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Introduction

It is well known that the world’s energy requirements have been steadily in-
creasing for the last several decades with increasing levels of development and
increasing population. World energy use nearly doubled between 1975 and 2005
[1]. Nearly 80% of this energy requirement is currently sourced from crude oil,
natural gas, and coal [1], which are fundamentally limited in nature. In addition
to the knowledge of this limited supply and the increasing demand for energy, its
well-known that energy production by burning fossil fuels may contribute to global
warming and produces hazardous pollutants, such as oxides of sulfur, hydrocar-
bons and most significantly, carbon monoxide. Given the continued dominance of
fossil fuels, world C'O, emissions are expected to increase more rapidly than the
energy consumption (2.1% per year on average) [2]. Thus, traditional fossil energy
resources are not only rapidly depleting, but also contribute to unpredictable and
possibly irreversible climate changes in the near future [3]. These and other factors
have prompted scientists and researchers all over the world to look for alternative
sources of energy. Renewable energy sources seem to provide an optional solution
to the global energy problem. Due to their sustainable nature, renewable energy
technologies are capable of preserving resources, ensuring the security and diversity
of the energy supply and providing energy services virtually without any environ-
mental impact. A more sustainable pattern of energy supply for the future will
inevitably lead to the need for greater utilization of renewable energy sources, such
as solar and other kinds of energy, which many people consider to be sustainable,
at least for the foreseeable future [3].

As cited above among renewable energy sources, solar energy is an exciting



alternative to fossil fuels, which is the most abundant, inexhaustible and clean of all
the renewable energy resources till date [4]. Solar cell is consider a major candidate
for obtaining energy from the sun, since it can provide nearly permanent power
at low operating cost and is virtually free of pollution. The physical phenomenon
responsible for converting light to electricity is the photovoltaic effect. Photovoltaic
cells are known to convert solar light directly into electricity. The main scientific
goal of photovoltaics is to produce solar cells and solar systems with high stability,
high efficiency and which are economically acceptable. Thin films can be used for
this propose and for various uses. This can be achieved if their structure, inter-
band transitions and other optical properties are maximized to harvest enough
solar radiation to provide energy. They consist of a p-type layer which has a
majority hole carriers and an n-type layer that has a majority electron carriers.
These layers form a diode in the form of a p-n junction that enables current to
flow when electron-hole pairs are created at the junction [5]. When a photon with
energy greater than the band gap of the semiconductor passes through such a cell,
it may be absorbed by the material and this takes the form of a band-to-band
electronic transition producing an electron-hole pair. Several types of thin films
have been fabricated and used to manufacture photovoltaic cells. A number of
binary sulphides are being examined as a possible absorber layers in thin film solar
cells grown through chemical bath deposition technique. More recently, p-type
PbS and n-type CdS thin films have drawn significant interest for their properties
suitable for PV applications [5, 6]. These two materials which are chalcogenides
will be the subject of our work.

A variety of methods has traditionally been used to prepare high quality tran-
sition metal chalcogenides. Each technique has its limitations. For example, solid
state reactions require the use of high temperature to ensure the transition of solid
reactants into the molten state. Spray pyrolysis, chemical vapor deposition and
vacuum evaporation reactions also require high temperature to enable successful

formation of the required chalcogenide. The heat is applied either directly by heat-



ing the reactants or indirectly through heating of the substrate. Chemical bath
deposition (CBD) is one of the noble methods, generally requires lower temper-
atures for successful generation of quality films. Many researchers have devoted
their efforts to this method because it is a non-expensive method for thin film
preparation. Through this method many noble materials have been developed.
Among these noble materials that are of great interest include metal chalcogenides
especially binary (2) elements such as C'dS and PbS from group II, IV and group
VI elements [5]. A survey in the literature shows that during the last years, differ-
ent cadmium sources have been used in this process to obtain C'd?** from cadmium
salt, such as cadmium acetate, cadmium sulphate, cadmium chloride, cadmium
nitrate and cadmium iodide. While, thiourea is the most commonly used sulphur
precursor. Ammonia is used as complexing agent. The main compounds used as
source of Pb*T are lead acetate Pb(C'H3COO), and lead nitrate Pb(NOs)y. It
has been proposed that the mechanism by which a film grows can determine both
quality and the properties of the resulting film.

Despite the advances that have been made using CBD, the full development
of the technology has been hampered by poor understanding of the relationships
between process chemistry and film structure, factors that are dependent on the
properties of the bath and deposition precursors. The optimal deposition parame-
ters are generally different for each compound deposited [7].

Although there have been numerous papers published reporting the preparation
of chalcogenides thin films using CBD process, Kaur et al point out that the process
has remained recipe oriented with little understanding of the kinetics of the process
[8]. There is, therefore, a need for careful investigation of the CBD process and

identification of the conditions that favor high quality coherent deposits.



Problem statement for the study

It is generally agreed that thin films deposited by CBD have good qualities and
they can be deposited on large scales areas. Chemical bath deposition will be used
to deposit C'dS and PbS thin films. The optical properties of C'dS and PbS are
appropriate for solar cell applications as window and absorber layers respectively.
Therefore there is need to optimize the elaboration of these two materials for
photovoltaic cell applications. Films of these materials (CdS and PbS) have high
and low optical transmittance respectively which need to improve their properties.
In addition, very little information is available on transmittance, reflectance and

absorbance of PbS thin films. Such investigation needs to be subject of study.

Aims and objectives

The aim of this work is firstly, to study the use of another salt source of C'd**
such as cadmium carbonate, which, to our best knowledge, was not used until now.
Secondly, to monitor all reactions steps leading to C'dS thin films formation, which
is necessary for understanding well the kinetics and the mechanism of the CBD
process. In order to achieve the aim of this research project, PbS thin films will
be deposited aiming to investigate the effect of different bath parameters (time
deposition and lead nitrate concentration) on the resulting deposited product.

In this study, structural, optical and reaction mechanisms of C'dS and PbS will
be investigated to identify the chemical reactions leading to the formation of C'dS
and PbS thin films prepared using CBD.

The thesis is structured in four chapters. Properties and applications of C'dS
and PbS thin films are explained in the first chapter. The later treats the rele-
vant literature review that covers related work reported by other researchers by
emphasises literature optical and structural properties of both C'dS and PbS films
deposited by Chemical Bath deposition method (CBD).

In the second chapter, we present the experimental details of the carried exper-



iment during the preparation of this thesis. In the beginning, historical develop-
ment and basic principles of the chemical bath deposition technique will be given
in some details. The growth mechanisms of the used technique will be outlined.
The deposition condition of C'dS and PbS films used in the present study and their
characterization will be presented in the same chapter.

The third and fourth chapter explain the details of C'dS and PbS thin films
characterizations respectively. Data obtained from analytical techniques such as
XRD, FTIR and UV/VIS spectrophotometer are presented in graphical format

and discussed will finish this thesis by giving general conclusion and outlines.
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Chapter 1

Litterature review

In this chapter a review of some related work on the deposition of cadmium
sulphide and lead sulphide thin films has been done. C'dS and PbS thin films are
I1-VI and IV-VI semiconductor compounds respectively that have developed great
interests for many practical purposes such as photovoltaic cells, photoconductive
materials, optical detectors, thin film transistors and other optoelectronic devices
[1, 2]. Several studies have revealed much about their general nature, features of

their chemical stability and their optical properties as semiconductors.

1.1 Semiconductors

Two general classifications of semiconductors are elemental and compound
semiconductors. The elemental semiconductor materials are found in group IV of
the periodic table and the compound semiconductor materials of the simple type
AB consists of elements from columns symmetrically placed with respect to column
14 of the periodic table. The column IV semiconductors, silicon and germanium
are called elemental semiconductors because they are composed of single species
of atoms. The II-VI compounds semiconductor are formed from group II metals
and group VI chalcogens of the periodic table. These compounds are referred to as
ABVI where A denotes group II metal and B denotes group VI chalcogens such

as ZnQO, 7ZnS, ZnSe, CdTe, CdO and C'dS. These compound semiconductors have



been the subject of extensive research in both fundamental studies and device ap-
plications; they have attracted a lot of attention in solar cells, light emitting diodes
(LEDs), semiconductor lasers, and other optoelectronic applications [1, 2]. TI-VI
semiconductors have direct band gap with the exception of mercury compounds.

They generally exhibit large band gaps, making them popular for short wave-
length applications in optoelectronics. The band gaps of these compounds cover
the whole band gap (Eg) range from E;, = 3.94ev for hexagonal ZnS down to
semimetals (i.e. £, = 0ev) for most of the mercury compounds [3].

The IV-VI compounds semiconductor are formed from group IV metals and
group VI chalcogens of the periodic table, such as PbTe, SnTe, GeTe, PbSe and
PbS, are denoted A’V BY!. Such compounds have an average of five valence elec-
trons per atom and form one of the most important groups of semiconductors,

some of which is known for infrared detectors such as PbS.

1.2 Survey on cadmium sulphide thin films:

1.2.1 Structural properties

Although, during 1960s and 1970s II-VI materials did not receive much atten-
tion. Only in the 1980s and 1990s, a great interest has been given to A’/ BV! group
of semiconductors. Actually, with advance of thin films deposition techniques, II-
VI materials gain much interest because of their several applications in different
fields. Among these materials, cadmium sulphide (C'dS) is considered as one of the
most important n-type II-IV semiconductors with a wide and direct energy band
gap (2.4 ev) [2]. Therefore, we will focus our attention on C'dS properties, hence
it used for photovoltaic cells as an idea of Reynolds in 1954 [4] under its thin films
form. The efforts of workers in many laboratories throughout the world lead to
the development of the C'dS thin film solar cell and it is still until today, the most
important application of C'dS thin films in photovoltaic cells [5]. C'dS thin films
are prepared by several methods such as: Spray pyrolysis [6], sputtering [7], electro



deposition [8], vacuum evaporation [9] and chemical bath deposition (CBD) [10].
By the way CBD is simple, operating at low temperature which considered as low
cost method. It has been used in the deposition of C'dS thin films since the 1960
[11].

Cadium sulfide can crystallize in four different crystalline structures:

The hexagonal (Wutrzite o phase)

The cubic structure (zinc blende 5 phase)

The cubic rock salt structure

The distorted rock salt structure

Only the two first phases have been reported in literature of C'dS thin films
which formed by several deposition techniques [14]. Among these structures, the
hexagonal wurtzite structure is the most common form and thus the most ther-
modynamically stable in the temperature range 200-900 °C [15]. The cubic phase
is less common and experiments in both powders or layers form are metastables
and converted to hexagonal C'dS phase [16]. The two most important crystalline
structures are the wutrzite and the zinc blende structures, the later are shown in
Fig. [I.I} Tt is well known that C'dS thin films may be exist in either cubic or
hexagonal phase or as a mixture of them depending on many factors including
deposition technique [18]. Both cubic and hexagonal phase of C'dS thin films were
observed using Close Spaced Sublimation (CSS) technique [19]. Ziabari et al [20]
obtained a mixed (cubic/hexagonal) crystal structure of C'dS thin films by sol-gel
method, whereas Ghosh et al. [21] have found a mixed phase of both cubic and
hexagonal structure in C'dS films produced by CBD.

Deposition of CdS using CBD is based on the slow release of Cd?" ions and
52~ jons in an aqueous alkaline bath and the subsequent condensation of these
ions on substrates suitably mounted in the bath. The slow release of Cd?* ions

is achieved by adding a complexing agent (ligand) to the Cd salt to form some



Figure 1.1: cubic (a) and hexagonal (b) structure of CdS

cadmium complex species which, upon dissociation, results in the release of small
concentrations of Cd** ions. The S?~ ions are supplied by the decomposition of
thiourea or sodium thiosulfate [5].

CdS films, which were deposited on glass substrates by the chemical bath de-
position in an aqueous alkaline bath, can have either a hexagonal structure [22,
23] or a cubic structure [24] or as a mixed structure of them, depending on the
condition in which the film is prepared [25, 26]. The amount of cubic phase in
a mixed film was always smaller than that of hexagonal one [14, 27, 28], hence
hexagonal structure is more stable than the cubic one. Relative to the cubic phase,
the hexagonal CdS thin film is more suitable to be n type window layer for CdTe
solar cells [29].

Generally it is hard to distinguish between the two structures cubic and hexago-
nal if their peaks appear at the angles (26.6 , 43.7 and 53.8°) [30, 31]. The diffrac-
tion pattern indicates indistinguishable difference in 2 theta value of hexagonal
phase (002) versus cubic (111), hexagonal structure (110) versus cubic (220) and
hexagonal structure (004) versus cubic (222) plane at the previously indicated an-
gles, often it makes unambiguous phase assignment between hexagonal versus cubic
phase challenging [32]. Unambiguous crystallographic planes and their diffraction

angles in the cubic and hexagonal structures of CdS are summarized below:
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Diffraction angle Hexagonal structure Cubic structure

26.6 002 111
43.8 110 220
53.7 004 222

Table 1.I: Unambiguous crystallographic planes and their diffraction angles in the
cubic and hexagonal structures of C'dS [32]

For CBD technique, it is known that there are two possible growth mecha-
nisms: (i) ion by ion process (heterogeneous process) and (ii) cluster by cluster
process ( homogeneous process), the first process leads to a pure hexagonal struc-
ture or mixed cubic and hexagonal however, the later process leads to a pure cubic
structure [33, 34]. Thereafter, the presence of the pure hexagonal phase in the
deposited CdS films suggests that the growth process is achieved through the ion
by ion mechanism growth rate of films emphasized that the low deposition rate is
achieved through ion by ion growth process [25].

Thiourea, SC(N H,)s, is the best known source of sulfide ions S?~ which is
widely used for the synthesis of metal sulfide films, its chemical properties and
decomposition mechanisms are well documented [35].

Ammonia commonly used as complex agent. The role of complexing agent is to
ensure the slow release of Cd?T and S?~ in the aqueous alkaline solution and the
subsequent condensation on a dropped substrate in the bath and to reduce or min-
imize the powder formation and precipitation by homogeneous reaction which do
not lead to deposited product. The effect of ammonia on chemical bath deposited
cadmium sulfide thin films is well described in literature [36, 37], while Munikr-
ishna Reddy et al [38] reported the influence of ammonia concentration varying
from 0.1 to 3.0 M. When 0.1 M of ammonia is added to the solution no film is
formed on the substrate even after a deposition time of over 3 hrs. However, when
the ammonia concentration is equal to or exceeds 2.5 M, nothing was deposited on
the substrates except much yellow powder was produced in the bath after CBD

deposition.
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Some researchers have noted that low ammonia concentration in solution leads
to CdS wurtzite phase formation because the Cd(OH )y will be clearly visible sus-
pension (not completely dissolve) [25]. Ximello-Quiebras et al [37] studied the
influence of thiourea concentration and found that the growth rate is faster when
the quantity of thiourea is much greater than cadmium chloride concentration in
the solution, and when the S/Cd ratio in the CBD bath is higher, the band gap
value also increases. Raniero et al [39] reported that during CBD deposition, the
growth rate increases with increase in temperature and cadmium salt concentra-
tion, and with decrease in thiourea concentration.

Effect of cadmium sources on chemical bath deposited CdS thin films is reported
in literature where different cadmium sources such as; cadmium sulfate, chloride,
iodide, acetate and nitrate have been used [5, 37, 39).

