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ABSTRACT

Quaternary cadmium aluminiumsulphite (CdAI,SOs3) thin film were synthesized via
chemical bath deposition (CBD) technique using a reaction bath containing
cadmium chloride, thiourea, and Aluminiumsulphateoctadecahydrate at room
temperature. The thin films are white in colour and strongly adherent to the
substrate. The materials were annealed at various temperatures of 150 °C, 200 °C
and 250 °C before characterizing, using glancing incident X-Ray diffraction
(GIXRD) and Raman spectroscopy for structural analysis, UV-Vis-NIR
spectrophotometer for optical analysis, Energy Dispersive X-Ray(EDX)
spectroscopy for compositional analysis, 3D thickness profiling for thickness of
the films and Scanning electron microscopy (SEM) for morphological analysis.
The XRD results showed that the CdAI,SOsthin films crystallize as binary-phase
compounds of CdSO; and Al,Os;. The optical measurements show that the films
have low transmittance in the photon wavelength of 300-900 nm explored. The
films have very high absorbance across the wavelengths under study, with the
highest absorbance of 99.5 % in the UV region of the solar spectrum. The
CdAl,SO; real dielectric constant value is of the range of 1.5 to 1.9, and the
imaginary dielectric constant has the range of 1.5 to 2.28. The direct bandgap of
the CdAI,SO;3 thin films ranges from 3.75 eV to 4.10 eV. The thickness of the
material ranges 207 nm to 879 nm. The SEM micrographs reveal homogenous and
densely packed grains. The rough estimate of the grain size ranges from 15um to
70um. The EDX spectra reveal the presence of Cd, Al, S and O in the films
investigated. The high absorption in the UV-Vis regions makes the material
suitable for thin films absorber solar cells. The direct bandgap of the thin films
makes them applicable in optical devices such as LEDs and semiconductor lasers.

Key words: CdAI,SOs, thin films, bandgap energy, absorbance.
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CHAPTER ONE

INTRODUCTION
1.1Background Information

A thin layers (less than about 1 micron) crystallite or non crystallite material grown
on a substrate by wet or dry method is known as thin films. Thin films are
important because of the minimal usage of materials and have the potential of
reducing the material cost while still maintaining the standard of application.
Imperatively, thin films can help reduce cost for materials that are expensive.
Minimal weight requirement is another important parameter for thin films

application.

Thin films play pertinent role in almost all optoelectronic and photonic devices.
‘They are being used as electroplating films for decoration and protection’
(Heaven, 1970). ‘Thin films are used as anti-reflection coatings on window glass,
video screens, camera lenses and other optical devices, these films are less than
100 nm thick, made from dielectric transparent materials and have refractive
indices less than that of the substrate’ ( Penti et al., 2004).

One of the important techniques researchers are interested in is the chemical bath
technique because of the inexpensive mode of its operation. Many materials have
been produced through this technique. ‘Among these materials that are of great
interest include metal chalcogenides especially binary (2) elements such as CdS
and PbS from group Il and group VI elements doping them through CBD has been
done to make them suitable for use as window layers using different elemental
dopants like boron’ (Khallafet al., 2009), ‘indium’ (Shadiaet al., 2008), ‘arsenide
and chlorine’ (Amanullahet al., 2005).



According to (Mosiori, 2012) ‘Ternary derivatives of CdS have generated a lot of
research interest because of their varied applications in the field of optoelectronic

devices’.
1.2 Problem statement

In view of high cost of solar cells/panels, it is pertinent to study and scout for good,
cost effective materials for solar cell fabrication that efficiently convert solar
energy to electrical energy. Thin film reduces the amount of material used to a
minimal level and hence raises high prospect for cost effectiveness. The deposition
and characterization of cadmium aluminium sulphite thin films is geared towards

achieving cost effective material for solar energy and other electronic applications.
1.3 Objectives of Study

To grow and characterize cadmium aluminium sulphite thin film material for thin

film solar cell production and other possible applications is the aim of this work.
The specific objectives of this study are to:

a. deposit thin films of CdAI,SO3; by CBD technique.

b. characterize the thin film to determine their structural, compositional,
morphological, optical and solid state properties.

c. determine the influence of thermal treatment on the structural, optical,
morphological and compositional properties of the material.

d. analyse these properties for possible applications in thin films solar cells and

optoelectronic devices.



1.4 Justification of Study

Owing to the fact that silicon solar panels especially the bulk wafer are expensive
and difficult to produce, there is need to manufacture thin film materials that are
cost effective. CdAI,SOsis a potential direct bandgap semiconductor material with
efficient optical properties for solar energy conversion. When successfully
deposited using very cost effective technique, chemical bath deposition technique,
and characterized, the thin film material could be a veritable asset for bringing

down unit cost of solar cells.
1.5 Scope of Study

This research work, is limited to the growth of nanocrystallite CdAI,SOj3 thin films
on glass substrates using CBD techniques and characterize them. The influences of
thermal treatment on the compositional, structural, morphological and optical

properties of the material were also investigated.



CHAPTER TWO
LITERATURE REVIEW
2.1 Ternary Thin Films

Ternary semiconductors are three elements in one compound semiconductor.
‘Ternary chlcogenides are now very important area of interest for researchers of
thin films, because they have great potential for applications in solar cells, light
emitting diodes and non — linear optical devices’ (Ortega et al., 2003). ‘Ternary
compounds are found to be promising materials for optoelectronic device
applications such as green emitting devices and are also suggested to be possible
materials for window layer of solar cells’ (Woon — Jo et al., 2003). ‘The optical
and solid state properties of ternary chalcogenide thin films of AgAIS, make them
potential semiconductor materials for electronic applications’ (Okoliet al., 2006).
Various growth techniques had been employed in ternary chalcogenides thin films
deposition, Uhuegbu (2011) deposited FeZnS and Mohammed et al. (2009)
deposited PbCdS thin films by chemical bath method, Noriyuki et al (2013)
deposited CuzZnS and Ortega et al. (2003) deposited AgInS2 thin films by spray
pyrolysis. Sunyounget al. (2008) deposited CdZnSe thin films by photo

electrochemical method.

Quaternary thin films are four elements in one compound semiconductor.
Quaternary compound of Cu,FeSnS, (CFTS) thin films a potential absorber layer
had been reported by different authors Xiaoohui et al. (2017) and Haijunet al.
(2017) produced by electrochemical deposition method and solvothermal method
respectively. Also Lei Meng et al. (2015) reported quaternary thin films of
Cu,CdSnS,, while Xie-Min et al. (2013) reported Cu,ZnSnS, quaternary thin films.



2.2Methods of Thin Films Deposition

Thin film deposition is the process of growing thin films on the surface of a
substrate. These films are in the range of nanometer to micrometer in thickness.
There are many ways of preparing chalcogenide thin films. The techniques range
from very simple and cheap to complex and very expensive ones depending on
the substrate, coating materials and on the required performance of the thin films
(Quijadaet al., 1998; Chopra, 1969).

In thin film deposition, three basic steps are followed in the formation of the
films. These steps are: creation of the species required for film formation, the
transport of these species through a medium, and the condensation of the species
on the substrate and subsequent coalescence to form the film’. (Chopra, 1969)
The methods for depositing thin films may be broadly categories into two

headings: physical and chemical techniques.
2.3 The Physical Deposition Techniques

This technigue makes use of thermodynamics, electromechanical and mechanical
means to produce a thin film of material. Films deposited by this method are
usually directional. Some of the examples of this method include: molecular
beam epitaxy, laser beam evaporation, sputtering, physical vapour deposition
(PVD), plasma techniques, thermal evaporation, electron beam evaporation, arc

evaporation, ion plating evaporation, etc (Maissel et al., 1970).
2.3.1 Thermal Evaporation

Thermal evaporation is the method where by substances used as films are
thermally vaporized and then deposit on substrate due to difference in potential

with little or no collision with gas molecules.



