respectively, which are
close to the optimum value for solar photoelectric conversion of 1.5 eV. The differences of the
band gaps and absorption spectra of the thin films was caused by the changing particle size and
morphology of the prepared Culng4GageSe,, Culng4Crg1GagsSer, Culng4CrorGagsSe,, and
Culng 4Cr¢3Gag 3Sesthin films with composition difference. Although composition dependency of
E, has been observed for multinary semiconductor particles like CZTS and CulnS,, there has
been little investigation of the influence of the particle composition on light—electricity
conversion efficiency, especially for those new prepared CulngsGag¢Ses, Culng4Crg1GagsSes,

CuIno_4Cr0_2Gao_4Se2, and CuIno.4Cro_3Gao,3Se2thin films.

10
== Culng 4Ga ¢Sey

Eg=1.12

Culng 4Crq 1Gag 55¢;
Eg=1.16

== Culng 4Cr( 2Gag 4Sey
Eg=1.20

== Culng 4Cr( ,Gag 4Sey
Eg=1.17

0 - T T T T T T T

— v
1.2 1.4 1.6 1.8 2.0 2.2 2.4
(ahv)

Figure 5.10. Band gap energy chart for Culng4Gag¢Se;, Culng4CryGagsSe,, Culng,Cro,GagsSe,, and
Culny 4,Cry3Gag3Se;precursor powders.
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5.5.5.2. Dielectric spectra analysis

In order to get information about the behaviorofthe ionic  conductivity,
electrochemicalimpedance spectroscopy measurements wereperformedonseveral powdered solid
compounds based on Copper (Cu), Indio (In), Gallium (Ga) and Selenium (Se):
Culng 4Gag¢Se,(i.e. CIGS salts) doped with Chrome at different proportions. These compounds

are labeled as Culng 4Cry Gag sSe,, Culng 4Crg2Gag 4Se,, and Culng 4Crg3Gag 3Se,, respectively.

Electrochemical impedance spectroscopy (EIS) measurements were carried out at different
temperatures, (20°C to 200°C), to obtain information on the samples conductivity. Data for the
real part of the conductivity was analyzed in terms of the corresponding Bode diagrams, where
variations of the conductivity with the frequency for all the composites in dry and wet conditions
are shown in figures 5.11 and 5.12, respectively. In this plot, we can see the double logarithmic

plot of the conductivity in S/cm versus frequency in (Hz) for all range of temperatures.
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Figure 5.11. Double logarithmic plot of the real part of the conductivity versus frequency for (a) Culng4Gay¢Se,, (b)
Culng 4Cry1GagsSe,, (¢) CulngyCry,GagsSe,;, and (d) Culng4Cry3GagsSe, precursor powders obtained in dry
conditions.
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Figure 5.12. Double logarithmic plot of the real part of the conductivity versus frequency for (a) Culng4Gay¢Se,, (b)
Culng 4Crj1GagsSe,, (¢) Culng4Cry,Gag4Se,, and (d) Culngy,Cry3Gag;Se, precursor powders obtained in wet
conditions.

A close inspection of this figures shows that the real part of the conductivity for the samples is
practically constant for all range of frequencies in the measurement in dry conditions. This
behavior is the typical demeanor as a conductor material. However, in case that wet conditions
the values of conductivity are higher than that measured in dry conditions, but it is not possible
to achieve a reproducibility of the measures. Taking into account this behavior, we will conduct

our study focusing on the measures in dry conditions.

In the Figure 5.11. it is show the experimental data of the real part of the conductivity as a
function of the frequency at several temperatures. For all temperatures studied the conductivity

values increase with the temperature following the order ¢’ (Cu Ing4Gape Sex)>c’ (CuCry>

Ing 4Gag 5Se;) >g” (CuCry.1Ing4Gag3Sez) > (CuCro 3 Ing4GagaSey).

The conductivitys’ is characterized by aplateauin thehigh frequency range and its value tends toa
constant corresponding to direct-current conductivity (g,.) of the sample. Deviation from g, in
the spectrum of the conductivity in the range of low frequencies is due to the EP effect resulting
from the blocking electrodes, produced by mobile charge accumulation, however it is only

observed in the measurements realized below wet conditions [19,20].

The conductivity also exhibitsa phenomenonofdispersion thatobeysabehavior described

byJonscherlaw,3,46(®w) = 04.+0,. , being 0,4, the dc conductivity and the alternate-current
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04c = Ao™, where A is a factor dependent of the temperature and mfor an ideal Debye dielectric

and ideal ionic type crystals are 1 and 0, respectively.