Extensive studies have been performed on CBD of CdS, most of these studies
were generally concentrated on deposition of CdS thin films by varying the con-
centration of cadmium salt, thiourea or ammonia in a narrow range, as well as
substrate quality and bath temperature too, their influences on the properties of
these films were reported [5, 39].

CdS thin films have been deposited on glass substrates by CBD method using an
aqueous solution of cadmium salt, ammonia and thiourea. The CdS thin film grown
from the solution consisting of iodides former has wurtzite structure, while that of
chlorides has zinc blend structure [40]. H. zhan et al [41] have indicated that the
structure of CdS film, obtained from chloride, transforms from cubic structure to
mixed cubic and hexagonal structure, by increasing the pH of the reaction solution.
The reason of this may be that when pH increases, large particles such as CdS and
Cd(OH), may be generated, which reduce CdS deposited on the substrate.

Ammonium salt is used to control OH~ concentration and stabilize the tetra
ammine complex ions. Consequently, CdS colloid formation is minimized, which is
the aim of all studies.

The stability of the complex also depends on temperature and pH of the reaction
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bath. Increasing the solution temperature will make the tetra ammine complex ions
less stable, thus increasing the free cadmium concentration may be achieved. One
effect of this is that the reaction rate is increased, cluster by cluster is believed to
occur, leading to difficulties in obtaining high quality CdS thin films [42]. Whereas
an increase in the PH value of the reaction bath generally makes the tetra ammine
complex ions more stable, which reduces the availability of free metal ions. This
will decrease the reaction rate resulting in higher terminal thickness.

A comprehensive study of the effect of cadmium sources on CBD of CdS thin
films is reported [24], four different cadmium sources; cadmium sulfate, chloride,
iodide, and acetate have been used while thiourea was used as sulfur precursor.
Ammonia was used as a complexing agent. Ammonium salt as N Hs buffer was
employed in each preparation to ensure a stable complex: when C'dSO, was used
as Cd source, (N Hy)2S0, was used as a buffer and when CdCly was used as Cd
source, N H,Cl was used as a buffer and so forth. All films were found to be cubic,
regardless of the Cd salt used.

The effect of annealing on the optical properties of CBD grown CdS thin films
has been studied by Narayanan et al [43], thermal annealing was found to remove
the present strain in the CdS thin films. A reduction in the optical band gap of the
films was showed, which was attributed to the cubic-hexagonal phase transition
caused by thermal annealing, since the later may cause a phase transition from
the cubic phase to the hexagonal phase [44]. The annealing process can improve
the crystallinity of the CdS films [42]. Further, several authors report that the
transition from this metastable cubic phase to the stable hexagonal phase occurs
approximately at 300 °C [45, 46]. For mixed structure annealing at 480 °C in air
preserves the hexagonal structure and transforms CdS cubic phase to CdO cubic
phase [18], while Chun et al [47] found that the hexagonal structure of CdS thin
films changes into cubic CdO after C'dC'l, heat treatment. Growth of the films will
be discussed below.

The C'dC', treatment of the films contain a mixture of cubic and hexagonal CdS
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structures is obviously strengthened the hexagonal phase [41]. This may because
C'dCl, treatment prevents the volatilization of Cd ion and ensure stoichiometric
ratio between Cd and S. Annealing thin films led to increasing in grain size and
reducing the crystal defects [14]. Also, thermal annealing affects the interplanar
distance of the CdS thin films, the change in the interplanar distance is similar
to that of the crystallite size with increasing annealing temperature [48]. It can
be concluded that annealing process changes the structural, optical and electrical
properties of the CdS films.

Ammonia N H3 which is the most commonly used as complexing agent [11, 49].
The volatilization of ammonia in the solution (accelerated when the water bath
temperature was improved) during film preparation [50] which led to reduce the
complexing ability of the complex agent and the pH solution will be altered during
film formation. Furthermore, and beside the cadmium toxicity, it is well known
the toxicity of ammonia (Ammonia in aqueous solution is irritating to the eyes,
skin and the respiratory and digestive systems, highly toxic to aquatic animals)
and therefore is classified as dangerous to the environment.

In order to avoid the toxicity effects and volatility during the deposition films of
CdS use of ethanolamine, as complexing agent instead of commonly used ammonia
with thiourea and C'dCly as source of S*~ and C'd** respectively, was preferred [23].
The obtained film exhibits a pure hexagonal structure with (101) as preferential
orientation. However, in CBD deposited CdS using ammonia as complexing agent
the preferential orientation is generally along (002) plane for the hexagonal struc-
ture or (111) plane for the cubic structure [51, 52]. While in the aim to overcome
the ammonia evaporation from the bath, reaction vessel was sealed with mercury
liquid seal [53].

Isaiah et al [36] reported the influence of ammonia concentration (0.2-0.9 M)
on C'dS film thickness. The thickness peaks at about 0.6 M of ammonia, it means
that the ammonia concentration of 0.6 M was sufficient to bind C'd?* into cadmium

tetra amine complex ions Cd(N Hz)3t needed for ion-by-ion mechanism leading to
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slow growth and maximizes film thickness. Their work also showed the relatively
feeble thickness at low ammonia concentration and decreases rapidly at higher
concentrations, by varying the ammonia concentration from 0.1 to 3.0 M the author
found that when 0.1 M of ammonia was added to the solution no film was formed
on the substrate even after a deposition time of over 3 hrs [54]. However, when
the ammonia concentration was equal to or exceeds 2.5 M, nothing was deposited
on the substrates except much yellow powder was produced in the bath after CBD
deposition.

Unlike other deposition methods, the growth rate in the CBD technique cannot
be kept constant during film deposition. The growth rate decays with time as the
concentrations of reactants in solution decrease. Q. Q liu et al [55] reported that,
after a steep, initial increase of the film growth rate, the growth reaches a maximum
and then decreases slowly, they also studied the influence of ammonia concentration
on the growth rate. Ortega-Borges and Lincot [56] studied the C'dS growth rate
dependence on Cd salt and found that the initial growth rate decreases in the order
CdCly, Cd(CH3COO)y, Cd(NOs3)s, CdSOy, Cdls.

The growth process appears to be strongly temperature dependent. An increase
of 10 °C, between 45 °C and 55 °C multiplies the growth rate by 2.5. At room
temperature, 20 °C, no deposition occurs within a few hours [57]. These results
corroborate the fact that atom-by-atom growth is favored by slow growth rate and
colloid formation by fast growth rate [36]. In general, the growth of good quality
semiconductor thin films proceeds at a slow rate.

The pH of the chemical solution determines the extent to which the metal com-
plex is formed and also is important in determining to what extent the undesirable
precipitation of cadmium hydroxide occurs. A higher pH (more alkaline) the rate
of deposition will generally increases (as the thiourea decomposition rate will be
increased), however increasing the reaction rate too far will increase the likelihood
of homogeneous deposition which will reduce the final film thickness [63]. When

the pH value of the reaction bath increases, the metal complex usually becomes
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more stable, reducing the availability of free metal ions. This will decrease the
reaction rate resulting in higher terminal thickness.

Often it is found that by moving too far away from an optimum pH a film
is no longer produced, either no reaction occurs, the reaction is homogenous or
cadmium hydroxide Cd(OH ), is precipitated rather than C'dS. Paul 0’ Brien et
all [58] reported that they succeeded in depositing C'dS thin films from an acidic
bath for the first time. The structure of the C'dS thin film obtained from acidic
bath was hexagonal [58]. Later et al [59] have deposited CdS hexagonal thin films
from different cadmium salts (CdSO, — CdCly — Cd(C H;COO),) by using acidic
chemical bath deposition process; in their work, thioacetamide(C H3C' SN Hs) was
used as complexing agent and thiourea as source of S?7, the pH values of the
solutions were adjusted to 4.9-5.1 by a diluted HCI solution. The film thickness
initially increases with an increase in the ionic concentration of the reactants.
However, at high concentration the precipitation becomes very fast, leading to
decrease in film thickness.

It was found that when C'dSO;, is used as a Cd source, the CdS film thickness
was higher than ones when Cd(C H3;COO)y or CdCly were used, they also reported
the least thickness when CdCly was used [60]. Effect of cadmium sources on
chemical bath deposited was studied leading to the same results [24]. The latter,
ranked the Cd salts based on the least film thickness, obtained from the lowest to
the highest, in the following order: CdSO,, Cd(CH3COQO)y, CdCly, Cdly. Using
CdSOy resulted in a much faster growth rate, this may indicate that the cluster
by cluster deposition dominated the deposition process and consequently resulted
in a much larger grain size. However, in the case of the other films, ion by ion
deposition dominated the deposition process and as a result a much smaller grain
size and thinner films were obtained [24]. Also Kitaev et al [61] reported that the
least thickness when C'dI; was used. Similar results were obtained in studying the
CdS growth rate by Ortega-Borges and Lincot [56] in which growth dependences on
the Cd salt. The grain size decreases in the order CdSOy, CdCly, Cd(C H3COO)s,,
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CdI, as reported [24].

The variation of the CdS film thickness according to the deposition time where
reported [61, 62] the authors have found that the film thickness is increased with
increasing time deposition, while other authors reported that the thickness reaches
a maximum at certain deposition time and then decreases as the deposition time
increases [63]. This trend in the CdS thickness may be explained by the desorption
and/or the dissolution process predominates over the heterogeneous and homoge-
neous precipitation, resulting in a decrease in the film thickness as reported.

The grain size of the CdS thin films with the film thickness, the temperature
solution and cadmium sources were undergone by several researchers. It initially
increases as the film thickness increases, and become nearly constant into its final
size [63]. Grain size increases with increasing the temperature solution [62] and
decreases in the order CdSOy4, CdCly, Cd(CH3COO)y. In general, as a result of
dominated deposition ion by ion the deposition process leads to much smaller grain

size and thinner films [24, 60].

1.2.2 Optical Properties

There are many optical properties, including the most well known: reflection,
refraction, transmission and absorption. CdS has been proved to be an ideal mate-
rial for use as the window layer in solar cells [65]. Mainly high transparency is one
of the requirements to be fulfilled by CdS thin films dedicated for this propose.

The optical properties are sensitive to the deposition parameters including the
used deposition technique. fig. Shows the typical transmittance spectra of
CdS thin films deposited by: (A) thermal evaporation [66], (B) chemical bath
deposition [24], (C) sputtering technique [67] and (D) electron beam evaporation
[68]. A part films deposited by chemical bath deposition are characterized by the
presence of interference fringe in their transmission spectra in the long wavelength
range, this fringes are rarely observed in transmission spectra of CBD films [69].

The interference fringes is a signature of the surface smoothness. The absence of
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these fringes in films deposited by CBD is due to the roughness of these films.
This indicates that films deposited by CBD have a rough surface by comparison to
films deposited by other techniques. On contrary to other II.VI semiconductors,
CdS thin films exhibit a specific feature which is characterized by the presence of
a shoulder in the optical transmittance spectra. This shoulder is present especially
in films prepared with CBD technique, fig. (B). This singularity behavior in
CdS thin films has been interpreted as an indication of disorder effects (disorder
in structure) [70] it has been also explained due to the phase duality of cubic and
hexagonal phase [28].

The optical transmittance decreases with increasing bath temperature. This
decrement can be explained by the increase of the film thickness, this trend is
climbed by many authors [71, 24]. The effect of cadmium and sulfur ion con-
centrations on the optical spectra of CdS films were studied. Sasikala et al [53]
observed that the transmittance of the film decreases with the increase in cadmium
ion concentration up to 0.8 M after which it starts increasing with further increase
in cadmium ion concentration.

The study of optical properties such as transmission is important in under-
standing the semiconductor thin films behavior. A fundamental property of semi-
conductors is band-gap energy. The later of the crystalline CdS material is phase
dependant which is reported equal to 2.4 eV in the cubic structure and 2.5 eV
in the hexagonal one [72]. Based on the literature, there are a lot of factors that
affect the band gap, such as bath temperature, particle size, concentrations of the
cadmium salt and thiourea. CdS band gap energy, as reported in literature [73], is
inverted to the temperature bath chemical. Other studies have found variations in
the band gap energy as a function of temperature, and they found that the lowest
Eg value was found to be at 60 °C [71] and 65 °C [62] while it increased beyond
and below that temperature [62, 71].

In their studies [60, 74], they found that when the concentrations of thiourea

or cadmium salt increases the grain size increases and the energy gap value was
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Figure 1.2: Typical transmittance spectra of CdS thin films deposited with different
techniques: (A) thermal evaporation, (B) chemical bath, (C) sputtering and (D)

electron beam evaporation [66, 24, 67, 68])

found to be decreases. Other studies have found variations in the energy gap as a

function of cadmium source [24, 74]. The dependence of band gap on particle size

in semiconductor nanocrystals has been extensively studied by L. E. Brus [75], the

author found that the decreasing particle size causes an increase in the band gap.

The decrease of the band gap may be produced by an increase in the structural

disorder induced by the change from cubic to hexagonal phase of C'dS [76], but with

annealing treatment the band gap of the C'dS film becomes narrower [77]. Table

[L.I} summarizes some properties of C'dS thin films and Cd and S ions sources.
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1.2.3 Compositional Analysis

Several techniques were used to estimate the composition of the CdS thin
films, such as electron dispersion X-Ray (EDX) was generally used to estimate the
rate S / Cd of the thin films, whereas some composition studies are performed with
Rutherford backscattering spectrometry (RBS) [24] or X-ray photoelectron spec-
troscopy (XPS) [34]. Using EDX analysis [90] found that the [S]/[Cd] atomic ratio
is 0.94 excess of cadmium in the deposited film is observed. The RBS data [24]
showed that when C'dCls is being used as Cd source results in highly stoichiometirc
films (S:Cd ratio=1:1) as well as C'dI, whereas more Cd was detected when CdSOy
and Cd(CH3COO), salts were used. The S:Cd ratio were found to increase in the
order CdSO,, Cd(CH3COO)s, Cdly and C'dCly. The excess of cadmium found by
many authors [24, 90], suggesting the presence of either sulphur vacancies or inter-
stitial Cd ions in the films acting as donors and resulting in carrier concentration
increase leading in a decrease in the resistivity. In contrary to the other deposition
techniques, films deposited with CBD are more stochiometric, the ratio in these
films is close to the unity. Even though the sulfur concentration was maintained
higher in the solution with a ratio S/Cd equal to 5. The S/Cd ratio in the films do
not exceed the unity [52, 91, 92]. In CBD technique the film grow, in a solution,
through the chemical reaction of Cd and S species.

The XPS composition analysis of CdS films showed that the films are mainly
composed of CdS with some cadmium oxide CdO, cadmium hydroxide Cd(OH ),
and water inclusion [34]. The S deficiency of the films corroborates the presence
of the cadmium oxide species absorption. The S profile is quite abrupt showing
that there is no sulfur diffusion in the under layer, while the Cd diffuses into the

(substrate) SiO9 during the CBD process.
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1.3 Swurvey on lead sulphide thin films:

1.3.1 Structural properties

Lead sulfide (PbS) belongs to IV-VI group and is an important semiconductor,
which has attracted much considerable attention owing to its special small direct
band gap (0.41 eV at room temperature) [93] and a relatively large exciton Bohr
radius 18 nm, with over 10° atoms [94], these two properties make these films very
suitable for infrared detection and solar cell applications [95]. The structure of PbS
thin films was indicated to be cubic face centered [95, 96]. PbS thin films usually
exhibit a p-type conduction, and their direct band gap can be varied in a wide
range. It can be widened to the visible region by forming nanocrystals [97]. This
material has been intensely researched since the 1950s due to its unique detection
properties in the IR domain [98], it’s also used in many fields such as solar cells,

solar absorbers, photoresistance, laser diodes and LED devices [99, 100].