According to (Gunder, 1966; Younget al., 2002). ‘Deposition rate and thickness
can be controlled by various systems: (i) by making use of quartz crystal that
changes frequently with change in film thickness on the face of the substrate, (ii)
by the use of ionization gauge- this measures the excess ion current due to the
presence of the evaporant, (iii) by employing mechanical arrangement that deflects
due to impingement of the vapour species or as a result of the weight of the film’.
Two or more sources give rise to multi-phase films. ‘The establishment of
equilibrium is prevented in convectional thermal evaporation because the vapour is
removed immediately from the vicinity of the molten source, this leads to elements
with the highest vapour present in the source alloy, to evaporate first thereby
depleting the source and leading to compositional in-homogeneities in the
deposited film. In order to remedy the situation, use is made of flash evaporation’ (
Kijatkinaet al., 2003, Leeet al.,, 2003, Coutts, 2002). ‘In flash evaporation,
powdered material is dropped steadily onto a heated ribbon, thereby almost
instantaneously evaporating it. A further complication may arise in both flash and
convectional evaporation that the dominant (equilibrium) vapour species may not

have the same composition as the source material’ ( Coutts, 2002).

‘Apart from the resistive’ ( Pawaret al., 1986, Huanget al., 1982) ‘and radio
frequency heating’ ( Ibrahim, 1995) techniques, there are other methods of vacuum
evaporation which is dependent on the nature of the evaporant. ‘These include arc
evaporation which is mainly for refractory metals such as W, Nb, Ta and Mo’(
Bhattacharyaet al., 1983 ; Rai, 1993), ‘exploding wire technique’ (Raghupathiet
al., 2005, Rodrigoet al., 2002) ‘and laser evaporation’ (Nairet al., 1987).
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Fig., 2.1: Schematic diagram for Thermal Evaporation(Asim et al., 2017)
2.3.2 Sputtering Deposition

Sputtering is one of the ways of depositing films via sputter deposition. ‘It consists
basically of the bombardment of a target by emergent ions from a low pressure
plasma causing erosion of material either atom-by-atom or as cluster of atoms and
subsequent deposition of a film on a substrate’ according to ( Maissel, 1966;
CruzVazquezet al., 2001).

Sputtering is significantly better than evaporation for the production of multi-
phased compounds. This is due to the fact that sputtering rate for different
elements does not vary significantly, like evaporation rate, vapour pressure, and

melting points.

‘As a consequence sputtered films tend to preserve the stoichiometry of the starting
material, sputtered SiO, is an example’ (Maisselet al., 1970). The schematic
diagram for sputtering is given in figure 2 below.
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Fig., 2.2: Schematic diagram for sputtering (Asimet al., 2017)
2.3.3 Epitaxial Deposition

The growth of a mono crystal film on crystallite substrate is known as epitaxial
growth. Oriented films growth can be achieved by epitaxial process. If the film
formed is of the same material as the substrate we have homoepitaxy but different

material from the substrate gives heteroepitaxy.

Epitaxial temperature depends on the rate of the evaporation for a given pair of

material. R which is the deposition rate is denoted by

R = Aexp (ki; ) 2.1
e

Where A is a constant, the epitaxial temperature is given by T,, the activation

energy is (4, and Boltzmann constant is kz. Epitaxy is formed at lower deposition
rates but at higher rates crystal twins are formed. The epitaxial growth techniques
are complex, very expensive and undesirable for large scale production. The
technique is reserved only for studies that require special applications. Techniques
involved in epitaxial method include: molecular beam epitaxy (MBE), solid phase
epitaxy (SPE), hot wall epitaxy (HWE), liquid phase epitaxy (LPE) etc.



2.3.4 Molecular Beam Epitaxy (MBE)

The epitaxial method for thin films deposition in an ultra high vacuum system for
a single crystal from an effusive source is known as molecular beam epitaxy. MBE
method is required for epitaxial growth of great purity and also of good crystal
structure. MBE is one of the major techniques used in nanotechnologies,

semiconductor devices and optoelectronic industries.

‘Several advantages are offered by MBE to the silicon device industry. The first is
the capability of growing new structure which cannot otherwise be fabricated. The
second is improved dopant control. The third is that new material combinations are
possible with a low growth temperature and a high purity ultra high vacuum

environment’ ( Uhuegbu, 2007).
2.4 The Chemical Deposition Techniques

In this method, a solid layer is formed on the substrate by chemical changes of the
precursors. The films of this technique are not directional as in the case of physical
techniques but conformal. This method has the advantage of being simple and cost
effective. Some of the examples of this method include: chemical vapour
deposition (CVD),sol-gel technique, spin coating, Electroplating technique,
chemical bath deposition (CBD), Spray pyrolysis technique, Electrolysis

deposition, electrochemical deposition (ECD), anodization, dip coating, etc.
2.4.1 Electrochemical Deposition (ECD)

The deposition of films or metal thin coatings on conductive substrate by

electrolysis from solution containing the desired metal ions is known as



electrochemical deposition. The process is governed by the two Faraday laws of
electrolysis:
I. the quantity of electricity passed is directly proportional to the quantity of
electricity passed.
Ii. the masses of the different substances dissolved or deposited at the
electrodes by the passage of a given amount of electricity are equivalent to
the time or chemical equivalent weights. The summary of the two laws is

given by the relation.

_IEt 22
m = o :

Where m is the mass in grams of the substance deposited when a current I (in
ampere, A) is passed for a time, t (in seconds, s). E is the chemical equivalent
weight in grams of substance deposited and F is the Faraday constant given as
96,500 coulombs. The constant is the quantity of charge required to deposit one
equivalent weight of any ion from solution. The deposition bath consists mainly of
electrolyte that provides ion required for deposition. On dipping a metallic
electrode in the solution, a dynamic equilibrium of the form below is achieved.

M & M™ + ne 2.3
Where M represents the atom ofthe metal, n the level of ionization and e the
electronic charge. In the absence of an external applied field therefore, there is a
resultant potential between the electrodes and the electrolyte. This potential is
known as the electrode potential. This is known as the electrical double layer.
External electric field is usually applied during electrochemical drift to the
electrode where the necessary electrochemical reaction takes place resulting in the
deposition of the desired material. Concentration gradient is always created in the
region because of the rapid depletion of the ions from the double layer. However,

this is compensated by a continuous drift of ions to the electrode from the bulk of

10



the electrolyte. Electrochemical deposition techniques are affected by factors like
the pH of the electrolyte, current density, bath temperature and composition,
electrode slope and agitation. ‘The technique has been used in depositing metal
films like Cu, Ag, Au, etc; alloy films like Cu-Sn, Co-Ni, etc. and semi-conducting
films on conducting substrates’ (Chopra and Das, 1983; Echenduet al.,2014;
Echendu, 2014).

2.4.2Anodization

The electrochemical way of turning metal surfaces into corrosion resistant,
durable, decorative finish is known as anodization. In this technique, the metal to
be coated is made the anode in the electrolyte solution containing its metallic ion.
When electric current is passed via the solution the anode is coated with ions of its
compound. The technique is mainly for forming oxide films on the surface of a
metal. Films thickness is directly proportional to the applied voltage for specific
period of time. The thickness of layer grown per unit voltage is called anodization

constant which varies for different metals.

2.4.3 Chemical Vapour Deposition (CVD)

The condensation of compound(s) from gaseous phase onto a substrate is called
CVD. Sometimes external means can be used to activate the chemical reaction.
These include the heat or electron bombardment, application of an electric arc or
glow discharge, light or x-rays etc. The nature of chemical reaction in CVD
techniques could be grouped as: Disproportionation, thermal decomposition,
chemical transport reactions, nitridation, hydrogen reduction, carbidization,

oxidation, or combination of the above.