Experimental data of the conductivity were fitted to the Jonscher law and the parameters are
shown in the Table 5.3. As we can see in Figure 5.8, only two different regions are present. On
the one hand, at moderate and low frequencies where the dc-conductivity will be determined
(Cond), and the region of subdiffusive conductivity (SD), observed in the interval between 10°
and 10" Hz for the samples Culng4GageSe;, Cu Crg1lng4GagsSe,and CuCrg3Ing 4Gag 3Ses,
respectively. Is important highlight that the sample, CuCr,Ing4Gag 4Se,, present a behavior of a

pure conductor in all the range of frequencies for all temperatures [21,22].

In our samples the values fitted for the parameter m, takes values between 0.4 and 1 for all the
samples except in case of sample CuCrgIng4Gag4Se;, where the value was 0, corresponding to
an ideal ionic type in all the range of temperatures. For the other samples the values obtained
from the fit in the high frequency region can be due to the reorientation motion of dipoles and
more likely to the motion of the localized charges, which are dominates over the dc-conductivity
[23-24]. From figure 5.11. we can see that the conductivity is a function of the amount of fillers
that we have incorporated in the powdered. On the other hand, for CuCrgIng4Gag4Se;,
nanocomposite we observe that conductivity is practically constant in all the range of
frequencies, only at frequencies higher than 10° Hz and some temperatures, the behavior of the
sample shown a cut-off frequency where it starts increasing with the frequency. For the other
samples we can see that the real part of the conductivity is constant at the low frequencies region
until a cut-off frequency where it starts increasing with the frequency, as if the sample were a
capacitor. The value of » constant means that the impedance has only a resistive contribution and
its value represents the electrical conductivity of the sample. In table 5.4 we gathered the values

of the samples conductivity together with the Jonscher parameters.

In the Figure 5.12, measurements made in wet conditions, it can be observed the
temperature variations of the conductivity. In this plot, we can see at low temperatures o,
depends notably on the frequency and this effect tends to disappears when the temperature
increases, but in our samples this behavior is not well developed due to the non-reproducibility
of the measurements in wet conditions. The emergence of a plateau associated with dc

conductivity curves shifts at low temperatures and is little remarkable for the samples. As
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expected, the conductivity of all samples is strongly humidity dependent increasing more than
two or four orders of magnitude for the samples studied [25]. For example, for the sample
CuCrIng 4Gap 4Se; the conductivity at 60°C is around 6.2x107° S/cm, however at the same
temperature in wet conditions the conductivity is 5.7x10~ S/cm, such as found in our samples.
For all temperatures studied the conductivity values increase with the temperature following the

order:
o4 Culng 4Gag 4Ser> o4 (CuCry2Ing 4Gag 4Se;) > o4 (CuCro.1Ing 4Gag 4Se2)>

Gdc (CuCrog Ino,4Ga0.4Sez).

Table 5.4. Jonscher parameters obtained by fitting o(w) =ceTAw" to conductivity data, for some indicated
temperature in all studied samples.

Cro0 GaclS em] A m Cro0.1 GaclS em] A m
T=20°C 1.6x10* 1076% 0.39 | T=20°C 7.4x10°° 107192 0.73
T=60°C 4.2x10* 1062 0.32 | T=60°C 9.8x10°° 107% 0.68
T=100°C 6.1x10* 106 0.29 | T=100°C | 1.5x10” 10777 0.57
T=160°C 3.7x10™ 10" 0.34 | T=160°C | 1.8x10” 1077 0.66

Cr0.2 GaclS em] A m Cr0.3 GaclS em] A m
T=20°C 1.4x107 0 0 T=20°C 4.3x107 107117 0.77
T=60°C 6.2x10°° 0 0 T=60°C | 1.0x10° 107107 0.72

T=100°C | 6.1x10° 0 0 | T=100°C | 1.8x10° 107108 0.69
T=160°C | 5.3x10° 0 0 | T=160°C | 4.5x10° 10°% 0.62

Figure 5.11. shows the conductivity values for all samples as a function of temperature.
From this plot, we can see that all samples follow a typical Arrhenius behavior with two different
behaviors: one in the interval of temperatures between 20 and 120 °C, where the conductivity

increases with increasing temperature following the eq (5.2).

act

Ino, =lno, ——*
RT (5.2)

For temperatures above 120°C, the conductivity strongly begins to fall down may be due

to the dehydration of the prepared Culn,CryGa..ySe; precursor powders samples.
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Following the eq.(5.2), from the slopes of the fits we are calculated the activation energy.
The values obtained follow the trend E,. (CuCry Ing4GagsSe;) =(7.60+£0.15 ) kJ/mol < E,
(CUCYO.QIHOAGaOASGQ) =(100:t02 ) kJ/mol < Eact (CuCI'().3In0A4Ga().4S€2) =(188i02 ) kJ/mol.