Figure 1.3: Typical cubic structure of PbS

Historically, lead sulfide was the first compound to be deposited chemically.
In 1869, Puscher described a deposition process of PbS from a thiosulfate solution
[101]. Emerson-Reynolds [102] reported deposition of PbS films in 1884, while
in 1933 Bruckman [103] deposited PbS thin films by CBD technique. Presently,

PbS thin films can be prepared by different methods, such as vacuum deposition
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[104], electrochemical deposition [105], pulsed laser deposition [106], spray pyrrol-
ysis [107], sol-gel [2] chemical bath deposition [108], Among the different PbS
thin film fabrication methods, chemical bath deposition CBD techniques is a more
promising method than the others due to its low cost and high quality films [109].
In addition, toxic gases are not needed in the CBD method. The deposition of
PbS is based on the slow release of Pb?>T and S?~ ions in a solution, when the
ionic product of [Pb?*] and [S?7] ions exceed the solubility product of PbS (10728)
[110], the insoluble solid PbS will be produced either in solution or on the surface
of the substrate: Pb*T + S?~ — PbS.

The CBD of PbS thin films is based on the decomposition of thiourea (N HyC'SN Hs)
in an alkaline solution containing a lead salt. Thiourea is the most commonly used
as source of sulfide ions, which is widely used for the synthesis of metal sulfide
films. The main compounds used as source of Pb*TareleadacetatePb(CH3C00),
[97, 111] and lead nitrate [Pb(NOs)o] [99, 112].

According to solubility considerations, a precipitate will be formed when the
product of the concentrations of anions and cations exceeds the solubility product.
In addition, fast precipitation rate will result into no deposition on the substrates
[113]. Hence, in alkaline solution a complexing agent is needed to keep the metal
ion in solution and to prevent rapid bulk precipitation of the desired product. Using
a suitable complexing agent ensure the slow releases of Pb*" ions. Jana et al [114]
have used NaOH as complexing agent, while Chattarki et al have employed TEA in-
stead NaOH [111]. Polyethylenimine (PEI) have been used as complexing agent too
[115]. The sodium hydroxide (NaOH) with tri-sodium citrate (TSC),(CsH5 NazO~)
were used as complexing reagents [116].

The effect of various process parameters, such as deposition time, temperature,
concentration of species, pH etc., on the growth and quality of the films is stud-
ied experimentally. The optimization of these parameters leads to nanoparticles
with different size and shapes exhibiting different structural, optical and electri-

cal properties [117]. There have been many attempts to understand structural,
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morphological, optical and electrical PbS thin films properties.

PbS thin films prepared by CBD are reported to have a cubic centred structure
with a preferential orientation along (200) perpendicular in direction to the plane
of the substrate [95] and its intensity depends on deposition time [100]. While
Altiokka et al [118] have reported that the preferred crystallographic orientations
of the films obtained in absence of NaySOs are (200). Conversely, the preferred
crystallographic orientations of the films are (111) when the NaySOj is used as an
inhibitor. The films grow preferentially along (111) or (200) directions depending
on the molar concentration as reported [119, 120]. In the case of varying the
pH solution, the preferred orientation changed from (200) plane to (111) plane at
pH value 9 and the intensity of the peaks increased when the pH increased [121].
Preetha et al [121] reported that the intensity of the diffraction peaks increases
considerably with increasing molar concentration.

With different deposition time PbS thin films prepared by CBD technique, at
room temperature, reveal that the colors of the product changed from light grey
to dark grey with increasing deposition time. For all the obtained films generally
exhibit poor crystalline structure [116] because of abroad peak; the films have a
poor crystalline structure, and they are formed by the adsorption of PbS particles
and not ion- by-ion deposition [122]. It is also observed that the peaks became
sharper and having higher intensity with increasing deposition time or deposition
temperature, this effect can be related to the increase of both, thickness and grain
size of the PbS films, also it is reported that, the crystal size was increased as the
film thickness increased [123].

The thickness of the films was found to vary with the increase in deposition
time from 20 to 90 min, it was observed that the thickness increases with deposition
time up to (70) min related to what found in literature [124] and (60) min for others
[99]. Subsequently, a quasi saturation stage starts, the saturation can be related
to insufficient quantity of reactive species after that times and the deposition rate

decreases, resulting in a terminal thickness [99, 124]. From the studies carried out
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by Garcia-Valenzuela et al [125] where a large increase in immersion time from 4
to 20 h was realized, it can be noted that an increase in immersion time leads to an
increase in both, thickness and particle size of PbS thin films, which increases the
film roughness [126], and, therefore, this would result in a greater effective surface
area susceptible to oxidation by exposure to an alkaline aqueous medium and air.
Pentia et al [98] have reported that polycrystalline PbS films are usually p-type.

PbS thin films were deposited by traditional chemical bath deposition CBD and
CBD under UV radiation using a commercial UV-lamp (Photo CBD, or PCBD).
The influence of the UV light was determined, and it was found that PCBD gives a
significantly accelerated growth rate with decreasing the deposition time to attain
specific film thickness [127].

The key in CBD deposition is to control the reaction rate, so that they occur
slowly enough to allow progressive deposition on the substrate (ion-by-ion process)
[128]. Because the fast precipitation of PbS lowers the quality of the film layer
[128]. Hence, the rate of sulphide ion generation, and therefore reaction rate, can
be controlled through the pH variation. The addition of OH~ ions makes the
complex more stable. The metal ions are well arrested by the complex agent,
which controls the releasing rate of metal ions causing decrease in the reaction
rate and layer thickness. Therefore, the effect of pH was studied by many authors
[111, 121], where the variation of film thickness with pH is reported. It has been
observed that, the terminal thickness decreased continuously with the increasing
pH from 9 to 12.5, and that for low pH values (less than 10.5), the decrease in
growth rate was faster whereas, at higher pH values (more than 10.5) the growth
rate became less dependent on pH value [111].

By CBD method, the dimensions of the crystallites can be varied by controlling
deposition parameters: reaction time, temperature, pH, and presence of impurities
in the solution [129], Pentia et al [129] have used Hydroxylamine hydrochloride to
accelerate the chemical deposition reaction so that acceleration causes a decrease

in the size of the crystallites. The study carried out by Altiokka et al [118] showed
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that, the use of a sodium sulfite (NaS03) compound as an inhibitor decreases the
crystal size. Without an inhibitor, the reaction rate between Pb?*Tand S?~ ions is
relatively fast, which lowers the quality of the films layer. Therefore, an inhibitor
is required to slow down the precipitation rate. Other study indicates that there
is an increase in the grain size of the nanocrystals with temperature [125], similar
behavior has been noticed by Rath et al [130]. The results carried out by Raniero
[131] show that the thickness of the films was increased and the average grain size
increases almost linearly with the thickness.

In order to study the effect of the substrate, PbS layers have been deposited
chemically on Si, Ge and GaAs substrates from alkaline solutions and it is found
that the thickness of the layers strongly depends on the chemical nature of the
substrate. it is worth noting that the layers of PbS deposited on Ge and GaAs are

thicker than those deposited on Si but have a relatively small grain size [94].

1.3.2 Optical properties

The dependence of the band gap Eg on the PbS films was determined from the
optical transmission spectra. The spectral region most informative for determin-
ing the band gap from the optical spectra is the region, where the transmittance
exhibits a noticeable variation depending on the wavelength.

The transmittance spectra of PbS films with different thickness prepared at
55°C by Abbas et al [132] showed that for low wavelengths there is no transmission
because all the light is absorbed whereas for high wavelengths there are no appro-
priate electronic transitions so the transmission is high in this range, but it is not
100%, because of reflection in the same work and at 45°C the authors showed a
decrease in transmission wavelength with increasing the thickness, in other work
it was carried out which leads to a decrease in light scattering losses, which in
turn lowers the transmission [24, 133]. These results can be explained through
the film morphology, as the film thickness increases the grain size increases too,

as it is mentioned previously, the surface roughness increases with increasing grain
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size which led to decrease in transmission [133] which may be due to reflection
phenomenon.

The increased absorbance of the films with the thickness reveals the Beer-
Lambert low which can be explained by the effect that thicker films have more
atoms with more states which are available for the photon energy absorption [134].

The reflectance and transmittance are below 40% in the wavelength range of
300- 1800 nm [99]. This is due to diffuse reflections from the surface of the thin
films. A non-linear relationship between CBD deposition time and absorbance on
as-deposited PbS films for varied deposition times has been observed by Amusan
et al [135]. while Abbas et al [132] have characterized nano-crystalline PbS thin
films synthesized by CBD with different thicknesses and have reported that all the
films have low transmittance in region below 400 nm. Thereafter, the transmission
increases with increasing wavelength towards the NIR regions. It should be em-
phasized that as the deposition time increases the transparency window decreases,
due to the increasing thickness with time.

It was reported by Obaid et al [120] that the presence of both Pb and S elements
and that the Pb:S ratio increases from 0.894 for the lower molar concentration to
reach a steady value around 1.057 for higher molarity, the absorption for thin films
with high molar concentrations is much higher than that for lower molar concentra-
tion. The absorption decreases for all samples with increasing wavelength, whereas
the energy band gap was found to vary in a very narrow range 0.40 - 0.47 eV due
to the increase in the grain size with increasing molar concentration, while in other
work Obaid et al [119] have found that Pb:S ratio varies from 0.71 to 0.85 and that
the value of Eg decreases from 2.35 to 1.59 eV with increasing molar concentration.
It is worth noting that an increase in the band gap of the semiconductor with a
decrease in the particle size was observed by Wang et al [136].

It was observed from the study of Mousa et al [137] that the band gaps decrease
with increasing in pH bath. This decrease in band gap causes a strong red shift

in the optical spectra, due to agglomeration of the nanocrystallites into larger
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crystallites, similar behavior was indicated by Preetha et al [121] and have obtained
band gaps in the range of 0.99 - 1.84 eV, which decrease with increase in pH.
Tohidi et al [138] synthesized high quality PbS thin films on glass substrate from
two different baths compositions. One of them (bath-I) contained an aqueous
solution of lead acetate, thiourea, sodium hydroxide, and the second (bath-IT) had
additional triethanolamine. The introduction of triethanolamine in second bath
solution reduced the grain size and increased the optical band gap of the PbS
nanoparticles

The dependence of the optical band gap with different deposition times was
studied by Gode et al [116] where it was found that the optical band gap decreased
from 2.65 eV to 2.50 eV with increasing deposition time. While Pawar et al [124]
reported that the band gap energy of PbS films is varied from 2.06 to 0.99 eV,
with deposition time. Garcia et al [125] have found Eg equal to 0.93 and 0.87 eV,
for the PbS thin films deposited during 4 and 20 h of reaction, respectively.

Additional PbS was deposited by immersing the glass/PbS samples into fresh
solution. This result suggests that one-step films are too thin to provide a good
absorption of the incident radiation, while three-step films contain an excessive
concentration of Pb clusters on the surface, that would lead to a high reflectance,
decreasing the spectral response, but the one deposited with two CBD steps ex-
hibits the best spectral response at the wavelength of 2646 nm [139].

Regarding annealing, researchers observed that thermal treating process
has its effect on the rate of PbS thin films absorptivety and consequently influence
the optical characterizations of chemically deposited PbS [140, 141]. Thangavel et
al [142] have reported that annealing of PbS films leads to a trivial loss in sulfur,
and a small shift (0.2%) in the position of all the peaks toward lower 26 values
was noticed. Abbas et al [123] have found that the highest absorbance values are
obtained from the annealed films at 150 and 200°C for films prepared at 55°C
with 980 and 1000 nm thickness respectively. In addition, the Fg values were

increased with increasing annealing temperature. Similar behavior was indicated
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by Ezema et al [143] who assumed that high absorbtivity obtained in annealed
samples may be resulted from minimizing the defects in PbS crystalline structure

through annealing.
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Chapter 2

Films deposition and

characterization

This chapter gives a detailed description of the techniques which will be used for
the preparation and characterization of cadmium sulphide and lead sulphide thin
films in this thesis. As stated earlier, the technique used for sample preparation
was (CBD) for both CdS and PbS.

In the first part of this chapter, historical development and basic principles of
the chemical bath deposition technique are explained in some details, after having
given, in the beginning, an insight on the thin film materials. The second part

deals with detailed description of different analytical techniques used.

2.1 Thin film materials

Thin film is defined as a material created by the random nucleation and growth
processes of individually condensing/reacting atomic/ionic/molecular species on a
solid support called substrate [1]. Thin films encompass a considerable thickness
range, varying from few nanometers to micrometer. Thin films have very interest-
ing properties that are quite different from those of the bulk materials from which
they are made of. As the film becomes thinner, the surface properties become more

important than the bulk. The other cause of interest is the miniaturization of el-
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ements which is useful for electronic thin film devices. The structural, chemical,
metallurgical and physical properties of such materials are strongly dependent on
a number of deposition parameters, thickness, crystalline orientation and also the
deposition technique [1]. The atomistic random nucleation and growth processes
give new exotic properties to thin film materials [2]. These properties can be con-

trolled and reproduced by precisely modulating a range of deposition parameters

1].

2.2 Thin deposition

Methods of preparing thin films may be divided into:

e Physical methods are classified into (1) thermal evaporation (2) electron
beam evaporation (3) molecular beam epitaxy (4) activated reactive evap-
oration (5) ion plating and (6) Sputtering and so on ... Such methods, where
the films are formed by condensation of incoming species on the substrate,
are called solid sources. The physical methods involve expensive tools and

high vacuum to deposit the films.

e Chemical methods include (1) chemical bath deposition (2) chemical vapor
deposition (3) spray pyrolysis (4) electro deposition (5) anodisation (6) so-
lution growth and (7) screen printing and so on ...Such methods, where
the films are formed by chemical reaction between incoming species on the

substrate, use gas and liquid sources and they are simple and inexpensive.

Indeed there no standard deposition technique that can be used in different
situation. Any application requires some specific properties. Each of the above
mentioned methods has its own advantages and disadvantages. We will restrict
our discussion only to the method which we have used in this thesis. For the

preparation of films chemical bath deposition technique (CBD) has been employed.
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2.3 Chemical bath deposition technique

Chemical bath deposition (CBD) is a simple and low cost technique as no
elaborate arrangement is required, with a beaker containing the reaction bath
and glass slides dipped in it onto which the layer will be deposited. It is to be
specifically noted that the deposition is usually carried out at atmospheric pressure
and at relatively low temperature therefore, is known as earlier as 1835 [3]. Liebeg
reported the first deposition in 1835 of silver by chemical solution - the silver mirror
deposition- [4]. Some decades later, the first use of this technique to produce
compound semiconducting films (PbS, CusS, SbS) for decoration (lustrous colors)
have been reported [3]. Deposition of PbS films by reaction between thiourea and
lead tartrate has been reported [5]. For a long time, CBD was essentially limited to
PbS and PbSe. It was not until the 1960s that deposition of the CBD chalcogenides
in particular C'dS, was explicitly reported [6]. Moreover, the formation of C'dSe
and ZnSe were reported in the early 1970s [7]. As early as; 1982 Chopra et
al [8] indicated that approximately 20 different non-metallic materials had been
synthesized by C'BD. The number of known materials now exceeds 50, most
of which are semiconductors, the number of possible materials to be produced
through this technique is bound to be multiply in subsequent years [9]. CBD have
received an important impetus after C'dS films deposited by this technique on
CdTe and latter on CulnSe2 absorbers were shown to give superior photovoltaic
cells performance compared with the previously evaporated C'dS [3, 10]. Nowadays
CBD is universally used to form the C'dS layer on both C'dTe and CulnSe, thin
film photovoltaic cells [10]. So to conclude the history of CBD technique. The
scope of this technique in the field of photovoltaic is immense. This can form the
most ideal technique for the production of large area thin films required for solar
energy applications.