11



2.4.4Cathodic Deposition

This is another form of electroplating. ‘Two metal electrodes are dipped into an
electrolyte solution and on application of an external field across the electrodes,
metal ions from the solution are deposited on cathode as a film, deposition of the
films is controlled mainly by the electrical parameters such as, electrode potential
and current density’ (Echendu, 2014).

2.4.5 Liquid Phase Epitaxy

Semiconducting epitaxial films are deposited by liquid phase epitaxy (LPE) growth
based on crystallization of semiconducting materials dissolved in a suitable metal.
‘Metals of low melting points (e.g. Sn, In, Pb, Bi, Ga) are better suited for this. If a
saturated solution ofthe working materials is prepared at high temperature
(~1000°C) and gradually cooled, the solution becomes supersaturated and
crystalline phase begins to grow over a given substrate, growth of quality films of
group I1-V compounds have been prepared by the LPE technique’ (Chopra et al.,
1983).

2.4.6 Sol-gel

Oxide materials synthesis can be achieved via sol-gel technique. This method yield
good homogeneity for multi-component materials, and works well under low
temperature. The word ‘sol’ stand for production of a colloidal suspension and
‘gel” denotes the conversion of ‘sol’ to viscous gel or solid materials.

‘Sol-gel dip coating requires considerable less equipment and is less expensive
when compared with conventional thin film forming processes such as CVD,
evaporation or sputtering. Several authors’ ( Kushwahaet al., 2005;Scrivenet al.,
1988; Estrella et al., 2003).

12



2.4.7 Chemical Bath Deposition (CBD) Technique

This technique is at times called solution growth method. Metal oxide as well as
chalcogenides films are mainly produced by this technique. Low temperature is
favourable for this CBD technique. The bath solution precursor is comlexed by
comlexing agents such as triethanolamine (TEA), ethylene-tetraacetic acid (EDTA)
which react with metallic ions to give the complex solution. Sulphur is gotten by
the addition of anions such as thiosulphate, thiorea, thioacetamide etc. when the
required bath solution is gotten by the complexing agents, the substrates are then
inserted vertically into the solution bath at temperatures which vary from room
temperature to about 100 ° C according to the desire of the researcher. Annealing is
carried out after deposition to enhance the properties of the films material.

This deposition technique has more advantages over the more advanced techniques
like the Spray Pyrolysis, chemical vapour deposition (CVD), MBE, Sputtering etc.
‘In this technique it is possible to control the film thickness and composition by
varying the solution pH, temperature and concentration of the reagents. The ability
of CBD to coat large areas in a reproducible and low cost process is one added
attraction of this method. The technique has been used extensively for the
deposition of thin films of sulphides and selenides’ (Eze and Okeke, 1997;
Ndukwe, 1992).

2.5 Optical and Solid State Properties of Thin Film

The solid state and optical properties investigated in this research include: Optical
conductivity (oo), bandgap Energy (Eg), Transmittance (T), Absorbance (A),
Reflectance (R), Absorption coefficient (a), Optical density (O.D), extinction
coefficient (k), refractive index (n) , the dielectric constants,

13



2.5.1 Transmittance

According to (Wooten, 1972, Pankove, 1971, Lothian, 1958) . ‘The transmittance
(T) of a thin film specimen is defined as the ratio of the transmitted flux (I;) to the

incident flux (l,)’ that is,

T=— 2.4

(o)

‘The portion internally reflected eventually comes out considerably attenuated.
The end result is that overall transmission is given by’ (Wooten, 1972, Pankove,
1971, Lothian, 1958) as:

_ I,  (1-R)*exp(—ad) )c
I, (1-R?)exp(—2ad) '

The effect of multiple reflections is governed by equation 2.14. “When the product
ad is large, the second term in the denominator becomes negligible and the

transmittance is expressed’ as ( Lothian,1958)

— It — 2
T = 7= (1 - R)* exp(ad) 2.6

o

2.5.2 Absorbance

The fraction of radiation absorbed when an electromagnetic radiation strikes the
surface of a material is called absorbance (A), it is also expressed as the log to base

10 of transmittance.

A = lOglO It/IO = logloT 2.7

14



Equation 2.17 shows that the transmittance and absorbance are related. In this
work transmittance and reflectance data were gotten from the UV-Vis-NIR photo-
spectrometer thin film optical measurement. The absorbance was calculated from
equation 2.18. The other properties are gotten from calculations based on these

guantities (transmittance, reflectance and absorbance).
2.5.3 Reflectance (R)

Reflectance is part of the radiation that is reflected when incident on a surface. By
law of energy conservation, absorbance (A), reflectance (R), and transmittance (T),

are related by
A+T+R=1 2.8
2.5.4 Absorption Coefficient (a)

The decrease in intensity when photons impinge a material medium is known as
absorption coefficient. It shows the distance light can travel into a material before
it is absorbed. ‘When radiation of intensity |, is incident on material of thickness

d (um) the transmitted intensity I, is given by’ (Pankove, 1971, Lothian, 1958) as:

I; = Iyexp(—x d) 2.9

Equation 2.19 can be expressed as, T = ;—t = exp(—«

o

d) 2.10

[InT]

2.11
d

and x= —

Where the film thickness is denoted by d
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2.5.5 Optical Density

The logarithm to base ten of the inverse of transmittance is known as the optical

density.
Optical density (0.D) = log4, 1/T = logyo IO/It 2.12

2.5.6 Band Gap Energy (E,)

The energy required to move an electron into the conduction band from the
valence band is the band gap energy. It is the minimum energy required to excite
an electron into the conduction band. Hole is created in the valence band when an
electron is excited into the conduction band. ‘When an electron undergoes
transitions from an upper part of the valence band to the lower part of the
conduction band, it causes dispersion near the fundamental absorption edge and
gives the shape of the absorption spectrum’. (Macmanon, 2002). ‘The relation
between the absorption coefficient, a, and the incident photon is’ ( Eze and Okeke,
1997; Ndukwe, 1992);

(< hv)® = A(hv — E;) 2.13

Where E is energy bandgap, A is constant, and n is an index which can take the

values of 2, 1/2, 2/3, and 1/3 in accordance with the electronic transition.

A common method for determining band gap values for deposited films is by
making plots of (< hv)™versus hv. ‘“The extrapolation of the straight portion of the
plot onto the hv axis gives the band gap energy, E,of the material. For direct gap

transition, n = 2, and for indirect gap transition, n = %2’ (Chao, 2011).

‘The size of the band gap determines the area of application of the material, thin

films with narrow gaps are used basically as solar absorber materials for solar cell
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fabrications and large selective coatings for photo-thermal conversion of solar
energy, thin films with wide gap can be used in production of LEDs, photodiodes,
sensors for gas detectors, electrode and piezoelectric devices, varistors and

optoelectronic devices’ (Ezekoyeet al., 2013).
2.5.7 Refractive Index (n)

The behavior of light when it propagates from one medium to another can be
described by refractive index. It shows the amount of light bend when it travels
through a material. ‘The refractive index determines the propagation speed (v) of
light in the material medium according to the relation n=c/v®, (Echendu et al,
2014) , where v is the speed in the medium and c is the speed of light. “The
boundary between vacuum and an absorbing layer specified by refractive index (n)
and the extinction coefficient (k) at normal incidence, yields the reflectance in
terms of optical constants of the layer by’ (Coutts, et al., 2001; Mahrov, et al.,
2004) as

(n—1)% + K

= 2.14
(n+1)% + k2

‘For semiconductors and insulators, or materials in the range of frequencies in
which absorption is weak, k « (n — 1)%so that equation 2.26 becomes’ (Coultts,
et al., 2001; Mahrov, et al., 2004)

_(n—-1)°

BCEDE P

Thus
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1++R
“(1-VR)

Thus, to find n for any particular wavelength, the reflectance is calculated first

2.16

then the refractive index, n.