Figure 5.13.shows the temperature dependence on the conductivity values. The mobile
ion concentrations are either assumed constant with the temperature or follow an Arrhenius
behavior. However, in most cases the dependence with temperature of mobile ion charges can be
more complicated as is happening for PEO-Li+, PEO-Na+ and PEO-Cs+. Here, we can see that
all samples can be described following a Arrhenius equation, but in others many cases the
behavior is described by a VFT equation.9 Other samples such is the case of H-Cosane, Li-
Cosane and Na-Cosane the linear tendency, have been better described with two different slopes,
above and below 70-80°C that differentiate two distinct regions with activation energies, (around

7-8 kJ/mol), a little lowers than in our samples [26-28].

Arrhenius conductivity
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Figure 5.13. Temperature dependence of conductivity obtained from Bode diagram. Figure 5.10. Double logarithmic
plot of the real part of the conductivity versus frequency for (a) Culng4GageSe,, (b) Culng4Cry,Gag4Se,, (¢)
Culng 4Cry3Gag3Se,, and (d) Culng4CrqGagsSe,. We can see two different behaviors separate by two temperatures

intervals from 20 to 120 °C and from 120 to 200 °C.

5.6. Conclusions

The hydrothermal autoclave preparation method of (CIGS) nanocrystal powders from different
starting metal source has been developed in this study. Controlling of the stoichiometry with
different Indium and Gallium ratios can be achieved with this method. As investigated the

adjustment of some preferred parameters like starting materials, time of stirring and reaction
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temperature lead to the formation of well-defined Culng4Gag¢Se, ternary materials. The XRD
showed a preferred orientation along the (112) plane of the tetragonal CIGS. Different molar
ratio combinations of the copper, indium and gallium precursors for the preparation of CIGS
resulted in a pure Culng4GageSe;. The resemblance of XRD phase structure, FESEM
morphology, HRTEM particle size and EDX composition of the prepared Culng4Gay¢Se, with
definite structure is a good guidance for successful films preparation. Good acceptable
achievement for the preparation of doped CulniCryGaj...,Se, with Cr 20% as it shows less
conductivity than Cr 0% which results in a promising new absorber material for CIGS solar cells
manufacture. Future work will involve the use of these starting materials and preparation-

controlled method for developing different doped thin film Culn,CryGa,..,Se, materials.
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Chapter 6. CTZS thin films
6.1. Objectives

The main objective was to deposit high quality CZTS thin films by use of electrodeposition and

chemical bath technique to develop low cost solar cell absorber layer. The main objectives are:

1. To develop an electrodeposition-route to fabricate CZTS precursors, using linear
sweep electrodeposition. The success of this objective is judged by the ability to
produce a film of controlled, uniform composition which can be varied rationally as

required.

il. To optimise the sulfurisation process used to convert the precursor into a CZTS film;
to achieve complete conversion and demonstrate the correct phase and suitable

properties for a thin film device.

1il. To investigate the morphological, optical and electrical properties of the resulted CZTS

films in order to confirm the quality of the prepared films.
6.2. Introduction

At present, photovoltaic solar cell investigations have rapidly increased due to the higher demand
of cleaner energy consumption. In this sense, chalcogenides semiconductors exhibit unique
optical, electrical and chemical properties [1-5]. Consequently, in the last years, these
compounds have attracted the attention of the scientific community. In particular, the thin film
technology has been heavily promoted by the interest in CdTe and CIGS-based solar cells [6-8].
However, these materials contain scarce elements in the earth’s crust, such as In, Te and Ga and
toxic ones as Cd and Se [9, 10]. CupZnSnS, system (CZTS) that crystallizes kesterite structure is
one of the most promising absorber materials for solar cells, because of its low band gap around
1.5 eV and its high absorption coefficient (10* cm™") [11]. In addition, the absence of toxic
elements and incorporation of low cost, abundant and environmentally friendly elements as Zn
and Sn, instead of In and Ga [12]. Currently, 12.6% of efficiency record has been achieved using
hydrazine-based solution. Shockley—Queisser photon balance calculations display 32.2% of
theoretical conversion limit for CZTS solar cells [13]. Thus, it is important to highlight that the
CZTS efficiency could improve noticeably and becomes closer to CIGS efficiency (20.1%). In
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the past, several chemical routes for CZTS synthesis have been studied as well as their thin film

deposition [14].