A thin film deposition technique involves three steps [8]:

e First step: Production of appropriate atomic/molecular/ionic species.
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e Second step: Transportation of the unit species through a medium, (e.g.

Liquid) to a substrate.
e Third step: Condensation of the unit species up on a substrate.

In principle, CBD can be used to deposit any compound that satisfies the

following four basic requirements [3]:

e It should be possible to create the compound by simple precipitation. This
generally, although not exclusively, refers to the formation of a stoichiometric

compound formed by ionic reaction.

e The compound should be relatively (and preferably highly) insoluble in the

solution used.
e The compound should be chemically stable in the solution.

e If the reaction proceeds via the free anion, then this anion should be slowly
generated (to prevent sudden precipitation). If the reaction is of the complex-
decomposition type, then decomposition of the metal complex should simi-

larly occur slowly.

The main disadvantage of the chemical bath deposition is the wastage of the
material due to the deposition on the walls of the container and precipitation into
the solution. Preparation of the films with a definite geometric pattern on the
substrate is difficult because perfect masking is not possible. The quality of the
film deposited depends on the bath parameters like temperature, time of deposition,

concentration of the reactants and the pH of the chemical bath [11].

2.4 Principle of (CBD) technique

All precipitation reactions are based on relative solubility of the product in the

reaction bath. At a given temperature the formation of solid particles inside a
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solution occurs only if the ionic product (IP) of reactants in the solution exceeds
the solubility product (Kgp) of the solid (final solid product) [12]. Whereas if the
ionic product is less than the solubility product, then the solid phase produced
will dissolve back to the solution. From another viewpoint, phase transformation
occurs when the free energy of the new phase is lower than that of the initial
(metastable) phase [3].

The solid product may be formed by two ways:

(i) Formation of a precipate (powder) in the solution, this process is called ho-

mogeneous process.

(ii) Formation of a deposit on solid surface (substrate or the vessel walls), this

process is called heterogeneous process.

Usually both these processes are concurrent and are present in the same time
but with different rates [13, 14]. The predominance of one mechanism over the
other is governed by the extent of heterogeneous and homogeneous nucleation, by
picking out the experimental conditions favoring one process rather than the other
[14, 15]. The heterogeneous process forms the basic principle behind any chemical
deposition process. Or in other words, the principle of CBD technique is to control
the chemical reaction so as to effect the deposition of a thin film by precipitation
(heterogeneous process). CBD mechanism can happen by four ways exemplified as

follows [16].

2.5 Mechanism of the (CBD) process

There are four ways by which the growth of the films in the CBD technique

can proceed and have been briefly described below.
1. The simple ion-by-ion mechanism.

2. The simple cluster-by-cluster (Hydroxide cluster) mechanism.
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3. The complex decomposition ion-by-ion mechanism.

4. The complex decomposition cluster mechanism.

2.5.1 The simple ion-by-ion mechanism

The ion-by-ion mechanism is the simplest mechanism, and occurs by sequential
ionic reactions. The principle of this mechanism is explained with the example of

CdS, and is given by the ionic reaction:

Cd** + S*~ — CdS (2.1)

It is well known that the deposition of C'dS occurs when the ionic product of
[Cd*"] and [S?7] exceeds the solubility product (K,) of CdS. Even though the
solubility product is very low about (8.1072" at 25°C') [17], the precipitation of
CdS takes place easily.

In order to avoid massive precipitation, the preparation of C'dS thin films is
based on the slow release of C'd** and S?~ in the solution. The ionic product of
Cd?T and S? is desired to just barely exceed the solubility product of CdS and in
this case, the nucleation and growth of C'dS films will be ion-by-ion condensation
[11]. Slow release of the C'd** ions can be achieved by the dissociation of a complex
species of cadmium. The S?~ ions can be prepared by decomposition of thiourea
in alkaline solution (the most common case).

Fig. Shows the schematic diagram showing the probable steps involved in

the ion-by-ion mechanism for the case of C'dS.
A: Diffusion of S and C'd ions onto the substrate.
B: Formation of C'dS nuclei facilitated by the substrate.

C: Growth of the C'dS nuclei by adsorption of Cd and S ions from the solution

while new CdS are nucleated.
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D: Continued growth of C'dS crystals which adhere to each other through van

der- Waals forces or possibly by chemical interactions. Adapted from [3].
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Figure 2.1: Schematic diagram showing the probable steps involved in the ion-by-
ion mechanism for the case of CdS.

Since the S?~ is more electronegative than C'd** in the form of C'dS it would
theoretically form a temporary dipole of negative charge. This negatively charged
cloud would be at the extremity of the interatomic bond length, attracting cad-
mium and sulfur ions as seen below in Fig[2.2l The adhesion of solid C'dS to the
substrate is generally, due to wander Waals forces. In Some Cases, chemical and

electrostatic interactions between ions and substrate are possible.

2.5.2 The simple cluster by cluster (Hydroxide cluster)

mechanism

Usually during the CBD process, complexation of the C'd was necessary to
prevent C'd(OH ), precipitation, which would impede the growth of C'dS thin films.
However, very often Cd(OH ), (metal hydroxides in general) also play a role as
reaction intermediates in the CBD process. The formation of metal hydroxide
is hard to avoid under experimental conditions despite the presence of complex-
forming agents [18]. These hydroxide colloidal particles adsorbed onto the substrate

react with free S*~ ions slowly generated from the decomposition of thiourea in
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Figure 2.2: Representation of the influence of increased impinging ion concentration
of Cd** and S*~.

the solution resulting in displacement of hydroxide by these free S?>~ ions. The

CdS then is formed.

Cd** +20H~ — Cd(OH), (2.2)

Followed by:

Cd(OH)y + S* — CdS +20H"~ (2.3)

Such displacement reaction can occurs both on the substrate and in the solution,
and continues until most of the hydroxide converts into sulphide [19]. Studies on
the kinetics of Cd(OH ), transformation to C'dS in aqueous thiourea solutions using
N Hj as complex forming agent showed that the relative content of Cd(OH); in the
precipitate decreases while that of C'dS increases with deposition time [20]. In this
case, sulphide formation will occur preferentially at the surface of the hydroxide
rather than nucleate separately in the solution.

On other hand exchange reaction (2 — 2,2 — 3) occurs and CdS is formed
because the solubility product of CdS (Ksp is 8.10727) is much smaller than that
for Cd(OH), (2,2.10714).

Fig. Shows the schematic diagram showing the probable steps involved in
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cluster mechanism (hydroxide, colloidal) of film formation on substrate for the case

of C'dS.

e Diffusion of Cd(OH), colloidal particles towards the substrate; adsorption of

particles.
e Interaction of particles with S?~ ions

e Exchange of hydroxide ions by sulfide ions proceeds on the substrate surface

and in bulk solution

e Reaction continues until most of the hydroxide is converted to sulphide

C'dS particles adhere to each other and form an aggregated film. Non adsorbed

particles will also aggregate and precipitate out of the solution.
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Figure 2.3: Cluster (hydroxide, colloidal) mechanism of CdS film formation on
substrate.

2.5.3 The complex decomposition ion-by-ion mechanism

This mechanism has been suggested in the case of strong complexation between
the chalcogen compound and the metal ion. Consider the complexation of a free

Cd?* ion by thiourea to give a C'd- thiourea complex-ion:

(NHy)2C'S + Cd** —s [(NHy)oC'S — Cd)** (2.4)
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Then hydrolyze by breaking the S — C bond to form C'dS:
[((NH),CS — Cd)*" +20H~ — CdS + CNyH, + 2H,0 (2.5)

2.5.4 The complex decomposition cluster mechanism

The basis of this mechanism is that a solid phase is formed but, instead of
reacting directly with the free anion, it forms an intermediate complex with the

“anion-forming” reagent for the example of C'dS, this would be given as:

[Cd(OH )s|,[cluster|+ (N Hs)2:CS| — [Cd(OH )31 —(OH)y—Cd—S—C(NHs)s
(2.6)
Where C'd(OH )j is one molecule in the solid-phase cluster.

[Cd(OH)Q]n_l_(OH)Q_Cd_S_C(NHQ)Q — [Cd(OH)Q]n_lcdS+CN2H2+2HQO
(2.7)
which continues until conversion of all the Cd(OH ), to CdS.

2.6 Deposition kinetics

Regarding the time taken for a deposition, some depositions can be completed
in a few minutes or less, while others can proceed for days and still be far from
termination. In kinetic studies on the growth of CBD films, there are three definite
regimes: induction, growth and termination. Fig. presents the curve of an

arbitrary thin film thickness as a function of deposition time using C'BD technique.

e Induction (often called incubation) period: An induction regime at the be-
ginning of the process indicates that no clearly observable growth occurs due

to initial nuclei in solution.
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Figure 2.4: Variation of film thickness as a function of deposition time using CBD
technique.
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e Growth phase: The main phase of the reaction, in which ideal growth is

achieved.

e Termination: Stage at which the reagent becomes depleted and the reaction
begins to slow down and eventually stops. Films thicker than the terminal

thickness may be obtained by repeated deposition.

CdS in solutions of SC(N Hy), forms much more slowly than in the solution
of NayS containing. For instance, the formation of CdS using NayS at room
temperature is observed a few seconds after the beginning of the reaction (cf.a few
minutes for solutions of SC(N Hz)s) [18].

The terminal thickness depends largely on the deposition parameters. For a
normal CBD reaction, if precipitation occurs homogeneously in solution, then that
precipitate is lost for film deposition, with resulting reduction in terminal thickness.
Therefore, the ion-by-ion process, with its lesser tendency for homogeneous precip-
itation, will usually result in a larger terminal thickness than the cluster process,
for comparable initial reactant concentrations. Films thicker than the terminal

thickness may be obtained by repeated deposition.
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2.7 Thin films preparation

The goal of the present study is the deposition of C'dS and PbS thin films by
chemical bath deposition technique and characterization of the obtained thin films.
Influence of different parameters related to CBD technique will investigated. Brief
description of thin films preparations will be given, and then various characteriza-

tion techniques used in this thesis will be presented in the following sections.

2.7.1 Elaboration of PbS and (CdS thin films

There have been a variety of methods reported in literature to prepare the
binary sulphide thin films. Amongst all, the C'BD process is the most attractive
method to grow the films due to easy control of parameters, ability to prepare the
films at relatively low temperatures. In this work, C'dS and PbS thin films were
prepared by the C'BD process.

2.7.2 Growth of CdS thin films
2.7.2.1 (CdS thin films elaboration

In this study, cadmium carbonate (CdCOs) and thiourea SC(N Hs), were used
as source of C'd*T and S?~ respectively, ammonium hydroxide 27% (N Hs, H,O)
was used as complexing agent. C'dS thin films were grown on ordinary microscope
glass slides (ref 217102) having dimension (75mm x 25mm x 1.1mm), were used as
the substrate as they are very cheap and easily available. Before deposition, glass
substrates were cleaned in acetone and distilled water, respectively.

Two sets of samples were prepared. In each set only one parameter is varied
while the rest of parameters were fixed. 50ml of solution was prepared at room tem-
perature, which was composed of 0.0015M cadmium carbonate (C'dCOs), 0.005M
thiourea (C'S(N Hs)z), 0.5m! ammonium hydroxide 27%(N Hs, H,O) and distilled
water, for better dissolution of C'dCOs, a few drops of sulphuric acid were added

for the first sets of the films. In Table. we have summarized the deposition
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parameters of the first series deposited films where we have varied the deposition
time. In Table. we have summarized the deposition parameters of the sec-
ond set where, we have changed the quantity of sulphuric acid added and we have
varied the deposition time. The mixture was stirred during 30 min to obtain a ho-
mogeneous solution. Just after immersing the substrate vertically in the bath, the
solution temperature was fixed at 55°C". In typical conditions, only one substrate
was used, that’s what we have done. Experiments were carried out in a commercial
electrical oven. The stirring was halted for the entire duration of deposition. C'dS
thin films were deposited with four deposition times for the first series of 30, 45, 60
and 90 min and are abbreviated as C'dSsy, C'dSys, C'dSgy and C'dSyy respectively.
While for the second series 15, 30, 60, 90 min and are abbreviated as C'dS;, CdS,,
CdS3 and CdSy respectively. After the specified period of time, the deposited thin
films were removed from the solution and were cleaned in distilled water to remove
the loosely adhered C'dS particles on the film followed by air drying. Very smooth

and uniform coatings of C'dS are formed.

CdCO3 Thiourea ammonium Deposition Bath
Sample molarity molarity  hydroxide time (min) Temperature

(mol/1)  (mol/l)  27% (ml) (°C)
C'dSs 0.03 0.1 0.5 30 %)
CdSys 0.03 0.1 0.5 45 5%}
C'dSe 0.03 0.1 0.5 60 25
C'dSyo 0.03 0.1 0.5 90 55

Table 2.I: Deposition parameters of the first series of C'dS samples

2.7.2.2 Chemical reactions and solution preparation

In order to have an insight on the chemical reactions leading to CdS thin
films formation, two solutions were prepared separately, (i) solution A (0.0015 M
Cadmium carbonate (C'dCOs3), a few drops of sulphuric acid and distilled water)
and (ii) solution B (A+ 0.5 ml ammonium hydroxide 27%). In conical flask the
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CdCO3 Thiourea ammonium Deposition Bath Sulphuric
Sample molarity molarity  hydroxide time (min) Temperature acid
(mol/1)  (mol/1)  27% (ml) (°C) (ml)
CdS, 0.03 0.1 0.5 15 55 3
CdS, 0.03 0.1 0.5 30 55 3
CdSs 0.03 0.1 0.5 60 55 3
CdS, 0.03 0.1 0.5 90 95 3

Table 2.I1: Deposition parameters of the second series of C'dS samples

two solutions were constantly stirred for 30 min, and then the precipitates were
filtered out and calcined under air condition. (iii) C' solution is prepared by mixing
ammonia with thiourea. In table we have summarized the component of the
solutions A, B and C. To investigate the calcined product, rest of both A and
B solutions, and C' solution, Fourier transform infrared (F7TIR) measurements
were carried out using (Shimadzu, model IR AfinAnity-1) working in the range

(400-4000 em™1).

Solution Cadmium Sulphuric  hydroxide (ml) Thiourea
carbonate (mol) acid hydroxide (ml)  (mol)

A 0.0015 few drops - -
B 0.0015 few drops 0.5 -
C - - 0.5 0.005

Table 2.111: The component of the solutions A, B and C' (volume of each solution
was 50 ml)

2.7.3 Growth of PbS thin films

Deposition parameters especially concentrations and period of deposition were
varied to optimize them. The range of optimum concentration of the lead nitrate
used is (0.01, 0.05, 0.075, and 0.10) mol/l. While the optimum period of deposition
times were (30, 45, 60 and 90) min. Ordinary microscope glass slides (ref 217102)

having dimension (75mm x 25mm x 1.1mm), have been used as substrates. These
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glass slides were cleaned in acetone and with distilled water before use.