2.5.8 Extinction Coefficient (k)

This is a measure of depth of penetration of radiation with respect to absorption. It
refers to several diffraction measures of the absorption of light in a medium. ‘The
absorption coefficient (a) can be defined with reference to extinction coefficient
(k) as’ (Coutts et al., 2001; Mahrovet al., 2004)

4k 217
= —— .
A
p = 2.18
 4m '

Where k is the extinction coefficient.
2.5.9 Dielectric Constant (¢)

The dielectric constant determines how light travels in a material. It is a poor
conductor or an insulator. ‘The dielectric constant is given by’ ( Wooten, 1972,
Mabhrov, et al., 2004) :

E=& t¢& 2.19

e = (n+ ik)? 2.20
g.ande; denotes the real and imaginary parts respectively. Hence,

g = n? + k? 2.21
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and
g = 2ink 2.22

k denotes extinction coefficient and n denotes the refractive index

2.5.10 Optical Conductivity (o),

According to (Wooten, 1972, Mahrovet al., 2004) ‘Optical conductivity (c,) IS the
optical response of a solid material, it is given by as’

anc

- 2.23
41t

Oo

c denotes light velocity.
2.6 Cadmium Sulphide (CdS)

The cadmium sulphide occurs in nature as a substance with two different structures
‘greenockite’ and ‘hawleyite’ also as an impurity substituent in zinc ores

‘sphalerite’ and ‘wurtzite’.

According to (Hop, 2008) ‘The cadmium sulphide can be prepared by chemical
bath deposition technique (CBD)’ also by ‘electrochemical method as reported’ by
(Echendu, 2018), and several other methods.

Cadmium sulphide can combine with p-type materials to form the major part of
photovoltaic cell. It can also be used as a solid state laser. The cadmium
aluminiumsulphite(CdAl,S05) is a quaternary compound of cadmium, aluminium,
sulphur and oxygen. The present work is to grow this thin film and also investigate
its properties for appropriate applications.
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CHAPTER THREE
MATERIALS AND METHOD

This chapter gives details of the materials used in the growing process, the
cleaning processes used and the procedures employed to deposit and characterize

the thin films, the equipment used in the characterization.
3.1 Materials for Film Deposition

3.1.1 Chemicals Used for Deposition of Cadmium Aluminium Sulphite Thin

Films
Analytical reagent (AR) grade chemicals were used.
For Cadmium aluminium sulphite (CdAI,SO3) thin films, we used,;

I. Cadmium chloride (CdCl,), as a precursor for cadmium

ii.  Aluminiumsulphateoctadecahydrate(Al,(SO4)3.18H,0), as a precursor for
aluminium

iii.  Thiourea(NH,),CS, as a precursor for sulphur

iv.  Ethylenediaminetetraacetic acid (EDTA) as the complexing agent

V. Ammonia as the PH stabilizer

Vi. De-ionised water.
3.1.2 Cleaning of the Substrates

Prior to the deposition, the substrates were degreased by dipping them in
concentrated HCL for 42 hours, washed with detergent, rinsed with distilled water

and dried in air.
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3.2 Bath Constituent and Deposition of Film

The reaction bathwas constituted in a 50ml beaker which contains 5ml of 0.75M
CdCl; which was the precursor for cadmium ion. 5ml of 0.9 M of ethylene-
diamine-tetraacetic acid (EDTA) the complexing agentwas added to the solution
with stirring. After which 5ml of 0.75 M Aly(SO, ); .18H,0the precursor for
aluminium ion was added with stirring. 5ml of 1.5M NH3; was then emptied into
the beaker with continued stirring to provide alkaline medium for the reaction to
take place. Finally, 5ml of 0.75M thioureathe precursor for sulphur ion was added
and properly stirred. 25ml of distilled water was added to make the solution up to
50ml. The entire solution was stirred very well before the insertion of the glass
substrate vertically downward into the beaker with the aid of the synthetic foam for
suspension and also prevention of dust and other particles from entering the
solution. The reaction parameters such as pH, ionic concentration and period of

deposition were optimized. The reaction bath was constituted at room temperature.

The bath was left for about 62 hours, after which the slides were removed, rinsed
in distilled water and dried in air. The as-deposited thin films of CdAI,SO; were

kept in slide box.
3.3 Film Growth Process

According to (Eya&Eze, 2011) ‘Chemical bath deposition is a technique for
controlling the homogeneous precipitation of water-insoluble compounds and their
solid solution’. The growth process involved the reaction of the cations and the
anions in the solution bath to form neutral atoms which precipitated as films. For
homogenous solution, the bath was constantly stirred.

CdCl; solution was colourless and transparent until EDTA was introduced into the

solution, a white precipitate was observed. On the introduction of Al, (SO4 )3
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.18H,0 the reaction bath bubbled and gave colourless solution . When NHswas
added, milky white precipitate was observed which later gave colourless solution.
Introduction of thiourea did not affect the colourless nature of the solution. The

reaction bath turned white after 90 minutes.
The film growth process basically involved three phases.

. the incubation phase
Ii.  the condensation of species or growth phase

iii.  the terminal phase.

At the first phase, free positive and negative ions or atoms or molecules were
created in the solution with also the creation of nucleation sites. The second
phase being the growth phase witnessed the gradual addition of
atoms/molecules on the nucleation sites, which gave rise to a whole film
formation. The nucleation sites were created by the surface texture of the
substrate and enhanced by the systematic cleaning process carried out before
deposition. Condensation of the species on the substrate followed after
nucleation and continued until all the species were used up in the solution,
which eventually gave rise to the final phase, which is the terminal phase. The
CdAlI,SO; solution bath at this point, was clear with white precipitate observed
at the bottom of the beaker.

CdAl,SOsfilm growth was achieved via ion-by-ion condensation process. This
process witnesses the diffusion of Cd?*, AI**, S>and O%ions onto the substrate,
to form CdAl,SOsnuclei. The CdAI,SO; nucleus grew by the absorption of the
ions from the solution. The growth continued till the solution is depleted of

ions, leading to the terminal phase.

The chemistry of the reaction is given below.
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The reaction between cadmium chloride (CdCl,), i.e cadmium precursor and
EDTA formed the metallic complex [Cd(EDTA)]*".

CdCl, + EDTA < [Cd (EDTA)]** + 2Cl~ 3.1a
The Cd?*was released into the solution by the metallic complex later.
[Cd (EDTA)]** & Cd** + EDTA 3.1b

Aluminium ion AP* was released from aluminiumsulphateoctadecahydrateAl,

(S04)3.18H,0 into the solution by the reaction below
Al,(S0,)5.18H,0 + (NH;) & 2[AL,(NH3)]?* + 3(50,)%~ 4+ 18H,0 3.2a
Then, in ambience

2[Al,(NH3)]3t+ 30, © 2A13% + 60" + NH; 3.2b

The precursor for sulphur ion is (NH,),CS of which the hydrolysis givesS?,
according to Eqgs 3.3a and 3.3b.