There are various preparation methods of CZTS divided into two main parts; (1) physically
vacuum deposition techniques like sputtering [15, 16], evaporation [17, 18, 19] and pulsed laser
deposition (PLD) [20]; (2) chemically based non-vacuum deposition techniques such as
electrodeposition [21, 22], hydrazine-based solution [23] and sol gel-based methods [24].
Electrodeposition technique is with favorable unique advantages that are low-cost, large area
plating, convenient industrial process, so electrodeposition is highly competitive degree than
other manufacturing techniques for CZTS synthesis. Three electrode cell processes are
characterized by four main deposition techniques depending upon the starting precursor species
of ions. (1) stacked elemental layer approach (SEL), (2) metal alloy electrodeposition (MAE), (3)
electrophoretic deposition (EPD), and (4) quaternary electrodeposition (QED).

In each case, a post-deposition annealing step in the presence of a molecular conductor source
(chalcogenide) to enhance the growth process. Each process possesses their own merits and
drawbacks, and all of them have drawn significant attention as comfortable methods for large

area CZTS thin film deposition.

Here, we propose a single-step electrochemical deposition method (SED) to deposit quaternary
elements of copper, zinc, tin and sulfur onto ITO substrates. The as deposited CZTS films were
further thermally treated in different atmospheres argon and sulfur, respectively; at different
temperatures in order to enhance the crystallinity of the prepared films. The physical properties,
microstructure and morphology of the as deposited and treated ones were studied by X-ray
diffraction. The best structure with the smallest crystal size was further studied by scanning
electron microscopy and EDS. Optical properties were measured in order to calculate the band
gap energy and the absorption coefficient. Photoelectrochemical properties were studied also for

the sulfurized samples.
6.3. Experimental
6.3.1. Methods

CZTS thin-film precursor is grown by single-step electrodeposition using -1.05 V versus

saturated calomel electrode (SCE) at RT for 45 min. The CZTS thin films were electrodeposited
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potentiostatically on ITO substrates. Substrate cleaning process is performed in an ultrasonic
using some organic solvents (soap, ethanol, acetone, 15 min each step) in order to obtain uniform
and good adherent deposition. Electrochemical baths were formed of an aqueous solution

containing CuSQ4 (20 mM), ZnSO4 (10 mM), SnSO4 (20 mM) and Na,S,0; (0.2 M).

Tartaric acid is used to adjust pH of the solution at 5.0 and tri-sodium citrate (Na3;CsHsO7) was as
complexing agent. The precursor films formed were annealed in Ar atmosphere and in sulfur

atmosphere.

Table 6.1. Preparation parameters for Cu,ZnSnS, as-grown, annealed in Ar atmosphere and sulfurized.

Temperature | Annealing Potential Deposition
annealing atmospheres pH

(°O) Time (min) W) Time (s)
Cu,ZnSnS, - sulfurized 400 45 -1.05 5.0 2700
Cu,ZnSnS, - Annealed in Ar | 450 45 -1.05 5.0 2700
Cu,ZnSnS, -as-grown -—-- -—-- -1.05 5.0 2700

6.3.2. Materials characterization

The crystal structure of CZTS is investigated by XRD (Rigaku Ultima IV diffractometer in the
Bragg-Bentano configuration) using the CuKa radiation (A = 1.54060 A). The microstructural
and elemental analyses were characterized using a Zeiss ULTRA 55 model scanning electron
microscope (SEM) equipped with an energy dispersive spectroscopy (EDS) system. To
determine the band gap energy was estimated from the optical absorption, which was measured
by recording the transmission spectra using a UV-Visible spectrophotometer (Ocean Optics
HR4000) coupled to an integrating sphere (in order to collect both specular and diffuse

transmittance).
6.3.2.1. Photoelectrochemical and electrochemical analyses

The PEC measurements were performed in a quartz cell to facilitate the light reaching the
photoelectrodes surface. The light exposed surface of the working electrode is 0.25 cm?. The
electrolyte used in all PEC measurements is 0.1 M Na,SO4. A potentiostat/galvanostat Autolab
PGSTAT302N (Metrohm, Netherlands) with a Pt rod counter-electrode and an Ag/AgCl
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saturated in 3 M KCI reference electrode was used. The chronoamperometry curves of the films
were also obtained in dark and under illumination with an intensity of about 1 SUN (100 mW

cm™) at the film surface.
6.4. Results and discussion
6.4.1. Structural properties

The X-ray diffraction (XRD) patterns of Cu,ZnSnS; quaternary alloy nanostructures as
deposited, annealed in Ar and in sulfur atmosphere are shown in Figure 1. There are five peaks
attributed to the diffractions of the (112), (101), (11 0), (105), and (312) planes, at 20 = 28.35°,
44.05°, 46.68°, 47.31°, 55.54° and 28.27°, 44.05°, 47.32°, 47.42°, 55.96°, respectively for
CuyZnSnS, annealed in sulfur and in Ar atmospheres. The Cu,ZnSnS, (CZTS) nanostructures
were found to consist of the tetragonal structure kesterite phase, with the (112), (105), (220) and
(312) diffraction peaks corresponding to those of JSPDS card 26-0575.