2.7.3.1 Effect of deposition time

The previously cleaned substrates were vertically dipped into a 50 ml beaker,
containing an aqueous solution of 0.025 M lead nitrate (Pb(NOs3)2. 3H50), 0.005
M thiourea (N H,C'SN H,) were used as precursors for Pb** and S?~ respectively,
in addition 2,5 ml triethanolamine (TEA) served as complexing agent. In Table.
2.IV] we have summarized the deposition parameters of the first set, where we have
varied the deposition time. The solutions were prepared in distilled water. The
prepared solution was stirred with the help of homogenizer for around 20 min. The
stirring was halted for the whole period of deposition. All the depositions process
were made at constant temperature around 55°C'. To optimize the deposition time,
the PbS thin films were deposited for different deposition times (30, 45, 60, 75 and
90 min), at constant temperature of 55°C' and are abbreviated as PbSs, PbSys,
PbSgp, and PbSyy respectively. As in typical conditions, only one substrate was
used. The beaker with the reactive solution was placed in a commercial electrical
oven. After the deposition, the deposited films were rinsed with distilled water to
remove the loosely adhered PbS particles on the film and finally dried in air. The
as-deposited films were found to be uniform, specularly reflective (mirror-like) to

the glass substrates.

Sample Pb (NO3)2 Thiourea Triethanolamine Deposition Bath
molarity (mol/l) molarity (mol/1) TEA (ml) time (min) temp. (°C)
PbSsg 0.025 0.1 2.5 30 55
PbSys 0.025 0.1 2.5 45 55
PbSgo 0.025 0.1 2.5 60 55
PbSyq 0.025 0.1 2.5 90 55

Table 2.IV: : Deposition parameters of the first series of PbS samples
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2.7.3.2 Effect of lead concentration:

The optimum concentrations of the lead nitrate [Pb(NOs)s]used in this work
were (0.01, 0.05, 0.075, and 0.10) mol/l. while the rest of parameters were fixed,
the bath solution is fixed at 55°C' and the deposition time was 60 min. In tables
2.V] We have summarized the deposition parameters of the second set where we

have varied the lead salt molarity used as source of lead.

Sample Pb (NOs)s Thiourea Triethanolamine Deposition Bath
molarity (mol/l) molarity (mol/l) TEA (ml) time (min) temp. (°C)
PbS; 0.01 0.1 2.5 60 55
PbS, 0.05 0.1 2.5 60 55
PbSs 0.075 0.1 2.5 60 55
PbS, 0.1 0.1 2.5 60 55

Table 2.V: : Deposition parameters of the second series of PbS samples

2.8 Films Characterization

Several techniques were used for the structural, morphological and optical char-

acterization of the films, these techniques are described below:

2.8.1 Structural properties
2.8.1.1 X-ray diffraction (XRD)

X-ray diffractometry (XRD) is one of the most useful characterization methods
as it can provide a great deal of information about the film without requiring much
sample preparation [21]. X-ray diffraction (XRD) can be used to:

* Study the crystallograoghic properties of the thin films prepared;
* Evaluate the orientation of the crystallites in a sample and the crystalline quality;

* Determine the crystallite sizes
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Compared with ordinary chemical analysis the diffraction method has the ad-
vantage that it is much faster and is non-destructive [22]. A given substance
always produces a characteristic X-ray diffraction pattern whether that substance
is present in the pure state or as one constituent of a mixture of substances. The
particular advantage of X-ray diffraction analysis is that it discloses the presence
of a substance and not in terms of its constituent chemical elements. The basic law
involved in the diffraction method of structural analysis is the Bragg’s law. When
monochromatic X-rays impinge upon the atoms in a crystal lattice, each atom acts
as a source of scattering. The crystal lattice acts as series of parallel reflecting
planes. Two beams with identical wavelength and phase approach a crystalline
solid and are scattered off two different atoms within it. Path difference between

two rays reflected from adjoining planes is:
2d sin(6)

The intensity of the reflected beam at certain angles will be maximum (Construc-
tive interference) when the path difference between two reflected waves from two
different planes is an integral multiple of the wavelength of the radiation A. This

condition is called Bragg’s law and is given by the relation [23]:

n\ = thklsiné (28)

where d is the spacing between the atomic consecutive parallel planes in the
crystal, hkl are the miller indices, A is the wavelength of the X-rays, 6 the scat-
tering angle and n an integer. Constructive interference will occur when the path
difference for X-rays reflected in parallel atomic planes is a whole number of wave-
lengths, fig. shows Bragg diffraction.

A diffraction pattern is obtained by measuring the intensity of scattered waves
from a sample as a function of scattering angle. Very strong intensities known
as Bragg peaks are obtained in the diffraction pattern at the points where the

scattering angles satisfy Bragg condition. X-ray diffraction studies gives a whole
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Figure 2.5: Bragg diffraction

range of information about the crystal structure, orientation and average crystalline
size of the films. The diffraction patterns obtained experimentally of the sample
are compared with the standard patterns of the likely elements and compounds
present in the sample. Based on this comparison conclusions can be drawn about

crystal structure and orientation of the sample.

2.8.1.2 Sample analysis conditions by DRX

In the present work, the measurements were carried out using X-ray diffrac-
tometer (XPERT-PRO X-ray diffractometer system), with Cu — K« radiation
A = 1.54060 A and energy incidence 40 kv, 40 mA). Angle scanning (26) value was
between (20 — 70°). By comparing with the established JCBDS data (JCPDS No:
77 - 2306), the phases of the films were identified and the peaks in the patterns

were indexed.

2.8.1.3 Determination of structural properties

Determination of grain size and lattice parameters:
From the X-ray diffraction pattern, the width generated in a peak which known
as full width at half maximum (FW H M) can be used to calculate the mean crys-

tallites sizes of the film in a direction perpendicular to the respective (hkl) planes
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by using the Scherrers formula [24], which is given as:

09X
~ Bcos(0)
Here, D is the average grain size, A is the wavelength of the X-ray radiation, g

is the full width at half-maximum intensity of the peak (FMW H) in radians and

(2.9)

6 is the angle of diffraction. (Or the complement of the angle of incidence) [25].

Figure 2.6: Full width at half maximum (FWHM)of an arbitrary peak
The possible interplanar spacing defined by the indices (hkl) are determined

by the shape of the unit cell. Rewriting Bragg’s law we get :

A
2dp

sin(@hkl) = (210)

Therefore the possible (26) values where we can have reflections are determined by
the unit cell dimensions. Experimentally, the Bragg law can be utilized by using
X-rays of known wavelength (\) and measuring (), we can determine the spacing
(d) of various planes in a crystal.

The lattice parameter values for different crystallographic systems can be calcu-
lated from the following equations using the (hkl) parameters and the interplanar

spacing d [25].
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Cubic system,

F A — (2.11)
Hexagonal system,
1 4 (h*+hk+ kK I
S e b — 2.12
3 ( a? ) * c? (2.12)

where a and c are the lattice constants, hkl are the miller indices. dp; is the
interplanar spacing between the different lattice planes.

Determination of deformations:

A perfect crystal is an idealization; there is no such thing in nature. Atom
arrangements in real materials do not follow perfect crystalline patterns. Nonethe-
less, most of the materials that are useful in engineering are crystalline to a very
good approximation. The XRD method can be used to analyze structural defects
such as microstrain and dislocation density. The knowledge of such parameters
especially for new materials are important prior to their technical applications The
micro strain (e), average stress (S) and the dislocation density () of thin films can

be calculated by using the relations [26]:

~ )Y
S = % (2.13)
€= BCZSQ (2.14)
5= % (2.15)

Where a and aq are the lattice parametres of the thin film samples and bulk
samples respectively, Y and o are the Young’s modulus and Poisson’s ratio of the
bulk sample respectively. For PbS, the value of Y and : ¢ are respectively 70.2
GPa and 0.28 [27].

Texture Coefficient:
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Crystallographic texture in thin films, i.e. the preferred orientation of particular
crystal planes relative to the film substrate, is a common and frequently useful
phenomenon. The texture coefficient (T'C') represents the texture of the particular
plane, deviation of which from unity implies the preferred growth [28]. The (T'C)

of the samples can be calculated by using the relations [26]:

I(hkl)

To (hkl)
I(hkl)
To (hkl)

TC(hkl) = x 100 (2.16)

2.8.2 Optical Properties

Optical properties of the molecules provide perception into their band gap size
and shape. The energy of photons from the visible to the near ultraviolet region can
excite electrons from the valence band to the conduction band of a semiconductor
material. The absorption of photon energy equal or more than the band gap of
the semiconductor induces a photoexcitation, while transmittance can be defined
as the fraction of light of a given wavelength incident to a material that passes
through that material. Fig 2.7} presents the transmission curve of an arbitrary
transparent thin film semiconductor. Incident photons with energies hv > E,; are
absorbed, this absorption determined by the properties of the film (e.g. thickness
& impurities), since there are numerous valence band electrons and the conduc-
tion band contains many empty states into which these electrons can be excited.
A photon with energy hv < E; is unable to excite a valence band electron to the
conduction band, and as consequence they are transmitted, this explains why some
semiconductors are transparent in certain wavelength ranges. Thus, for pure (in-
trinsic) semiconductors. There is negligible absorption of photons with hv < E,, a
photon will be absorbed only if there are available energy states in the forbidden
band gap due to chemical impurities or physical defects, this process is called ex-
trinsic transition. That is what we can see in fig 2.7 in the case where (A > 6 nm).
In fig the region with the greatest rate of change of transmission (i.e. o — [3)

is associated with photon absorption by the intrinsic band gap, this material is
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transparent in certain wavelength ranges (i.e. A > § nm) and opaque at the band

edge (i.e. A < @ nm).

—~p Eg - hv<Eg
)
= |
R
!
£ hv>Eg
o B
200 300 400 500 600 700 200 900

Wavelength (1) Incr.
Incr. Energy (ev)

Figure 2.7: Presents the transmission curve of an arbitrary transparent thin film
semiconductor

Much of the information about the properties of materials is obtained when
they interact with electromagnetic radiation. When a beam of light (photons) is
incident on a material, there is some predictable absorption, determined by the
properties of the material. There is a dependence of the ratio of transmitted to
incident photon intensity that depends on the thickness of the material and photon

wavelength. The Lambert-Beer-Bouguer law [7-9] expresses this dependence:

I = lyexp(—ad) (2.17)

where, [ is the intensity of transmitted beam after passing through a thickness
d, Iy is the incident intensity of the light to the film and d is the thickness of the
film.

If this condition for absorption is met, it appears that the optical intensity of
the light wave, (1), is exponentially reduced while traveling through the film. («)
is called “absorption coefficient”. From Eq. it follows that:

1. 1

a= —C—Zln([—o) (2.18)
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For hv < E, (direct), no electron hole pairs can be created, the material is
transparent and («) is small. For hv > E, (direct), absorption should be strong
and it is clear that () must be strong. The absorption coefficient («) is related to
the incident photon energy h and the band gap £, of the material as:

A(hv — E,)"/?

— 2.1
« — (2.19)

where A is a constant, £, is the optical band gap, and n = 1 for direct band

gap material such as CdS and PbS.

2.8.2.1 Energy band gap calculation from the transmittance spectra

The energy band gap and transition type can be determine from mathematical
treatment of data obtained from optical transmittance versus wavelength. Accord-

ing to Tauc’s relation for direct bang gap semiconductor [29]:

(ahv)? = A(v — Eg) (2.20)

where A is a constant, Eg is the optical gap energy, v is the frequency of the
incident photon and h is the Planck’s constant.

Fig. shows the plot of (o E)? versus (hv), it reveals the linear nature of the
plot near absorption edge indicates the existence of the direct transition between
bands. Hence, this linear relationship is a clear indication that the material is
direct band gap semiconductors [30]. Extrapolating the straight line portion of the
absorption spectrum in fig. intersects the zero absorption coefficients (energy

axes). The value of energy at this interesting point indicates the energy of band
gap Fj.
2.8.2.2 Determination of Urbach energy

It is well known that localised states near the band edge cause the appearance

of band tails in the film band diagram. These band tail states are responsible of



61

E / r'r
k) //
= ff 7
G / /
Inflection point .__..74.—/
L s
2 21 22 23 24 25 16 27 28 29 3
hv (ev)

Figure 2.8: Absorption Coefficient Plot an arbitrary transparent thin film semi-
conductor

the sub-gap absorption in the low energy range, the spectral dependence of the

absorption edge follows the Urbach formula [31].

hv

a = agexpFu (2.21)

where « is the pre-exponential factor, (h) the photon energy and (Ey) is the
band tail width commonly called Urbach energy. The band tail width is also
related to the disorder in the film network. The Urbach energy, or the disorder,

can be estimated from the inverse slope of the linear plot of In(«) versus (hv) as

represented in Fig. 2.9,

2.8.3 Fourier transform infrared spectroscopy (FTIR)

FTIR spectroscopy is a technique for collecting spectra by the infrared radia-
tion (I R) in the range of 400 to 4000 crm ™! [32] IR radiation causes the excitation
of the vibrations of covalent bonds within the molecule. These vibrations include
the stretching and bending modes [33]. The stretching vibrations cause stronger
absorptions of IR radiation compared to bending vibrations. The spectra can be

interpreted by checking the peaks with the IR database to determine the chemical
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Figure 2.9: Determination of the disorder by extrapolation from the variation of
In(ar) According to (hv) for a thin film.

structure of the sample. In the case of nanoparticles, this technique is very useful
to know how the surfactant bonds to the surface of the nanoparticles by comparing
FTIR spectra of the pure surfactant with the FTIR spectra of nanoparticles.

The deposition procedure was carried out at temperatures 55°C' during depo-
sition times (t): 30, 45, 60 and 90 min. Under physical methods we have vacuum
evaporation and sputtering, where the deposition has been transferred to gaseous
state either by evaporation or an impact process.

Chemical film fabrication method involves chemical reaction and the precur-
sors are mostly components undergoing reaction at the substrate surface or in the

vicinity of the substrate.
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Chapter 3

Characterization of CdS thin films

This chapter deals with the detailed characterization of the C'dS thin films
grown by the C'BD process as discussed in the previous chapter. In particular, this
chapter presents the effects of deposition time on the evolution of crystal structural
and optical properties of the CBD (CdS thin films followed by the monitor of
all reactions steps leading to C'dS thin films formation. using Fourier transform
infrared (FTIR). To achieve this chapter, the total elimination effect of cadmium

carbonate from the bath solution on the structural and optical properties of the

C'BD CdS thin films was studied.