(NH,),CS + OH™ & (NH;),CO + HS™ 3.3a
HS™ + OH & S*” + H,0 3.3b
Then the four ions react giving:

Cd?* + 2A13% + 302%™ 4+ 5%~ © CdALSO0; (1) 3.4

Thus the whole process of deposition gives

[Cd (EDTA)]?* + 2[Al,(NH5)]** + (NH,),CS + 20H™ + 30%™ &
CdAl,SO;(1)+ EDTA + (NH,),CO + NH; + H,0 3.5
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The reaction of equation 3.4 is only possible when the ionic product, IP of
Cd*, AI**, O%and S* exceeds solubility product, K, of CdAI,SOs, i.e., when

[Cd*][ AI3*][027][ S*7] > Ky (CAAL,SOs5) 3.6

The CdAI,SOs nucleus grew by absorption of Cd?*, AIP*, S and O% and ions
from the solution and the growth continued until the solution is depleted of

ions.

The complexing agent which gave good deposition for the reaction was
ethylene-diaminetetraacetic acid (EDTA), when tri-ethanolamine (TEA) was
tried no deposition was formed on the substrate, also when EDTA + TEA was
used no deposition was seen on the substrate. EDTA formed a complex with
cadmium, i.e., [Cd (EDTA)]** and also, ammonia formed a complex with
aluminium, i.e., [Al (NH3)3]** . The formation of metallic complex also slowed
down the reaction to enable proper and smooth deposition of films on the

substrate.
3.4 Structural Characterization

The structural characterization was done with the use of glancing incident X-ray

diffraction (GIXRD) and Raman spectroscopy.

The XRD measurement was done with theRigaku Smart Lab X-Ray
diffractometer with CuK alpha ( wavelength = 1.5406 A) and the Raman
measurement was carried out by A WITec Alpha 300R confocal Raman
Microscopy machine with laser wavelength of 514nm in Physics Lab.,
Department of Physics, City university of Hong Kong.
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3.5 Optical and Solid State Characterization

The optical and solid state properties of the thin films for complete
characterization of this work include: absorbance (A4), transmittance (T),

reflectance(R), absorption coefficient(a), band gap energy (E), refractive index

(n), extinction coefficient (k), dielectric constant (&) imaginary and real parts,
optical conductivity(a,). The transmittance and reflectance were gotten from
the use of MPROBEUV-Vis-NIR spectrophotometer optical measurement
system, carried out in Physics Lab., Department of Physics, City university of
Hong Kong. The characterization was done within the UV-Vis-NIR region of
the electromagnetic spectrum. The absorbance was calculated using equation
1.6. The absorbance, transmittance and reflectance spectrum were used for the
determination of other parameters. The absorption coefficient was calculated
usingequation 1.8. Optical density and band gap were calculated using
equations 1.13 and 1.18 respectively. Refractive index was computed
using equation 1.12, extinction coefficient was byequation 1.23. The real and
the imaginary  parts  of  dielectric  constant  were  gotten
by equation 1.26 and 1.27 respectively. The optical conductivity was

computed using equation 1.28.
3.6Compositional Properties and Thickness

The compositional analysis was done in Physics Lab., Department of Physics,
City University of Hong Kong. Using EDAX TStAdvanced microanalysis
solutions AMETEK and the 3D optical profilometry method was used for films
thickness measurement inPhysics Lab., Department of Physics, and City
University of Hong Kong by Filmetrics Profilm3D equipment.
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3.7 Morphological Properties

The morphological analysis was carried out using Scanning Electron
Microscope (SEM). The analysis was done in Physics Lab., Department of

Physics, City university of Hong Kong using FEI SEM XL30.
3.8 Annealing of CdAl>SOsSamples

The annealing was carried out in the Material/Metallurgical Engineering
Laboratory, Federal University of Technology, Owerri. Using Electrothermal
Oven, SearchTech Instrument, Model DHG.The samples were annealed as

follows;
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Table 3.1 Annealed samples for CdAI>SOsthin films material.

Samples Annealing
temperatures

Cland G1 100°C

C2 and G2 150°C

G3 and N3 200°C

C3and N5 230°C

G10 and N12 250°C

Some of the as-deposited and annealed samples are given in the plates below.

Plate 1 Photograph of CdAl2SOs thin films samples
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CHAPTER FOUR
RESULTS AND DISCUSSION

Cadmium aluminiumsulphite (CdAI,SO3) is a quaternary nanocrystallite thin films.
The thin films are white in colour and strongly adherent to the substrate. The
original intension was to grow a ternary thin film of cadmium aluminiumsulphide
(CdAIS) but after the characterization, it was observed that the samples are oxygen

rich. From the XRD results, the samples were identified as CdAI,SOs,

4.1 Film thickness and Compositional Analysis
3D optical profilometery method was used to determine the films thickness of the
materials. It is observed that the films thickness generally decreases with

increasing annealing temperature.

The as-deposited sample has films thickness of 879nm and the annealed samples
have films thicknesses of 288nm, 332nm and 207nm for annealing temperatures of
150°C, 200°C and 250°C respectively.

The graph of thickness against annealing temperature is given in figure 4.1. From
the graph, it is observed that at about 27°C i.e. room temperature, the thin films
material has the highest value of thickness given as 879nm. Above the room
temperature, at annealing temperature of 150°C, there is sharp decrease in
thickness. As the annealing temperature increases the thickness decreases. At
annealing temperature of 150 °C there is sharp decrease in thickness with the value
of 288 nm. At annealing temperature of 200 °C, the thickness increases to 332 nm.
And then, at the annealing temperature of 250 °C the thickness falls to 207 nm.
The material dependence on annealing temperature is not uniform. The optimal
annealing temperature for thickness is 200 °C. For the samples, the as-deposited
material gives a better option for photonic applications.

28



The elemental composition analysis was carried out using energy dispersive X-ray
(EDX) spectroscopy. Figure 4.14 shows the energy dispersive X-ray spectra of the
CdAl,SOs3 in both as-deposited and annealed forms. The spectra show the presence
of Cd, Al, S and O. Other peaks showing C, N and part of O come from the

underlying glass substrate on which these films are grown.

1000
900
800
700
600
500
400
300
200
100

Thickness (nm)

0 100 200 300
Annealing Temperature (°)
Figure 4.1 The graph of thickness against annealing temperature.
Close observation of the spectra shows a slight decrease in sizes of the peaks, after
post-deposition annealing of the material. This also reaffirms the fact that post

deposition annealing reduces the thickness of the films as stated above.

Table 4.1 shows the percentage atomic concentrations of Cd, Al, S and O in the
materials gotten from the analysis of EDX. Fig. 4.2 and Table 4.1 show that as-
deposited and annealed materials are Al and O-rich. The CdS/O ratio for as-
deposited sample is slightly higher than that of the annealed samples. The same
trend is repeated for Al/O ratio for both as-deposited and annealed samples.
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Figure 4.2 EDX spectra of as-deposited and annealed CdAI>SOz thin films

grown by CBD method

Table 4.1 Percentage atomic compositions of as-deposited and annealed

CdAI2SOs thin films

As-deposited

Atomic %

Cd Al S 0]

Cds/0 Al/O

0.1 16.08 0.15 83.7 0.0002 0.19 150°C

230°C
250°C

Annealed

Atomic %

cd Al S (0]

0.08 13 0.18 86.74
0.04 16.97 0.12 82.87
0.06 14.27 0.1 85.57

Cds/0
0.00017
0.000058
0.000071

Al/O
0.15
0.20
0.17
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4.2 Morphological Analysis

The scanning electron microscopy is a convenient method for studying the surface
morphology of a material. Figure 4.3 shows SEM micrographs of the as-deposited
and annealed CdAl,SO; thin films samples. These images show that the post-
deposition annealing has little effect on the morphology of the CdAl,SO3; samples.
It is observed that the grains are homogenous and densely packed. It is also noticed
that the grains are small with unequal sizes and shapes with sharp edges showing
crystallinity. Isolated clusters were also observed from the SEM images of the

materials especially for annealed samples.