XRD patterns shown in Figure 1with diffraction angle 20 varied from 10 to 60 degrees. The
observed peaks are attributed to both CZTS and ITO. However, the XRD pattern of the as
deposited CZTS film shows the ITO characteristic peaks only. After annealing in Ar atmosphere
(without sulfur) the XRD pattern corresponds to the kesterite CZTS phase in addition to ITO
peaks. Those annealed in sulfur atmosphere indicates a good crystallized kesterite phase and

disappear of ITO peaks referring to successful growth of CZTS kesterite phase.

There are no peaks for secondary phases in contrast to some reports states that copper sulfide, tin
sulfide, and copper tin sulfide compounds exist as intermediates during sulfurization. Those
secondary phase sulfides always form mixtures with CZTS at low sulfurization temperatures
whereas they did not appear in the prepared CZTS films. This result is due to the selective
process of precursor starting materials, sensitivity control of solution pHs and complexing agent
concentration dependence. Careful equilibrium between temperature and annealing atmosphere
thus in absence of sulfur we have increased the temperature of annealing to 450°C. In the same
time, we have decreased annealing temperature in presence of sulfur to 400°C. Both annealing
process were done for 45 min which is also in decrease with comparison to other stated work

where the annealing temperature is set for 1h or more.
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Figure 6.1. XRD patterns of the CZTS films as deposited, annealed at 450°C, 400°C in Ar and sulfur atmosphere,

respectively for 45min.

As the annealing process were done in different atmospheres as a function of time stability, lead

to an optimized resultant CZTS kesterite phase. Crystallite size was calculated according to

Scherer’s formula:

KA

b= Bcos6

where B is the Full Width at Half Maximum (FWHM), A wavelength of X-rays with value is

1.5418 A, K is Scherer’s constant depending on the crystallite shape and is close to 1 (K= 0.9

was used) and 0 is the Bragg angle at the center of the peak. Table 2 displays the crystallite sizes

for CZTS films annealed in Ar and in sulfur atmospheres, respectively.

Table 6.2. Crystallite size measurement of Cu,ZnSnS, annealed in Ar atmosphere and sulfurized films.

Sample Crystallite size (nm)
Cu,ZnSnS, - Annealed in Ar 27.8
Cu,ZnSnS; - sulfurized 17.3
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It 1s worth to notice that the crystallite size of kesterite phase Cu,ZnSnS, sulfurized ones has
larger crystallite size than those annealed in Argon atmosphere. The annealing process in Argon
atmosphere were held at 450 °C which lead to complete kesterite phase formation with all
kesterite indexed peaks in addition to those of ITO used substrate. In the mean while those
grown in sulfur atmosphere shown sharp indexed peaks for kesterite phase only and no substrate

ITO representative peaks.
6.4.2. Optical Properties

Figure 6.2. shows the transmittance and absorbance spectra for the CZTS thin films as-grown
and sulfurized, respectively. As can be seen the transmittance for the sulfurized sample is higher
in all the studied wavelength range, meaning that the reflectance of the surface has decreased

after the sulfurization process.
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Figure 6.2. Absorbance and transmittance spectra for kesterite Cu,ZnSnS,, As-grown (red) and Sulfurized (blue) thin

films.

For a direct-band-gap semiconductor, the optical band gap energy can be evaluated by the
expression (ohv)’=A(hv-Eg), where Eg is the optical band gap energy, A is an energy

independent constant, h is the Planck constant, v is frequency, and n is an index that
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characterizes the optical absorption process and is theoretically equal to 1/2 for the direct

allowed transitions.

All the CZTS thin film samples exhibited broad absorption in the visible region. The band gaps
were obtained by plotting (¢hv)* versus the photon energy in eV. Extrapolation of the straight

line to zero absorption coefficient (o = 0) allows estimation of Eg.

Figure 6.3. shows the Tauc plot of Cu,ZnSnS, kesterite thin films before annealing the (as
grown) and sulfurized samples in sulfur atmosphere. The band gaps of the as grown films were
1.83 eV and 1.52 eV for the sulfurized ones which is close to the reviewed CTZS band gap

values.
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Figure 6.3. Tauc plot of (Ahv)® versus (hv) for kesterite Cu,ZnSnS, ,As-grown and Sulfurized thin films.
6.4.3. Scanning Electron Microscopy

Figure 6.4. shows Scanning Electron Microscopy (SEM) images of the sulfurized CZTS films at
different magnifications. Scanning Electron Microscopy is one of the predominant techniques to
survey the surface of the samples. The SEM analysis reveals that the grown films revealing good
crystallinity in agreement with XRD data. Uniform, homogenous, well-covered and good
adherence agglomeration of grains with the films. No secondary phases have been detected in

contrast to annealing in sulfur atmosphere at low temperatures like, ZnS, SnS, CuSnS and CusS.
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Figure 6.4. SEM images for kesterite thin films Cu,ZnSnS,-sulfurized at different magnifications.