3.1 Evolution of properties of C'dS thin films

In this work, C'dS thin films were prepared for different deposition times at a
low bath temperature of 55 °C. Since from the industry point of view, fabrication
of devices at low temperatures is desirable for minimizing the thermal coast. The
evolution of film properties with the deposition times was investigated by X RD
and UV visible spectroscopy. However, controlling the evolution of the film in
CBD process is very complicated since in the C'BD process the ions get depleted
with deposition time. Chain of chemical and mechanism reactions leading to CdS
thin film formation were proposed based on Fourier transform infrared (FTIR)

measurements for both calcined products and solutions.
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3.1.1 Film Thickness and Growth Kinetics

One of the most important thin film parameters is thickness. Many properties
of thin films depend on it: so these properties are used for its measurement. The
measurements can be done when the film has been deposited. A number of tech-
niques exist for film thickness measurement. However, the simplest is microbalance
(weight gain method), which used in this study. This method is based on the direct
determination of the mass of a film which was deposited onto the substrate. Us-
ing a microbalance method, a microscopic glass slide substrate was weighed before
and after the film was deposited on it. With mass M; for the substrate before

deposition and M, after deposition, the average thickness d was calculated by:

d= (M, — M)/SA (3.1)

where S is the area of the film surface, and d is as thickness of the thin film
and A is the density. Many errors are introduced in the measurement of film
thickness. Nevertheless, the method gives an idea about the growth evolution and
good estimate for film thickness for thicker films.

Due to the different pathways that can occur in the CBD process, the kinetics
can vary widely from one deposition to another. Regarding the time taken for
a deposition, some depositions can be completed in a few minutes or less, while
others can proceed for days and still be far from termination. The deposition rate
is estimated from the ratio of film thickness on the deposition time.

In Fig. we report the variation of film thicknesses and growth rate as a
function of deposition time from 30 to 90 min. It has been observed throughout
this figure that the depositions investigated involve three distinct phases of growth:

1- Induction (or Incubation) period: At the early stages of the reaction, where
the deposition time (around 11 min) indicates that no clearly observable growth
occurs due to initial nuclei in solution (appearance of the yellow color of the solu-
tion). As a result, the induction period is similar to a countdown, where at the end

of this period all the reactions have sufficient energies to interact with one another.
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2- Growth period: The induction step is followed by a growth step (11 - 60 min),
in which the solution became supersaturated and the product of the concentrations
of C'd** and S?~ ions is desired to just barely exceeds the solubility product K, of
C'dS, nucleation of the Cd** and S?~ ions facilitated by the substrate to form C'dS
nucleii [1], the CdS nucleii grow by adsorption of Cd*" and S?~ from solution and
nucleation of new C'dS crystals, in other word, the C'dS crystals are formed by the
adsorption of the C'd*T and S?~ ions from the solution on the initial nuclei, along
with new nucleation [2]. The growth of the crystals of C'dS continues, which adhere
to each other through van der Waals forces or possibly chemical interactions. The
rate of nucleation of C'dS on the substrate is governed primarily by the physical and
chemical state of the surface, i.e. the number and orientation of dangling bonds,
concentration of defects on the surface, contamination of the surface with dopants,
etc [1]. The surface of all samples was treated in the same way and thus was
similar with respect to defects or contaminations. Another important characteristic
which strongly influences the nucleation process is the lattice mismatch between
the substrate and deposited material. When the lattice parameters of C'dS and the
substrate match well, which facilitates nucleation. In this case, a huge number of
nucleation sites is provided, which leads to a high density of small CdS crystallites
deposited on the substrate. The formation of free ions in the solution is controlled
because of the low deposition temperature (55°C). As result, an important increase
of the thickness occurs. Several authors who have found that the deposition of the
C'dS during the primary steps of nucleation and growth is dominated by the ion-
by-ion process, this model results in thin, hard and adherent films [3, 4].

3- Termination period: In the termination period (60 - 90 min) a modest in-
crease in the thickness is observed maybe due to the lower concentration of the
Cd*T and S?~ ions in the reaction solution.

As seen the films thickness increases with deposition time from 30 to 90 min.
The film deposition rate starts with 3.1 nm/min at the beginning and increases

slightly with time to reach 3.2 nm/min then decreased to reach 1.9 nm/min. The
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reduction of the growth rate and the thickness saturation is due to the rarefaction
or consumption of the solution. The slow deposition rate can be due to the slow
release of C'd*" ions in the case of using cadmium carbonate as cadmium ions
source. Indeed, it is hard to compare the deposition rate with other results in the
literature. In fact, the deposition rate depends on the quantity of reactive species
i.e. Cd?* and S?~ which can be controlled by the variation of solution molarities,

the chosen complexant agent, the bath temperature and the solution pH and so on
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Figure 3.1: Variation of film thicknesses and growth rate as a function of deposition
times.
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3.1.2 Results of the XRD measurements

X-ray diffraction is an extremely important technique in the field of material
characterization to obtain information on an atomic scale from both crystalline
and non crystalline (amorphous) materials. It can be used to determine the phase
content in many minerals and materials. It requires no elaborate sample prepara-
tion and is essentially non-destructive. In this study the X-ray diffraction traces
of all samples were taken at room temperature. The horizontal axis of the graph
is (20), twice the Bragg angle and the vertical axis is the intensity count rate.

Fig. shows the typical XRD patterns of C'dS thin films grown on the glass
substrate at 55 °C for different deposition times ranging from 30 to 90 min. In the
XRD patterns of the film deposited at low time 30 min, only a broad hump in the
range of 20— 36° was observed indicating that the film is poor crystallizing or is not
thick enough for XRD analysis and the broad hump is due to the glass substrate
on which the film is deposited. With increasing deposition time to 45 and 60 min,
a peak located at 26,7°assigned to the (002) plane of the CdS hexagonal structure
emerges. With further increasing deposition time to 90 min, the peak related to
the plane (002) became finer and more intense, we notice also the emergence of two
peaks located at 24,9° and 28, 4° assigned to the planes (100) and (101) respectively
of the hexagonal structure and much well with spatial group Pgs,,.(186) having
Joint Committee Powder Diffraction System [JCPDS card No: 77 - 2306]. This
asserts the pure hexagonal structure of the obtained films. It was observed that the
peak intensity increases with increasing deposition time; this is a consequence of
thickness increasing which leads to better crystallinity of C'dSS thin films. It is worth
noting that C'dS may crystallise in cubic or in hexagonal structure. However, for
solar cell applications, hexagonal structured is preferred due to its thermodynamic
stability [5]. The two main properties extracted from peak width analysis are the
crystallite size and lattice strain, while the interplanar spacing and lattice constants

can be estimated from the peak position (26).
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Figure 3.2: XRD spectra of CdS thin films deposited with different times

3.1.2.1 Interplanar Spacing and Lattice Constants

The interplanar spacing dyr; between the different lattice planes is characterized
by Miller indices (hkl), it can be calculated from the X-ray diffraction profiles using
the well known Bragg diffraction law (see eq. .

The calculated values of dy.; spacing are recapitulated in Table. and are
matched well with those of the [JCPDS card No: 77 - 2306] data for hexagonal

C'dS. Lattice constants can be determined using the relation for hexagonal systems

(see eq. [2.12]).
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Miller indices and the dj,; values can be obtained from X-ray diffraction spec-
trum; hence the lattice parameters a and ¢ can be easily calculated from the above
mentioned mathematical relations. The obtained values of a and ¢ are comparable
to standard ones of [JCPDS No: 77 - 2306], these values are illustrated in Table[3.1]
From the later table, we can note that the values of both the interplanar spacing
dpi and the lattice constants of the different peaks of C'dS thin films compared to
the reported values of the [JCDPS 77 - 2306] data for hexagonal C'dS are slightly
less suggests that the grains of the thin film are under stress and it may be due to
the change in the nature and concentration of the native imperfections [6]. With
increasing the deposition time from 30 to 90 min the lattice constants and inter-
planar spacing found to be increased, maybe due to the increase in thickness of the

film which in turn reduces the strain in the film (as we will see later) [7, §].

3.1.2.2 Crystallite Size

The crystallite size (D) can be found using the well known Scherer formula (see
eq. E9).

The crystallite size is enhanced with deposition time; the estimated values are
illustrated in Table. In Fig. [3.3| we report the variation of crystallite size and
growth rate as a function of deposition times.

As can be seen in Fig. the grain size changes in the converse sens to
the growth rate. This suggests that deposition time affects grain size through its
influence on growth kinetics. At a low deposition time the rate of the spontaneous
reaction Cd** + S?= —(CdS is relatively high, this results in a rapid nucleation
phase and consequently a high growth rate. In other words, when the growth rate
is high, the concentration of the nucleation centers is high, so the increasing of the
nuclei size is limited and blocked by the nuclei surrounding it, which explains the
limited grow of the nuclei. This is in perfect agreement with the result of Gorrer
et al. [9], they have reported that an increasing of nuclei number decreases the

grain size. Prolonged time decreases the growth rate, which allows the grains to
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Figure 3.3: Evolution of the grain size and the growth rate of CdS films with
deposition time.

increase slowly their size . Since the temperature of the solution is low, prolonged
deposition time and slow growth rate allow the grains to reorganize, leading to an
improvement in the crystal structure. The average grain size, in general, increases
with increasing film thickness which in turn reduces the strain in the film (smaller

the grain size more the stress in films) [7].

3.1.2.3 Strain and Dislocation

A perfect crystal is an idealization; there is no such thing in nature. Atom
arrangements in real materials do not follow perfect crystalline patterns. Nonethe-
less, most of the materials that are useful in engineering are crystalline to a very
good approximation. The XRD method is used to analyze structural parameters
such as microstrain and dislocation density. The knowledge of such parameters
are important prior to their technical applications. The micro strain (¢) and the
dislocation density () for an orientation of thin films deposited at different deposi-
tion times can be estimated using the formula given previously (eq. and (eq.
respectively, theirs estimated values are represented in Table. B.], The micro
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strain (¢) and the dislocation density (0) are found to exhibit a decrease trend
with deposition times which maybe due to the film thickness, decreases with the
thickness maybe due to the reduction in the concentration of lattice imperfections
originating from lattice misfit in the film. The decrease in (€¢) and (€) at higher
thicknesses may be due to the movement of interstitial Cd atoms from inside the
crystallites to the grain boundary, which in turn leads to a reduction in the con-
centration of lattice imperfections. With thickness, the strain stemmed from the
lattice mismatch between film and substrate during epitaxial growth is relaxed.
Typically, films of different materials grown on the previous film or substrate are
chosen to match the lattice constant of the prior layer to minimize film stress.
In fig. we illustrate the variation of the microstrain and the thickness with

different deposition times.
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Figure 3.4: Variation of microstrain and thickness with deposition times.
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For CBD deposition technique, it is known that there are two possible growth
mechanisms: (i) ion by ion process (heterogeneous process) and (ii) cluster by
cluster process ( homogeneous process) the former process leads to a pure hexagonal
structure or mixed cubic and hexagonal however, the later process leads to a pure
cubic structure [10, 11]. Thereafter, the presence of the pure hexagonal phase in
the deposited C'dS films suggests that the growth process is achieved through the
ion by ion mechanism. This is consistent with the low growth rate of films, several
authors [9, 12, 13] have emphasized that the low deposition rate is achieved through
ion by ion growth process. From all above observations we inferred that for the
experimental conditions used in the present study, C'dS film growth is exclusively
achieved through ion by ion mechanism. This is consistent with our conclusion
from XRD analysis. The cluster by cluster mechanism is absent since the later
yields porous and highly defected material, which is contrarily to what suggest the

structural study.
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3.1.3 Optical properties of the CdS thin films

3.1.3.1 Transmittance

In Fig. the variation of the optical transmittance in the UV-Visible range,
of films deposited with different deposition times are presented. The vertical axis
is transmittance of the materials and the horizontal axis is the wavelength of the
incident photons. As can be seen, both films exhibit a high transmittance in the
visible range; it is in order of 70% to 88% in the case of C'dSgy and C'dSyy, while,
it’s in order of 78% to 92% for C'dS3y and C'dS,s for wavelength greater than 500
nm. As can be observed from the later figure that for the C'dS3y and C'dSys films
showed relatively very high transmittance compared to the C'dSgy and C'dSqy films
in entire wavelength range studied here, which may be due to its lower thickness.
The reduction of the transparency in the long wavelength range more than 500
nm for thicker films may originate from the light scattering on the film surface in

one hand and to the film thickness increases with the deposition time on the other

hand.

100

Transmittance(%)

400 500 500 700 800 900 000
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Figure 3.5: Optical transmission spectra of CdS thin films deposited with different
times.
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3.1.3.2 Band gap

The band gap energy of thin films is one of the most important parameters
for optical window applications as we have seen in the previous chapter. The
optical band gap of CdS films can be estimated from the plot of (ahv)? as a
function of photon energy (hv). According to Tauc’s relation for direct bang gap

semiconductor (see Eq. [2.20))
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Figure 3.6: Tauc’s plot used for determination of optical band gap of CdS thin
films.

The optical band gap Eg values were obtained by extrapolating the straight

line portion, of the plot (ahv)? versus hv to the energy axis (whv)? = 0 (where « is
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the absorption coefficient and hv is the photon energy)as shown in Fig. 3.6l The
linearity indicates the existence of the direct allowed transitions. The obtained
band gap values for the films deposited with different deposition times are listed
in Table. 3.1.3.2] Those values are agreed with ones reported in literature [5, 14,
15].

Deposition time (min) films Band gap (ev)

30 CdSs 2.58
45 CdSys 2.46
60 C'dSgo 2.44
90 C'dSgy 2.42

From Table. [3.1.3.2] we notice that the optical gap of the deposited film is
decreased with increasing the deposition time, it varies from 2,58 to 2,42 eV with
increasing the deposition time from 30 minutes to 90 minutes, which can be at-

tributed to quantum confinement effect due to the increase in the particle size in

CdS thin films [16, 17].

3.1.3.3 Urbach energy

Chemical bath deposition is a technique in which the film is grown by chemical
reaction of S?~ and C'd** ions on the substrate surface or by adhesion of the C'dS
clusters from the solution according to the dominant growth mechanism. In such
situation, the ions arrive on the substrate can be adsorbed at the point of their
incidence. Consequently, the atoms in the film network are not generally in an
ideal position, hence the appearance of deviations in the length or angle of the
Cd — S bond. These discrepancies, which are considered as defects "disorder” of
structure, are manifested by the appearance of continuous states near the edges
of the band [18]. These states are called localized states formed at the tail of the
band at the boundaries of the band gap in the valence band and in the conduction
band. The Urbach energy Fu, or the disorder, can be estimated from the inverse

slope of the linear plot of log(«) versus hv as we have seen in the previous chapter.
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Since this energy is associated with the micro-structural lattice disorder, the
variations of the Urbach energy and the microstrain as function of the deposition
time are presented in Fig. [3.7} It can be suggested that the variation of deposition
times causes an effect on both the disorder and defects in the thin films on one
hand and the Urbach energy on the other hand in the same way. Indeed, as shown
in Fig. 3.7 a good correlation between the microstrain and the Urbach energy is
found. The presence of a band tail for these films indicates that the structural
inhomogeneous and disorder are present. In addition, both Urbach energy and

microstrain decrease with deposition times which maybe due to the film thickness.
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Figure 3.7: Variations of the Urbach energy and the microstrain as function of the
deposition time.

3.2 Chemical reactions and solution preparation

In order to have an insight on the chemical reactions leading to CdS thin
films formation, two solutions were prepared separately, (i) solution A (0.0015 M
cadmium carbonate (CdCOs3), a few drops of sulphuric acid and distilled water)

and (ii) solution B (A4 0.5 ml ammonium hydroxide 27%). In conical flask the
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two solutions were constantly stirred for 30 min, and then the precipitates were
filtered out and calcined under air condition. (iii) C solution is prepared by mixing
ammonia with thiourea. To investigate the calcined product, rest of both A and B
solutions, and C solution, Fourier transform infrared (FT-IR) measurements were
carried out using (Shimadzu, model IR Affinity-1) working in the range (400-4000

em™h).