Due to the dense nature of the grains, it was difficult to measure grain sizes.
However, close observation and careful estimation gave the grain sizes of the range
(20-70) pm for the as-deposited sample and (15-50) um for annealed samples.
These values show that the material sizes decrease with increasing annealing

temperature.

g o S
= Acc W Spot Magn
500kY 30 1580x < S 253

Al As-deposited x159 A2 As-deposited x318
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D1-250°C Annealed x300 D2-250°C Annealed x296

Figure 4.3 SEM images of as-deposited and annealed CdAl>SOs thin films

grown by CBD method

4.3 Structural Analysis of CdAI>SO3

Close observation of the glancing incident X-ray diffractionGIXRD graph and
Raman graph from figure 4.4 and 4.5 respectively show sharp peaks indicating that

the material is a crystalline material.
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The GIXRD pattern clearly show that the quaternary material cadmium
aluminiumsulphite (CdAI,SO3) forms as a multi-phased compound with a
combination of CdSO3; (monoclinic) and Al,Os;(monoclinic) as indicated by the
diffraction peaks corresponding to these materials in both as-deposited and
annealed forms in figure 4.4. The diffraction patterns match those of the Joint
Committee on Powder Diffraction and Standard (JCPDS) ref. file number PDF
781474 and PDF 861410, respectively. Multiphase thin film materials had been
reported by many researchers: (Echenduet al, 2018, Cheng et al, 2017, Bakke et al,
2012, Polatet al, 2011, Henriquez et al, 2007).

The as-deposited material has the intensity with the highest peak at about 10000
(arb. unit). At annealing temperature of 150°C, no noticeable change of the
intensities of the peaks were observed as the highest peak is still at the region of
10000 (arb. unit) intensity. At 200°C the highest peak rose to about 15000( arb.
unit) and at 250°C the highest peak rose to about 20000 (arb. unit) intensity. These
simply show that increase in annealingtemperature increases the preferential
orientation of the crystallites of the material. The increment of the annealing
temperature also gave improved crystallization indicated by narrower peaks shown
by the reduction in width for full width at half maximum (FWHM).

The highest peak has the value of 26 equal to 12.6degrees with the orientation of
(011) which is the preferred orientation of the crystallite (atoms) for both as-

deposited and annealed material.

The crystallite size (D) using the major peaks was calculated using Scherrer’s

equation 4.1.

D= 0.941
~ Bcos6

4.1
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Where A is the wavelength of the X-ray and is equal to 1.5406 4 , 8 is the full
width at half maximum of the diffraction peak ( in radians) and 6 is the Bragg’s

angle in degrees.
The interplanar spacing, d, is calculated using the Bragg equation 4.2,

nAa

dp, = ——— 4.2
Rkl ™ 25ind

Where A is the X-ray wavelength, 6 is the diffraction angle and n is an integer.

Table 4.1 shows the summary of the structural parameters obtainable from the
GIXRD analysis for CdAI,SO; using Eqgs 4.1 and 4.2,

Figure 4.5 shows the Raman spectrum of as-deposited and annealedCdAI,SO3
material. Raman bands results directly from molecular vibrations. These vibrations
reveal the chemical and structural composition of samples. The frequency of
vibration depends on the masses of the atoms and the strength of the bonds
between them. ‘Heavy atoms and weak bonds have low Raman shift and light
atoms and strong bonds have high Raman shift. The Raman spectrum consists of a
range of features, each associated with a vibrational mode. The spectrum is unique

to a material and enables you to identify it’. ( www.renishaw.com). From the Fig.

4.5, we have high frequency vibrations (Raman peaks) in the region of 2500cm
tand 3000cmtandlow frequency vibrations (Raman peaks) in the region of lcm-
tand 700cmfor the as-deposited material. For annealed materials at 150°C and
200°C these frequency vibrations reduced significantly, but at 250°C however
these vibrations frequency begin to rise especially around the wavenumber
3000cm™.This high frequency vibration shows that we have light material with
strong bonds.
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The bond pattern is however, not achieved since there is no reference database for

identification of material.
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Figure 4.4 GIXRD patterns of as-deposited and annealedCdAl,SO; thin films,
showing monoclinic CdSOs (M) and Al.O3 (M*),

The structural parameters obtained from the GIXRD patterns for theCdAl,SO; thin
films in both as deposited and annealed form is given in table 4.2. The table shows
mixture of CdSO; (monoclinic) and Al,O; (monoclinic) planes of different
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orientations; with prefer orientation of (011).The table also gives the full width at
half maximum for as deposited and annealed material having comparable values as
well as inter-planar spacing, but the inter-planar spacing decreases as the 2theta
values increases for both as deposited and annealed thin films material. However,
the crystallite sizes slightly increase afterpost-deposition annealing of the thin film
materials.This could be due to decrease in full width at half maximum after
annealing.The crystallite nanoscale size suggests that the material could be used as

guantum dots.
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Figure. 4.5Raman peaks of as-deposited and annealed cdAl,505 thin
films
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Table 4.2 Crystal structure parameters of as-deposited and
annealedCdAl,S05 thin films.

As-deposited Annealed
20 d-spacing D 20 d-spacing D
(°)  (hkl) B () (A) (hm) (°)  (hkl) B(°) (A) (nm)
12.6 M(011) 0.3632 7.02 22.99 150°C 12.6 M(011) 0.3544 7.02 23.56
15.3 M*(200) 0.3451 5.79 24.26 15.3 M*(200) 0.3633 5.79 24.82
17.0 M(110) 0.3676 5.21 22.83 18.6 M(Tll) 0.3292 4.77 25.54
18.6 M(Tll) 0.3597 4.77 23.38 19.9 M*(EOI) 0.3317 4.46 25.40
19.9 M*(EOl) 0.3482 4.46 24.20 25.1 M*(201) 0.3975 3.55 21.39
22.5 M(TZl) 0.3461 3.59 24.45 200°C 12.6 M(011) 0.3520 7.02 23.72
25.2 M*(201) 0.4089 3.53 20.8 15.3 M*(200) 0.3633 5.79 23.05
27.5 M(131) 0.3645 3.24 23.45 18.6 M(111) 0.3473 4.77 24.21
30.7 M(032) 0.4093 2.91 21.03 20.0 M*(201) 0.3537 4.44 23.83
25.2 M*(201) 0.4581 3.53 18.56
M = CdSO3 Monoclinic 250°C 12.6 M(011) 0.3412 7.02 24.47
M* = Al,03 Monoclinic 15.3 M*(200) 0.3367 5.79 24.87
18.6 M(111) 0.3329 4.77 25.26
19.9 M*(201) 0.3350 4.46 25.15
25.2 M*(201) 0.4023 3.53 21.14

Parameters for the JCPDS reference file 781874, i.e. CdSO3; 26 = (12.7, 17.7, 19.1,
22.8, 27.8, 30.2) ° and JCPDS reference file 861410, i.e. Al,03 26 = (15.5, 19.6,
25.1) ° respectively.

4.4 Optical Properties of CdAl>SO3 Thin film
The optical characterization result for the CdAI,SOs3 thin films are

presented below.

4.4.1 Transmittance (T)

Figure 4.6 shows graph of the transmittance against wavelength for the as-
deposited and post-deposition annealed nanocrystallite CdAI,SO; thin films.

The as-deposited material has a transmittance of about 3.5 % in the NIR-region

which increases to about 3.9 % in the Vis-region and falls in the UV-region. The
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200 °C annealed sample has about 4.6 % transmittance in the NIR-region which
rises to about 5 % in the Vis-region and falls in the UV-region. The 250 °C
annealed sample has about 5 % in the NIR-region which increases to about 6 % in
the Vis-region and falls in the UV-region of the solar spectrum. These show that
the transmittance of the nanocrystallite material is slightly affected by annealing

temperature. That is, increase in annealing temperature increases transmittance.