The growth temperature determines growth of CZTS films presence of sulfur enhance the
crystallinity of the films. The films deposited at 400 °C in sulfur atmosphere show homogeneity
with smooth islands or small grains owing to combination of CZTS formed in Ar atmosphere
and sulfur. The smooth region is related to the stoichiometry of the pure kesterite CZTS formed
phase with (Cu:Zn:Sn:S=2:1:1:4) ratio of constituent films which is highly required to develop
efficient thin film solar cells. The SEM images of the sulfurized CZTS films grown with

optimum growth conditions show very uniform grain sizes.
6.4.4. EDS Analysis

The composition of the as-deposited sample was evaluated by a quantitative EDS analysis.
Figure 6.5 shows a typical EDS spectrum revealing peaks of Cu, Zn, Sn and S, due to the
deposited CZTS thin film. It is also obviously noticed that no presence of any additionally peaks

arising from substrate ITO.

The fundamental properties of CZTS have proven to be suitable to serve as an active layer in
solar cell devices. In the Cu-based chalcogenides the Cu content is of key importance, that it is
strongly affects morphological, structural and electrical properties of the films. Therefore, as a
first optimization for experimental conditions to synthesize CZTS, we studied structural and
morphological properties of CZTS thin films as well as corresponding solar cell parameters by
varying the content of Cu. Controlling the amount of copper lead to varying all other constituent
elements, which in turn lead to varying all other elemental ratios: i.e, Zn/Sn, (Cu/(Zn+In) and

(S/metal) ratios.

Figure 6.5 shows a typical EDS spectrum of sulfurized films. Peaks corresponding to the four

components Cu, Zn, Sn, and S of CZTS films are evident in ECS spectrum.
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Figure 6.5. EDS elemental composition analysis for sulfurized Cu,ZnSnS, kesterite thin films.

The composition of the studied samples is presented in the Table 3 and their relative positions
are indicated in the phase diagram (Figure6.5). The calculated ratios [Cu]/([Zn]+[Sn])=0.5 and
[Zn]/[Sn]=1.4, where the [s]/([metal]) ratio is equal to 1.65; which is clearly the most effected
one due to the high ratio of sulfur more than 50%. The apparent composition of the elements is
12.59 at%, 14.79 at%, 10.27 at% and 62.32 at % for Cu, Zn, Sn, and S elements, respectively. In
general, it has been observed that sulfurized films are moderately poor in Cu and rich in S. The
calculated [Cu]/([Zn] + [Sn])=0.5 and [Zn]/[Sn]=1.4, where the [s]/([metal]) ratio is equal to
1.65; which is clearly the most effected one due to the high ratio of sulfur more than 50%.

Table 6.3.Compositional analysis of sulfurized Cu,ZnSnS, kesterite thin films.

Elements composition atomic (%)

Elemental composition ratio

Cu Zn Sn S
(%) | (%) | (%) | (%) | Cu/Zn+Sn | Zn/Sn S/metal
Cu,ZnSnS, 12.59 | 14.79 | 10.27 | 62.35 0.5 1.4 1.65

6.4.5. Photoelectrochemical measurements of CZTS

Photoelectrochemistry has been employed to explore the semiconducting properties of sulfurized
Cu,ZnSnS,. When semiconductor electrodes are exposed to periodic illumination, the current
driven is affected by the creation of electron—hole pairs, which alters the concentration of
minority carriers and thereby promotes processes governed by these carriers. During

photoexcitation both photopotential and photocurrent can be observed, even at open circuit
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potential. The photo excited electrons and holes are separated in the space charge layer and are
driven by the electric field in opposite directions. This migration induces an inverse potential in
the electrode (photopotential), reducing the potential difference across the space charge layer and
retarding the migration of the carriers. In the case of p-type semiconductors, the Fermi level of
the semiconductor decreases (the electrode potential increases) when the band edge level bends
downward in the space charge layer. Moreover, a negative photocurrent is registered when
photogenerated electrons move across the space charge region towards the electrode/electrolyte

interface and increase the cathodic current [21].