3.2.1 FTIR spectrum of cadmium carbonates (CdCOs)

Fig. shows the FTIR spectrum in the wave number range (400-4000 cm™!)
of cadmium carbonate (C'dCO3) powder which was used as precursor in the present
study. A broad absorption band centred at 3440 em ™! and a small band, around
1620 em™*!, are due to the —OH groups stretching vibration [19]. As mentioned

1'is connected

in the figure, a strong broad absorption centred at about 1448 e¢m™
with the asymmetric stretching vibration which is attributed to the vibrations in
CO2™ anion. Two absorption bands, strong sharp band at 852 cm™! and at 718
1

em~! are assigned to the bending out plane vibrations of this anion [20]. FTIR

spectrum contains also peaks at 1795 cm ™! and 2472 em~! which are expected for
C'dCOs[21].

3.2.2 FTIR spectrum of calcined products from A and B

The infrared spectrum for fine calcined powdered samples of A and B were
obtained from FTIR in KBr as support in the range 400-4000 cm~! and compared
with carbonate cadmium one which are represented in Fig. [3.9 It was noticed that

all the three spectra are similar in shape. Nuance at around 3400 cm ™!

maybe is
due to the presence of different amount of humidity in the products. From this
similarity one can inferred that the precipitates in both A and B are only an amount
of no dissociated carbonate cadmium.

FTIR spectrum of obtained solution after filtration from A (C'dC O3 with water

and H,S0,) is represented in Fig. Peaks at 1054, 1080 and 1180 c¢m™!
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Figure 3.8: FTIR spectrum of carbonate cadmium salt.

indicate the presence of the coordinated SO ion [22, 23], whereas peaks at 1633
and 3443 cm~! are due to OH groups stretching vibration [24, 25]. The spectra
shows a peak around 2360 cm ™! is assigned to the antisymmetric stretching mode
of CO, [26]. Peak at around 2083 ¢m™! indicated the presence of CO [27] which
may be formed from C'O,. From such observations a possible chemical reaction, to
describe what has happened in the solution A to lead to free C'd**, can be written

as follows:

CdCO3 + HySO, — Cd*" + SO7™ + HyO + CO, + CdCOs (nodissociated) (3.2)

FTIR spectrum of the obtained solution after filtration from B (CdCO5 with
water, HySO, and N Hj) is represented in Fig. |3.11] Peaks at 617, 670 and 3267
em~! confirm the presence of NHjz [28], peak at 462 cm™! is correlated to the
Cd — N bond [29], Peaks at 981 and 1103 cm ™" are attributed to SO3~ [30]. The
presence of NH, is confirmed by the two peaks at 3046 and 1400 em™! [31, 32],
peaks at 3434 and 1633 cm™! are due to the —OH groups stretching vibration
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Figure 3.9: FTIR spectrum of carbonate cadmium and calcined powder samples
obtained from A and B solutions.

[25, 26]. From all above resulting peaks evidence, the structure of the compound
products are: SO?~ | NH, and cadmium tetramin [Cd(N Hs)4)?** complex ion,
which reduces the overall speed of reaction. It is worth noting the absence of such
peaks at 3531, 3588 and 3607 cm ™! [22, 26], which are related to the presence of
Cd(OH )y, confirming its non-existence in the final state. From such observations
a possible chemical reaction to describe what has happened in the solution B can

be written as follows:

CdCOs + HySOy + 5N Hs —

[CA(NH3)y*" + SO} +CO, + NH,  (3.3)
+ OH — +CdCO; (no dissociated)

3.2.3 Effect of ammonia on B solution

In other hand, the FTIR of the products of the reaction between ammonia and

thiourea C'S(N Hj), is given in Fig. [3.12, The peaks obtained at 2065 cm ™! and
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Figure 3.10: FTIR spectrum of residual solution obtained from A.

1083 ¢cm ™! are assigned to N = C and N — C respectively [33, 34], while peaks
at 1627 and 3376 cm~! are assigned to N H, [35], which means the formation of
(NCNH,). Peaks at 1400 and 1476 cm ™! indicate the presence of NH, [31, 32],
peaks around 1633 and 3434 ¢m~! which overlap with N H, peak completely. The
two peaks are assigned to HyO [25, 26].

Then, it may be concluded that the reaction of thiourea and ammonia can be

written leading to free S?~ ions as follows:

NCNH, + S* + 2NH} + 2H,0 '

The overall reaction can be written as follow:
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Figure 3.11: FTIR spectrum of residual solution obtained from B.

CdCOy + Hy SOy + 6N Hy + CS(NHy)s —
CdS + SO~ + H,O + NCN H,
+COy+2NH] +4NHs
+ C'dCO3(no dissociated)
(3.5)

From the global equation, it’s clear that the quantity of ammonia (N Hj)
should be more sufficiently to ensure the transformation of C'd?** into cadmium
tetramin [Cd(N Hz)4)*T (Eq. (5)) and showing up (NH,, OH™ as if they formed
from equilibrium of ammonia in water: NHz + H,O = NH} + OH~ to make
basic solution which is necessary for occurring reaction (6). The later combined
with reaction (5) lead to C'dS thin film formation as shown in schematic illustration

below where chain of chemical and mechanism reaction may be proposed as follow:
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Figure 3.12: FTIR of the products obtained from the reaction between ammonia
and thiourea (solution C).

3.3 The total elimination effect of CdC O3 on the
properties of the CBD (C'dS thin films

In this part of work, C'dS thin films were prepared in bath solution where all
the carbonate cadmium was eliminated from the bath solution by adding enough
amount of sulphuric acid. CdS thin films were prepared for different deposition
times 15, 30, 60, 90 min at a low bath temperature of 55 °C. The structural and

optical properties have been studied.

3.3.1 Film Thickness and Growth Kinetics

In Fig. we report the variation of film thicknesses and growth rate as a
function of deposition time from 30 to 90 min. As seen the films thickness increase
with deposition time. The growth rate starts with 8.3 nm/min at the beginning
and decreases with time to reach 5 nm/min. The solution becomes depleted of ions,

resulting in a lower rate of deposition and thickness saturation. The termination
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Figure 3.13: Schematic illustration of the formation process of CdS.

time of the deposition depends on the quantity of the starting solution.

3.3.2 Results of the XRD measurements

In this study the X-ray diffraction traces of all samples were taken at room
temperature. The horizontal axis of the graph is (26), twice the Bragg angle and
the vertical axis is the intensity count rate.

Fig. shows the typical XRD patterns of the prepared CdS thin films grown
on the glass substrate at 55°C for different deposition time ranging from 15 to 90
min. The absence of peaks in the patterns of film deposited at 15 min indicates
that film deposited in early stage is amorphous. With increasing deposition time
to 30 min, a small peak located at the angle 26.7 “emerges in the XRD spectrum,
the latter is assigned the (111) plane of the C'dS cubic phase or (002) plane of
the hexagonal phase. With further increasing deposition time, in addition to the
previous peak we notice also the emergence of two minor peaks at 44.3 and 51.9
°, that confirmed the cubic nature of the films, corresponding to reflection from
the (220) and (311) planes in the CdS cubic structure [JCPDS card No: 80 -
0019]. The main obtained results suggested that increasing deposition time yields

to a cubic phase structure with a preferred orientation in the (111) plane. The
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Figure 3.14: Variation of film thicknesses and growth rate as a function of deposi-
tion times.

same results were obtained by many authors [36, 37, 38]. By comparing the peak
positions in the XRD patterns of the samples some information about substrate
mismatch and/or lattice defects can be derived. From detailed investigation of
position of peak corresponds to (111) plane, a shift in peak positions of the samples
(CdS2, CdS3, CdS4) was determined towards higher 26 values with decreasing
deposition time. This shift indicates the presence of an increasing lattice strains
in the film structures. On other side, as can be seen in Fig. [3.15] when the time
deposition equal to 30 min, the films present a peak which corresponds to the
plane (111), this peak indicates that the ion-by-ion deposition process tends to
promote the preferred orientation for growth. beyond 60 min of deposition time,
the homogeneous deposition occurs and the cluster-by- cluster mechanism becomes
more and more dominant. The peaks associated with the planes (311) and (220)
emerge, corresponding to the aggregations of the C'dS particles [39], indicating
that the crystallization of the films gradually intensifies with the long deposition
times, the growth during the last stage occurs by the formation of clusters on the

surface or by the adhesion of the clusters from the solution.
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Figure 3.15: XRD spectrum of CdS thin films under different deposition times.

3.3.2.1 Interplanar Spacing and Lattice Constants

The interplanar spacing dpx; can be calculated from the X-ray diffraction profiles
using the well known Bragg diffraction law (see eq. [2.8) , while the lattice constants
can be determined using the relation for cubic systems (eq. . Their obtained
values are reported in Table. [3.IIl From these values we can notice that with
increasing the deposition time the lattice constants and interplanar spacing found
to be increased, maybe due to the increase in thickness of the film which in turn
reduces the strain in the film [7, 8]. These values are in good agreement with those

reported for C'dS cubic structure in [JCPDS card No: 80 - 0019].

3.3.2.2 Crystallite Size

The crystallite sizes can be found using the Scherer formula (eq. [2.9). The
crystallite size is enhanced with deposition times, the estimated values are illus-
trated in Table. B.IIl In Fig. [3.16], we report the variation of crystallite sizes and
growth rate as a function of deposition times.

As can be seen in Fig. [3.16] the grain size changes in the converse sens to
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Figure 3.16: Variation of crystallite size and growth rate as a function of deposition
times.

the growth rate. This suggests that deposition time affects grain size through its
influence on growth kinetics. When the growth rate is high, the concentration of
the nucleation centers is high, so the increasing of the nuclei size is limited and
blocked by the nuclei surrounding it, which explains the limited grow of the nuclei.
Prolonged time decreases the growth rate, which allows the grains to increase slowly
their size . Since the temperature of the solution is low, prolonged deposition time
and slow growth rate allow the grains to reorganize, leading to an improvement in

the crystal structure.

3.3.2.3 Strain and Dislocation

Microstrain and dislocation density were estimated using the formula given

previously (eq. [2.14) and (eq. [2.15)) respectively and their values are represented
in the Table. |3.11] its clear that both strain and dislocation decrease with deposition

times, which may due the film thickness as we have explained earlier.



90

sowir} uorjsodop YUISPIP UM SW[Y UL} SP;) I0] Poje[nofed siojotrered [RINONIIS SNOLIRA [['¢ 9[qRT,

¢GL'T €aL'1 Ge 47 11€
¥40°¢ 8¥0°¢ Ly 9 0¢c
G9°0 9¢€°0 6'8¢ 818°¢ 208°G €8G°¢ vece'e 00T 00T I11 TSpO
cGL'T 0641 g€ 6¢ 11€
¥<0°¢ Ly0'¢ Ly €v 0¢¢
g8°0 09°0 T'1e 8I8°¢ v6L°¢ 0se'¢ JR4°RS 00T 00T TT1T Y20,
90T ¥6°0 V've 818G €9L°G 0see v1iee 00T 00T TT1 tSpPO
- - - - - - - - - i} 'SPoO
(¢—0T) (gwe/soury ¢;0T) (wu) oz1s poyiodar  PaAIdsqoO pojrodax poAlesqo pojrodar  paAlesqo

urer}g AY1STOD UOTYRIOTSI(] ureid ofeIoAy (V) yuejsuod oo13yer] (V) 8umoeds reuediojuy Ay1smoyuy (P1) [RERE A




91

3.3.3 Optical properties of the CdS thin films

3.3.3.1 Transmittance

The variation of optical transmittance spectra as a function of wavelength was
recorded for the C'dS thin films deposited with different deposition times in the
wavelength range 300 - 900 nm in the Fig. 3.17 As can be seen, the transmittance
in the range 600 to 900 nm ; it is in order of 40 to 80%. Its also noticed that for
both films deposited at 60 and 90 min exhibit a law transmittance. The reduction
in the transparency in films deposited after 60 min of deposition time can be
explained by the thickness and the optical losses through the light diffraction at
the top film surface. The latter looses its smoothness with increasing deposition
time, due to the deposition process transition from the heterogeneous (ion-by-ion)
to the homogeneous ones (cluster-by-cluster), as generally recognized and reported

previously.
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Figure 3.17: Optical transmission spectra of CdS thin films deposited with different
times.
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3.3.3.2 Band gap and disorder

From the transmittance spectra we have estimated the optical band gaps Eg
and the disorder Fu in the C'dS thin films according to the methods described in
the previous chapter. Its well known, that the growth of chemically-deposited C'dS
thin films occurs as a result of both ion-by-ion condensation of the impinging par-
ticles (Cd**, S~ )and colloidal particle formation of C'dS adhering to the substrate
surface, therefore, the atoms in the thin films are not generally in a typical posi-
tion, hence the appearance of deviations in the length or angle of the C'd — S bond,
which are considered as defects of structure. These defects serve as recombination
centers, formed at the tail of the band at the boundaries of the band gap in the
valence and conduction bands, which is capable of receiving one type of carrier and
capturing the other, thereby annihilating the pair. The width of the band located
near the conduction or valence bands are generally called Urbach energy Eu [40].

Fig. shows the variation of (o - F)? as a function of photon energy (hv)
for different deposition times, which have been used for the estimation of optical
band gap values. In Fig. [3.19 we have reported the variation of the optical gap
together with the band tail width as a function of the deposition times. The optical
gap variation with the deposition time is opposite to the disorder variation. This

suggests that the optical gap is controlled by the disorder in the film network.
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Figure 3.18: Tauc’s plot used for determination of optical band gap of CdS thin
films.

For CBD deposition technique, it is known that there are two possible growth
mechanisms: (i) ion-by-ion process (heterogeneous process) and (ii) cluster-by-
cluster process (homogeneous process) the former process leads to a pure hexagonal
structure or mixed cubic and hexagonal. However, the later process leads to a
pure cubic structure. Thereafter, the presence of the pure hexagonal phase in the
deposited C'dS films suggests that the growth process is achieved through the ion-
by-ion mechanism. This is consistent with the low growth rate of films. Several

authors have emphasized that the low deposition rate is achieved through ion-by-
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ion growth process. The obtained C'dS thin films of the first set of this work are
of pure hexagonal structure, since the growth rate was relatively low, we believe
that this may indicate that the deposition process was dominated by ion-by-ion
deposition and not by cluster-by-cluster deposition conversely to the films of the
second set. This suggests that the existence of CO3*>~ (CdCOj3) in the solution
leads up to minimize the deposition rate, maybe it acts as a second complexing
agent with ammonia leading to a slower release of C'd** ions. Hexagonal structure
is mostly recommended due to its higher stability relative to the cubic structure.
High quality C'dS hexagonal films were obtained. Both films were found to be
highly transparent, with Fg around 2.4 eV.
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Chapter 4

Characterization of PbS thin films

This chapter deals with the detailed characterization of PbS thin films grown
by the CBD process as discussed in the previous chapter. In particular, this
chapter presents the effects of deposition time and the concentration of lead ni-
trate Pb(NOj3)y on the evolution of crystal structural and optical properties of the

CBDPbS thin films.