Generally, the transmittance of the thin films is uniform in the NIR-region which
rises slightly towards the Vis-region and falls across the UV-region of the solar
spectrum. The reason for poor transmittance being that the material is an opaque
material. This poor transmittance shows that the material will not be a good
window material for thin films solar cells but suggests that it will be very good for

solar absorber material in thin films solar cells.

4.4.2 Absorbance (A)

The graph of optical absorbance versus wavelength for as-deposited and post-
deposition annealed CdAIl,SO3 thin films material is shown in figure 4.7, for the
wavelength range of 300nm to 900nm. From the figure, the highest absorption
occurs at the UV-region of the electromagnetic spectrum, with as-deposited sample
having absorption of about 99.5% at wavelength of 300nm, followed by 250°C
annealed sample with absorption of about99.3% , followed by 200°C annealed
film with the absorption of about99%, and fianlly 150°C annealed film with

absorption of about98.8%, respectively all at 300nm wavelength.

We observed that absorption in the UV-spectrum is exact reversal of the absorption
in the visible-near infrared spectrum for annealed materials only. The 250°C

annealed sample that is the highest annealed in the UV-spectrum is the lowest in
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the Vis-NIR spectrum falling to about 94%, followed by 200°C sample that falls to
about 94.5%, and finally 150°C sample that falls to about 95% in that order.

The as-deposited material maintained the lead absorbance 0f99.5%in the UV-
region and Vis-NIR region. This reaffirms that annealing condition used did not
increase the absorbance of the thin material. The material gives optimum

absorbance in as-deposited form.

Due to the very high absorbance of the CdAI,SOg, it is suited for absorber material

for thin films solar cells. The material can also be used in UV-shielding due to its

high absorption in the UV-spectrum.

4.4.3 Reflectance (R)

Figure4.8 shows the reflectance against wavelength for as-deposited and post-
deposition annealed CdAI,SO; thin film material. The material generally has very
low reflectance for as-deposited and annealed samples across the UV-Vis-NIR
regions of the solar spectrum. The reflectance is lower in the UV-regioncompared
to Vis-NIR region. The 250°C annealed sample has the lowest reflectance in both
UV and Vis-NIR region. It has about 0.3% reflectance in the UV which rose to
about 1% in the visible and falls to about 0.6% in the NIR-region. The 200°C
annealed sample has about 0.7% in the UV, which rose to about 1.3% in the
visible, and falls to about 0.8% in the NIR-spectrum. The 150°C annealed sample
has 0.9% in the UV which rose to 1.5% in the visible and falls back to 1.0% in the
NIR-region.

The as-deposited sample also have the same behaviour as the annealed samples
taking low value of reflectance in the UV-region, then rising in the visible region
and falling in the NIR-region with the values of 0.4% in the UV, 1.2% in the
visible and 0.8% in the NIR-region.
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The poor reflectance property makes the material very good for anti-reflection

applications.
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Figure 4.6 Graph of optical transmittance against wavelength for as-deposited
and post-deposition annealed CdAl>SOs3 thin films
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Figure 4.7Graph of optical absorbance against wavelength for as-deposited
and post-deposition annealed CdAI>SOs thin films
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Figure 4.8Graph of optical reflectance versus wavelength for as-deposited and
post-deposition annealed CdAI>SOs thin films

4.4.4 Absorption Coefficient (a)

The graph of absorption coefficient against photon energy for both as-deposited
and annealed CdAIl,SO;3 thin films is shown in figure 4.9. It is observed that the
absorption coefficient for the annealed materials is higher than that of the as-
deposited material. This could be due to increase in density of the films when
annealed. The as-deposited material has absorption coefficient of about 6.0 x 10°m"
! close to the absorption edge (3.68 eV) of photon energy. The annealed materials
have the absorption coefficient in the range of 12.5 x 10°m™ t021.0 x 10°mclose
to the absorption edge of the solar spectrum. The absorption coefficient is fairly
uniform for both annealed and as-deposited materials in NIR-Vis (1.4 eV-1.7eV,
1.7eV-3.1eV) regions of the electromagnetic region, but rises in the far UV-region
(3.5 eV — 4.1 eV). The as-deposited material has its highest o of about 6.0 x 10°m*
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at photon energy of 4.0eV. The annealed materials have their highest absorption
coefficient o in the range of 12.5 x 10°m™2t021.0 x 10°m™ at the same photon
energy of 4.0 eV. The trend shows that absorption coefficient increases with
annealing temperature. The best annealing temperature for the material with the
highest absorption coefficient is 250 °C. Generally, the material has high
absorption coefficient which increases as photon energy increases. This again

suggests that the material will be a good solar absorber for thin films solar cells.
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Figure 4.9Graph of absorption coefficient (a) versus Photon energy for as-
deposited and annealed CdAl>:SOs thin films

4.4.5 Extinction Coefficient (k)

Figure 4.10 shows the graph of extinction coefficient against photon energy for
both as-deposited and post-deposition annealed CdAI,SOj3 thin film materials. The
materials have high extinction coefficient across the Vis-NIR regions. The lowest

extinction coefficient starts in the UV-region which gradually increases towards
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the visible region (1.7eV — 3.1eV) and has its highest value in the NIR-region
(1.4eV — 1.7eV)for both as-deposited and post-deposition annealed samples. This
means that the photons are absorbed more in the UV-region.

The as-deposited material has a lower extinction coefficient when compared to the
post-deposition annealed samples. The as-deposited sample has its highest
extinction coefficient of 2.5 at photon energy of 1.5eV, while the highest extinction
coefficient for the post-deposition annealed samples is 0.95 at photon energy of
1.5eV for the 250°C sample.

The value of k for both as-deposited and annealed samples decreases as photon
energy increases up to photon energy of 3.8eV, after which it begins to increase.

The extinction coefficient generally decreases with photon energy.
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Figure 4.10Graph of extinction coefficient (k) against Photon energy for as-
deposited and annealed CdAl>SOs thin films
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4.4.6 Refractive Index (n)

Figure 4.11 shows the graph of refractive index against photon energy for both as-
deposited and post-deposition annealed CdAI,SOs3 thin films. In general, refractive
index increases as photon energy increases until it attains a peak at 2.25eV, and

begins to fall with further increase in photon energy.

The refractive index of as-deposited is 1.21 at photon energy of 1.0eV in the NIR-
region and rises to 1.40 in the visible at photon energy of 2.25eV which stood as a
major spike, with minor spike on the left at photon energy of 2.0eV and two minor
spikes on the right at photon energies of 2.5eV and 2.8eV respectively. The post-
deposition annealed samples follow a similar trend. The highest refractive index

for annealed samples is 1.43, at photon energy of 2.25eV.

Generally, the refractive index for CdAl,SOj3 thin films material is relatively low,
and according to the relation n=c/v? ( Echenduet al, 2014 ), where v is the
propagation speed of light in the medium, and c is speed of light in vacuum. The
relation shows that decrease in refractive index will increase the speed of light
propagation in the CdAI,SOj3 thin films material. Also, the low refractive index
means that there will be very low reflection loss when CdAI,SO3; material is used

for thin films solar cells material.
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Figure 4.11Graph of refractive index (n) against photon energy for as-
deposited and annealed CdAI>SOs3 thin films

4.4.7 Optical Density (p)

The optical density versus photon energy for as-deposited and post-deposition
annealed CdAI,SOs thin films is shown in figure 4.12. The spectral optical density
for the material generally decreases with annealing temperature, but increases with
photon energy towards the UV-region (3.1eV - 4.1eV) of the electromagnetic

spectrum.