Figure 6.6. shows the photocurrent registered at open circuit potential and the photopotential
developed across the sulfurized CZTS at 400°C. The cathodic nature of the photocurrent and the

positive value of the photopotential confirm the p-type character of the sulfurized CZTS film.
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Figure 6.6. (a) Photocurrent and (b) Photopotential response of sulfurized Cu,ZnSnS,thin films (T = 400 °C), using
chopped light (10 s on/10 s off) in 0.1 M Na,SO, solution.

6.4.6. Conclusion
CuyZnSnS, thin films with kesterite structure were successfully synthesized using single step
electrodeposition process. Annealing process in Argon and sulfur atmosphere were studied as

function of time, as the time was fixed where in Argon atmosphere the temperature was held

higher than those in sulfur atmosphere.
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Characterization techniques have revealed the formation of pure kesterite phase for the prepared
CuyZnSnS, films in both argon and sulfur atmosphere. XRD structure study showed indexed
peaks for Cu,ZnSnS, thin films with kesterite structure with average crystal size about 17
nm.The morphological study for the sulfurized samples indicates that both films are
polycrystalline with a uniform homogenous surface morphology suitable for solar cell
applications. The elemental EDS analysis promotes that the prepared sulfurized films with Cu
poor, Zn and S rich Cu,ZnSnS, sulfurized kesterite films. For the photoelectrochemical
performance of the Cu,ZnSnSithe photocurrent registered at open circuit potential and the
photopotential developed across the sulfurized CZTS at 400°C improve the cathodic nature of
the photocurrent and the positive value of the photopotential confirms the p-type character of the

film.
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Chapter 7. Conclusion and Future work
7.1. Conclusion and Future work

The fastest growing sector of the PV market is based on ‘thin film” PV technologies. The ‘thin
film’ materials in this context are semiconductors that overcome one limitation of crystalline
silicon—the benchmark PV material—in that they have direct band gaps. This means that their
light absorption coefficients are very high, and much thinner films of material can be used to be
used to collect the same amount of light, making them less materials-intensive. In the most part,
the thin film materials are compound p-type semiconductors, the major systems being
Cu(In,Ga)(S,Se),; (CIGS), CulnS, (CIS) and CdTe. The power conversion efficiency record for
laboratory scale CIGS devices has recently exceeded 20% for the first time. Another key
advantage of these materials as compared to Si is their tolerance to defects and grain boundaries,
which allows for less stringent quality requirements. At the same time, their compound nature
means that the range of processing methods available to produce them is immense. The success
of CIGS, CIS and CdTe is only diminished by the fact that they contain expensive and rare
materials. The cost and availability of In is a particular issue that will become pressing in the

context of the anticipated deployment of PVs on terawatt scales.

This thesis is concerned with a relatively new compound semiconductor material that has a great
deal of potential for use in photovoltaic (PV) energy systems. Cu,ZnSnS,, abbreviated to
‘CZTS’, is closely related to a family of materials that have been in development for PV
applications since the 1970s, and have reached mass production in recent years. PV systems
generate power by direct transfer of the energy in sunlight into electrical current, and they have
the potential to provide vast amounts of renewable energy. This fact has been long recognized,
but historically the costs of PV have been high and the manufacturing capacity too low to have a
significant impact on the energy generation sector. This is now changing; there are increasing
concerns about the effects and causes of climate change, and the fact that current energy sources

are finite, polluting and insecure.

The main purpose of this thesis is to study the superstrate absorber layer of the CIGS by two
different preparation techniques i.e; electrodeposition and spin coating. Understanding the thin
film material system with the factors controlling the yielded properties of the thin films is the

main goal in order to yield high-efficiency solar cells. In this work, I have conducted a detailed
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characterization of the structural and optoelectronic properties of p-type CulnSe, and CulnS, thin
films,Culn,CryGaj.x.,Se, where x=0.4, y= (0.0, 0.1, 0.2, 0.3) nano-crystalline powders and thin
films and Cu,ZnSnS, kesterite thin films. The CulnSe, and CulnS; thin films were successfully
prepared by a non-vacuum, low cost electrodeposition technique onto ITO substrates. The
resulting thin films showed very good crystallinity and homogeneity of the prepared films in
agreement with the XRD, SEM and EDX measurements. In order to detect the prepared thin film
carrier density type, Mott-Schottky measurements were carried out confirming that the prepared
CulnSe; and CulnS; thin films were always p-type. The accumulated binary phases of Cu,.
x(Se,S) were successfully eliminated through the etching process which in turn decreased both
the flat band potential, Vg, (V) and the number of acceptors, N (cm™) for the prepared samples.
The annealing temperature and time of annealing was the main effecting actor in the production

of p-type material nano-crystalline thin films.