The optical density is very low for both as-deposited and post-deposition annealed
samples with the highest value for as-deposited being -0.3 at the photon energy of
4.1eV, while 200 °C annealed sample has the highest value of optical density for
annealed samples with -0.28 at the photon energy of 4.1eV. Low optical density

will fasten light propagation in the thin films material.
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Figure 4.12Graph of optical density versus photon energy for as-deposited
and annealed CdAI>:SOs thin films

4.4.8 Optical Conductivity (o,)

The optical conductivity versus photon energy for as-deposited and post-deposition
annealed CdAI,SO;3 thin films shown in figure 4.13.The CdAIl,SOsmaterial has a
very high optical conductivity which increases with annealing temperature and also
with photon energy towards the UV-region (3.1eV — 4.1eV) of the electromagnetic
spectrum. The as-deposited sample has its highest value of 1.5 x 10%*(s™) optical
conductivity at the photon energy of 4.0eV, while the 250°C annealed sample has
the highest value of the annealed samples with optical conductivity of 5.4 x 10%(s’
1) at photon energy of 4.0eV. There are noticeable spikes for as-deposited and
annealed materials at photon energy of 2.25eV.
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Figure 4.13Graph of optical conductivity versus photon energy for as-
deposited and annealed CdAI>SOs thin films

4.5 Solid State Properties

The solid state properties investigated in this work are given below.

4.5.1 Dielectric Constants (g, and &;)

The spectral response of the real dielectric constant €. with photon energy for both
as-deposited and post-deposition annealed CdAI,SO; thin film materials is shown
in figure 4.14. The graph shows the same trend as that of the refractive index given
in figure 4.11.The real part of the dielectric constant €. decreases with increasing

annealing temperature.

In general, €. for as-deposited and post-deposition annealed material is lower in
the NIR-region (lower energy region) and gradually rises in the visible region with
a huge spike at 2.25eV, which later slightly decreases in the UV-region of the
electromagnetic spectrum in relation to photon energy.
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The highest value of the real dielectric constant for as-deposited material is 1.9 at
photon energy of 2.25eV which stood as a major spike, with minor spike on the left
at photon energy of 2.0eV and two minor spikes on the right at photon energy of
2.5eV and 2.8eV respectively. The highest range of values for post-deposition
annealed samples is 1.5 to 1.75 at photon energy of 2.25eV.Low dielectric

constants favour light propagation in the material medium.

¢ Low dielectric constant in the lower energy region means that devices made with
these layers will exhibit relatively low capacitance and thus will display short
response time in this photon energy region, recalling that the response time, t, is
related to the capacitance, C, and resistance, R, by t =2.2RC’ (Echendu et al, 2014,
Quimby, 2006). This material could thus be used in photodetectors.
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Figure 4.14 The spectral response of the real dielectric constant &, versus

photon energy for as-deposited and post-deposition annealed CdAI>SOs thin
films

The optical response of the imaginary dielectric constant against photon energy for

as-deposited and post-deposition annealed CdAl,SO; thin film materials is given in
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figure 4.15. This again shows similar pattern with that of extinction coefficient of
figure4.10. The imaginary part of the dielectric constant g; increases with an
increasing annealing temperature. ¢ generally decreases as photon energy

Increases.

The highest value of ¢; for as-deposited is 1.6 at photon energy of 1.5 eV and the ;
range for post-deposition annealed samples is 1.5 to 2.28 at photon energy of 1.5
eV. The imaginary dielectric constant has its highest values for both as-deposited
and annealed samples in the NIR-region which decreases towards the Vis-UV-
regions of the electromagnetic spectrum. According to (Echendu et al, 2014) ‘The
observed values of g; suggest that devices fabricated at annealing temperature of
250 °C will display relatively improved and more stable capacitance and therefore
will have longer response time in the infrared photon energy range compared to

other annealing temperature’.
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Figure 4.15 The spectral response of the imaginary dielectric constant
g;versus photon energy for as-deposited and post-deposition annealed
CdAl,SO:s thin films
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4.5.2 Bandgap Energy (Eg)

The direct bandgap energy versus photon energy for as-deposited and post-
deposition annealed CdAI,SOj; thin films is shown in figure 4.16. The graph shows
(ahv)? against hv which is the famous Tauc method of determining energy
bandgap. From the plot, the direct energy bandgap is estimated by extrapolating
the straight line portion of the curve (after the absorption edge) to the point where
(ahv)2=0.

The direct bandgap energy, Egfor as-deposited sample was estimated to be 4.1 eV,
and the annealed materials have the bandgap in the range of 3.75 eV to 4.0 eV
which is smaller compared to as deposited material. Ey decreases to 3.88 eV at
annealing temperature of 150 °C, and then increases to 4.0 eV at annealing
temperature of 200 °C, and again decreases to 3.75 eV at annealing temperature of
250 °C. Generally, bandgap energy decreases as annealing temperature increases.
This could be caused by grain growth ( Eya, et al., 2016). For bandgap energy, the
optimal annealing temperature is 250 °C. The wide bandgap energy of CdAI,SO;
thin films can be aligned with materials with narrow bandgap such as SnS thin
films reported by researchers to have E4 of the range 1.1 eV to 1.5 eV to achieve
graded bandgap of high quality thin films material for solar energy conversion. The
direct bandgap thin films could also be used to make optical devices such as LEDs

and semiconductor lasers.
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CHAPTER 5
CONCLUSION AND RECOMMENDATIONS

5.1 Conclusion

The nanocrystallite CdAI,SO;3 thin films were successfully prepared by chemical
bath deposition (CBD) techniques. The films are white in colour and adhere firmly
on the substrate. The optical properties of the films show that the films have high
absorbance throughout the regions of the electromagnetic spectrum. The maximum
value of absorbance is 99.5 % in the UV region and average of 95 % in the other
regions of the spectrum. The film material generally has low transmittance across
the spectrums from NIR-Vis to UV regions. The films have very low reflectance in
as-deposited and annealed form across the UV-Vis-NIR regions, with the highest
reflectance of about 1.5% in the visible region.The GIXRD patterns show that the
quaternary cadmium aluminiumsulphite (CdAI,SO3) forms as a combination of
monoclinic CdSO; and Al,O3.The direct bandgap energy ranges from 3.75 eV to
4.10 eV. Generally, the energy bandgap decreases as the annealing temperature
increases. The thin films material can be used as a UV-shield owing to its ability to
absorb very high ultra-violet radiation. The high absorption in the UV-Vis regions
makes the thin films suitable for use as absorber layer in thin films solar cells. The
poor reflectance of the films also indicates that it could be used as anti-reflection
material. The relatively low refractive index shows that there will be minimal
reflection loss when the material is used for thin films solar cells. The low
dielectric constant makes the thin film material suitable for use as a
photodedectors. The direct bandgap of the thin film material makes it applicable in
optical devices such as LEDs and semiconductor lasers. The crystallite nanoscale
size suggests the material could be used as quantum dots. These and other

unexplored applications can be achieved from the CdAI,SOj3 thin films.
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5.2 Recommendations

Based on the challenges encountered in the cause of growing this thin films

material, the following recommendations are proposed:

. other methods of deposition such as: thermal evaporation, molecular
beam epitaxy (MBE), chemical vapour deposition etc, should be
explored and the results compared with the CBD method to know
which method will give the best properties for the target application
and

i. conductive substrate such as fluorine doped tin oxide (FTO) or indium
doped tin oxide (ITO) should be used for the films deposition to know

how it will affect already established properties of the material.
5.3 Contribution to Knowledge

The cadmium aluminium sulphite, CdAl,SOg3 is novel direct bandgap material with
efficient optical properties for solar energy conversion. Owing to the high cost of
silicon solar panel, CdAl,SO; which is a relatively cheap material can be an

alternative for solar panel fabrication.
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