Polycrystalline powders of Culn,CryGa;.«,Se, at composition intervals of x=0.4, y= (0.0, 0.1,
0.2, 0.3) powders were prepared using hydrothermal auto-clave method. The synthesized nano-
crystalline precursor powders were carefully controlled by washing and drying process in order
to remove any impurity phases present. Those polycrystalline powders were then dissolved in

ethylene diamine in order to develop suitable solution for spin coating process.

The Polycrystalline thin films of Culn«Cr,Ga;_.,Se, were deposited onto various substrates then
those on ITO substrates were studied. I showed that films with compositions of x = 0.3 tend to
show an ordered defect compound (ODC) towards the surface of the films and formation of
different crystalline phases. This order defect and phase deformation was clearly observed on

XRD peaks and clearly deviation from preferred orientation of the peaks.

All the diffraction peaks were obtained which confirmed that the resulted nanocrystals have a
chalcopyrite (tetragonal) phase with a definite structure of Culng4Gag ¢Se,, where x = 0.4 and y =
0.0 and that no other phases are produced in the reaction. Standard CIGS file (PDF card No. 00—
035-1101) is used to identify the diffraction peaks. All peaks are identified as a pure phase of the
synthesized CulnyGa..ySe, chalcopyrite phase with no secondary phases for y = 0.4 and x = 0.1,
0.2. It is clearly obvious from the XRD pattern the main characteristic peaks of the tetragonal
chalcopyrite structure. The main peaks of CIGS (112) at about 27.1°, CIGS (204)/(220) at 20 =
45.8°, and CIGS (116)/(312) at 20 =52.5°, respectively.
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One of the important and new approaches of this thesis was the identification and behavior of Cr

doped Culng 4Gag ¢Se; at constant Indium content and different Chromium concentration.

I have identified that the doping of chromium until 2% showed a phase stability and higher

conductivity than those of free chromium content and where chromium equal 1%.

Finally, Cu,ZnSnS, thin films with kesterite structure were successfully synthesized using single
step electrodeposition process. Annealing process in Argon and sulfur atmosphere were studied
as function of time, as the time was fixed where in Argon atmosphere the temperature was held
higher than those in sulfur atmosphere. Characterization techniques have revealed the formation
of pure kesterite phase for the prepared Cu,ZnSnS, films in both argon and sulfur atmosphere.
XRD structure study showed indexed peaks for Cu,ZnSnS, thin films with kesterite structure

with average crystal size about 17 nm.

The morphological study for the sulfurized samples indicates that both films are polycrystalline
with a uniform homogenous surface morphology suitable for solar cell applications. The
elemental EDS analysis promotes that the prepared sulfurized films with Cu poor, Zn and S rich
Cu,ZnSnS, sulfurized kesterite films. For the photoelectrochemical performance of the
Cu,ZnSnS4the photocurrent registered at open circuit potential and the photopotential developed
across the sulfurized CZTS at 400 °C improve the cathodic nature of the photocurrent and the

positive value of the photopotential confirms the p-type character of the film.

In summary, I have shown the effects of controlling starting material, annealing temperature and
time resulting in a p-type nano-crystalline CulnSez2 thin films and this was confirmed by Mott-
Schottky measurements. I showed that hydrothermal synthesis of Culn,CryGaj.x.ySe;resulted in
nanocrystalline powders with a chalcopyrite structure and no other phases were formed which
depends on the choosing of the starting metal salts and suitable solvent. Doping with Cr appears
to improve the structural quality of the films till y = 0.2 then phase changes and deformation
occurs. This was seen by a XRD and EIS measurement that the conductivity values increase with
the temperature following the order [1°(Cu Ing4 Gagg Se;)>[1" (Cu Cry; Ing4 Gags Sep) >11° (Cu Crg; Ing 4
Gay3 Sey) >[1” (Cu Crgs Ing4 Gagy Se,). These results suggest that the CuCr,Ing4GagsSe, alloy is a
suitable candidate for higher bandgap solar cells. However, various issues must still be resolved

in order to make the entire compositional alloy to be usable in solar cells.
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7.2 Future Work
Therefore, based on these unresolved issues, I recommend the following topics as
subjects for future study of this alloy:

1. Detailed surface studies of the CuCry,Ing4GaysSe, alloy in order to study the effects of the

observed ordered defect compound.

2. Systematic study and characterization of a CuCry,In4Ga,sSe, /CdS heterojunction in order to

understand better the interaction between the two layers.

4. Growth of polycrystalline CuCry,Ing4GagsSe, thin films on Mo-coated borosilicate glass in

order to study the effects of Na vs. no Na on Mo-coated substrates.

5. Fabrication of devices consisting of CuCry,In,4Ga,sSe, layers in order to relate optoelectronic

defects to device performance.

6. Detailed electrical characterization that includes identification of deep defects in the films via

capacitance methods.
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