4.1 Effect of deposition time

4.1.1 Evolution of crystal structure
4.1.1.1 Results of the XRD measurements

XRD analyses were employed to study the crystal structures of the films. Fig.
4.1] shows the typical XRD patterns of PbS thin films grown on the glass substrate
at 55 °C for different deposition times (30, 45, 60 and 90 min), analyzed over the
diffraction angle 26 between 5 and 100 °.

In the XRD as the deposition time was increased, a clear evolution of multiple
peaks was observed. indicating polycrystallinity of the films. For all samples, the
XRD pattern were characterized by seven peaks, namely at about 25.96°, 30.07°,
43.05°, 50.97°, 53.41°, 62.54°and 70.96°. These peaks were identified with the
planes corresponding to the (111), (200), (220), (311), (222), (400), and (420)
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Figure 4.1: XRD spectra of PbS thin films deposited with different deposition
times.

planes of the PbS face centered cubic structure respectively. They are confirmed
by comparing the peak positions (26) of the XRD patterns of the films with the
standard X-ray diffraction data file [JCDPS card: 05 - 0592]. It can be noticed
from the XRD pattern that a pair of peaks is followed by a single peak, which
is again followed by a pair. This is a typical characteristic observation of a face
centered cubic structure [1]. Its also noticed, that as the deposition time increased
the peaks become narrower, indicative of improved that the materiel has good
crystallinity. In literature many researchers have attributed this to the merger of
smaller crystallites and growth of the crystallites with simultaneous increase in the
film thikness. As we can notice that all the samples are preferentially oriented along
the (200) direction which is perpendicular to the substrate and which intensity
depends on the deposition time value. Quantitative analysis based on Gauss fit to
the (200) peak, the highest intensity peak, revealed that the intensity gradually
increased reaching its maximum for a growth time equal to 60 min, while the
FWHM of the peak decreased as the deposition time was increased. However, for

time equal to 90 min, the intensity of (200) decreases and the FWHM increases.
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This effect for films deposited from 30 to 60 min can be related to the increase of
both, thickness and grain size of the PbS films with. Similar results were obtained
by [2, 3]. However, for time deposition equal to 90 min, the intensity of (200)
decreases, that might have been due to the depletion of the Pb and S ions in the
solution. Fig. shows the thickness variation of PbS thin films as a function of
deposition time. The growth phase (f < 60 min) at which the thickness is obtained
in a linear dependence. It increases steadily with dipping time up to 60 min to
reach the max value and then the terminal phase in which the growth slows down.
We can conclude the uniformity, the good adhesion and the best crystallinity of
PbS thin films on glass substrate is obtained for an immersion time equal to 60
min from the bath described above. A similar tendency in the increase in the
thickness of the chemical bath deposited PbS thin films with increasing immersion
time throughout the deposition regime has been observed by other authors [4,
5]. The phenomenon of increase and decrease of thickness films can be explained
by considering two competing processes taking place in the deposition bath: one
process includes the heterogeneous and homogenous precipitation of PbS, which
leads to the film growth; the other one involves the dissolution of the preformed PbS
film, which result in the decrease of film thickness. In the initial time of deposition,
the source materials are sufficient; the process of heterogeneous and homogenous
precipitation play a more important role than the dissolution process, leading to
the increase in film thickness. When the deposition time is prolonged (above 60 min
in our case), the source materials become less. Therefore, the dissolution process
predominates over the heterogeneous and homogeneous precipitation, resulting in
the decrease of film thickness. It was also observed that the peak positions remained
slightly constant, although the deposition time increased from 30 to 90 min. The
absence of any other prominent diffraction peaks indicates that no other crystalline
phases, such as oxides or carbonates of Pb, exist with detectable concentration
within the layers. Therefore, the obtained films are of pure PbS. The two main

properties extracted from peak width analysis are the crystallite size and lattice
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strain, while the interplanar spacing and lattice constants can be estimated from

the peak position (26).
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Figure 4.2: Variation of film thicknesses as a function of deposition times.

4.1.1.2 Crystallite Size

The crystallite sizes of the films as a function of deposition time are determined
by measuring full width at half maximum of each peak using the Debye-Scherrer
formula (eq. [2.9), these values are shown in Table. We notice that the
crystallite size enhances with increasing deposition time to be 27.8 nm for depo-
sition time 60 min and then decreases to be 26.5 nm for 90 min as duration of
deposition, these obtained values are similar to reported values [2], similar behav-
ior with that observed for the thikness. The observed increase in the crystallite
size with deposition time is due to the complete deposition process occurring. The
latter passes through the nucleation, coalescence stage and the subsequent verti-
cal growth, in other word When the deposition process begins, many nucleation
centers and small crystallites on the substrate are produced during the deposition

process. For a short deposition time, the small crystallites on the substrate are
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not able to grow into large crystallites, therefore the thinner films have smaller
crystallites than the thicker films. With increasing immersion time, film thickness
increases hence, the crystallinity of the films is improved and the crystallite sizes

become larger.

4.1.1.3 Interplanar Spacing and Lattice Constant

The values of interplanar spacing dpx; can be calculated from the X-ray diffrac-
tion profiles using the Bragg condition (eq. [2.8) and lattice constant a were de-
termined using the relation for cubic systems (eq. [2.11} Table. [4.1.1.3| displays

the values of interplanar spacing and lattice constant for PbS3y, PbSy5, PbSgo and
PbSyo thin films. From the Table. [£.1.1.3] we can note that the observed values
of the different peaks of PbS thin films are slightly less compared to the reported
values of the [JCDPS card: 05 0592] data for cubic PbS structure. This finding
clearly indicates that crystallization and stress result in compression of the lattice
constant [6]. The lattice constant and interplanar spacing found to be increased as
deposition time was increased which maybe due to the increase of the film thick-
ness. Generally the change in lattice constant and interplanar spacing for the thin
film deposited up on the substrate suggests that the grains of the thin film are un-
der stress and it may be due to the change in the nature and concentration of the
native imperfections. This may cause either elongation (tensile) or compression of
the lattice parameters, in our case compression, a compressive stress would make
the d spacings and a smaller than the standard values.

Table. [.1.1.3] Also displays the values of relative diffraction peak intensities
for PbSsy, PbSs, PbSgy and PbSgy thin films. Its clear for all films that the
intensities increase with time deposition up to 60 min, beyond this time decrease.
This effect can be related to the increase of thickness and particle size of the
PbS films with deposition time. Its clear that the main features of the diffraction
patterns are similar and only the peak intensity varied, Obaid et al [6] explained

this observation by the presence of preferential orientation of crystallites as well as
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the formation of texture within the prepared films.

Intensity Interplanar spacing lattice constant Grain  Average
Material  (hkl) (A) (A) size grain size
observed reported observed  reported  observed reported (nm) (nm)
111 90 84 3.4067  3.4273 26.6
200 100 100 2.9606  2.9681 27.0
TS0 530 30 57 2.0052 20088 0 1°0 09302 gy 219
311 14 35 1.7858  1.7898 10.6
111 96 84 3.4113  3.4273 25.8
200 100 100 2.9584  2.9681 27.6
PoSis oo0 35 57 2.0012 20088 it 09302 5 248
311 16 35 1.7874  1.7898 229
111 35 84 3.4261  3.4273 31.6
200 100 100 2.9649  2.9681 36.8
P 530 18 57 2.0021 20988 oot 09902 e 278
311 11 35 1.7929  1.7898 22.4
111 40 84 3.4167  3.4273 27.7
200 100 100 2.9621  2.9681 32.3
P oo0 93 57 2.0060  2.0088 02 59362 3 265
311 16 35 1.7873  1.7898 22.7

Table 4.1: Various structural parameters calculated for PbS thin films with different
disposition times.

4.1.1.4 Strain, Dislocation and texture coefficient

The micro strain (€), average stress (), the dislocation density (J) and the
texture coefficient (T'C') of thin films deposited at different deposition times were
calculated and are represented in Table. The later parameters (¢€), (S), ()
and (T'C') of the samples are calculated by using the relations: (eq. [2.14] eq. [2.13]
eq. and eq. respectively.

The micro strain (€) and the dislocation density (§) are found to exhibit a slow
decreasing trend with increase of deposition times which in turns increases the
thickness of the films. In Fig. [4.3] we can notice that the thickness increases until
its max at 60 min then decreases, while the dislocation density decreases until its

min at 60 min then increases.
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Figure 4.3: Variation of film thicknesses and dislocation density as a function of
deposition times.

The average internal stress for the lead sulphide thin films deposited at different
deposition times is found to be compressional in nature. The negative sign indicates
that the films may be in a state of compressive stress. The total stress in the film
commonly consists of two components. One is the intrinsic stress may be arise due
to impurities, defects and lattice distortions in the crystal, and the other is the
extrinsic stress arise due to the lattice mismatch and thermal expansion coefficient
[7, 8]. It is observed that with increase deposition time the average internal stress
increases, that maybe do to the increase of the film thickness with dipping time.

The texture coefficient T'C' represents the texture of a particular plane, whose
deviation from unity implies the direction of preferred growth. The value of
TC(hkl) = 1 represents randomly oriented crystallites, while the higher values
indicate the abundance of grains oriented in a given hkl direction [8]. From the
Table. . The highest T'C' was obtained for (200) plane for all deposition
times 30, 45, 60, and 90 min.
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Dislocation density Strain Average stress
(10 lines/m?) (10-3) o(GPa) TC(hkl)%
PbSs0 2.1 1.9 -0.44 9.62
10.68
3.20
1.49
PbS,s 1.7 1.5 -0.40 9.71
10.12
3.54
1.62
PbSeo 1.2 1.2 0.16 5.34
15.24
2.74
1.68
PbSyg 1.4 1.3 -0.25 5.59
13.97
3.21
2.23

Samples

Table 4.1I: Various structural parameters calculated for PbS thin films with differ-
ent disposition times.

4.1.2 Optical properties of the PbS thin films
4.1.2.1 Transmittance

Typical transmittance spectra for PbS thin films obtained for different depo-
sition times are presented in Fig. [1.4] for the thinner film (i.e, deposition time
of 30 min), the maximum transmittance in the wavelength range of 300 to 1200
nm remained less than 30 %. As observed from the Fig. [4.4] the 30 min film
showed very high transparency compared to the other films in the entire wave-
length range studied here owing to its small thickness. With increase in deposition
time, the transmittance decreased gradually due to the increased of the thickness
of the films. These results can be explained through the film morphology, as the
film thickness increases the grain size increases too, as we mentioned previously,
the surface roughness increases with increasing grain size which led to decrease in
transmission. The lower transmittance, which is the ideal for use as p-type material

in a solar cell.
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Figure 4.4: Wavelength dependence of transmittance of PbS thin films deposited
for different durations.

Fig. [4.4 shows that all the films have no transmittance in the ultraviolet UV re-
gion below 400 nm which is due to the strong absorbance in this region. Thereafter,
the transmission increases with increasing wavelength towards the NIR regions. It’s
also observed a shifting of the transmittance towards the long wavelength with the

time deposition.

4.1.2.2 Absorbance

Fig[d.5] shows the optical absorption spectra recorded for the PbS thin films
for different deposition times. It is observed that the shapes of the curves were
similar although differences in absorbency were observed. The absorption increases
with increasing deposition time, thereby the absorbance of the films increased with
the thickness which shows that thicker films have more atoms present hence more
states are available for the photon energy to be absorbed [9]. It is clear that the
films have high absorption at short wavelength range of 375 - 550 nm (above 70
% absorbance for both PbSgy and PbSy, , around 50 % for PbS,5), except for
PbS3 the range is around 375 - 425 with absorption less than 50 %. Then, the
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absorption decreases at different rates dependence on the films structure to reach
constant values at long wavelengths ( 850 nm), where the films become transparent

at this wavelengths.

4 - —— PbS30

Absorption (arb. u)

T T T T T T T
400 600 800 1000 1200
A (nm)

Figure 4.5: Absorbance versus wavelength of PbS thin films deposited for different
durations.

4.1.2.3 Reflectance

Figld.6] shows the reflectance spectra of films deposited at 55 °C for different
deposition times. It is observed that the reflectance decreases with increasing
deposition times. Also, it is observed that the reflectance of all the films increases
with increasing wavelength in the range of 400-850. Thereafter, it seems to be

slightly constant at 60 to 65 % depending on the deposition time.

4.1.2.4 Energy band gap

As mentioned in chapter 2, the band gap of the films was determined from the
plots of (ahv)? vs (hv). The linear portion of the curves was extrapolated to the

zero value of y-axis to determine the band gap.
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Figure 4.6: Reflectance versus wavelength of PbS thin films deposited for different
durations.

Fig. m shows the variation of (ahv)? vs the photon energy (hv) for the films
deposited at 55 °C for different deposition times (30, 45, 60 and 90 min). A linear
least-square fitting was carried out in the linear portion of the curves to determine
the band gap.

The estimated values of the band gap for different deposition times are illus-
trated in the Table. [4.1.2.5] These values are much higher than the 0.4 ev reported
for the bulk PbS [10], this shift phenomenon was reported in the literature by sev-
eral authors [11, 12]. This phenomenon has been attributed to the quantum size
effect [11, 13]. The quantum size effect causes a perturbation in the electronic
structure, the conduction and valence band are broken down to discrete states re-
sulting in the widening of the forbidden band gap compared to the bulk [14, 15].
As the diameter of the semiconductor crystallite approaches to the exciton Bohr
diameter, its electronic properties start to change. Thus, one observes an increase
in the band gap of the semiconductor with a decrease in the particle size [11, 12].
It is found that Eg decreased from 1.80 to 1.60 eV as the deposition time was

increased may be due to the increase in the crystallite size following the crystallite
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Figure 4.7: Plot of (ahv)? vs the photon energy (hv) of the PbS thin films deposited
at 55 °C for different time durations.

size dependant properties of the energy band gap [16]. In literature, similar band
gaps for films having small crystallite sizes were reported by many authors [6, 17].
However, in the present case, the crystallite size is in the range of 21.9 - 26.5 nm
as estimated from the analysis of XRD patterns which is not much higher than the
Bohr radius of PbS which is around 20 nm [18] .

4.1.2.5 Urbach energy

The band tail width (commonly called Urbach energy) is related to the disorder
in the film network. The disorder is due to the presence of weakly bonded atoms, it
corresponds to the deviation of bond distance and angle from their standard value
in the crystalline structure. These band tail states are responsible of the sub-gap
absorption in the low energy range, the spectral dependence of the absorption edge
follows the well known Urbach formula [19]. The tail width Fu in the energy gap
were obtained by plotting In(«) as a function of (hv), and the value of Fu extracted
from the reciprocal slope of the linear part. The estimated values of the Urbach

energy for different deposition times are illustrated in the Table. [1.1.2.5
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Deposition time (min) Band gap (Eg)(ev) Tail width (Eu) (ev)

30 1.80 0.943
45 1.68 0.769
60 1.60 0.526
90 1.62 0.568

Table 4.111: Estimated values of the Urbach and band gap energies for different
deposition times.

The variations of the film disorder and optical band gap as function of deposi-
tion time are represented in Fig. [4.8] As seen the disorder decreases with increasing
the deposition time up to 60 min, beyond this time it increases that is maybe due
to the film thickness which increases with the duration of deposition up to 60 min
then reduces, the particle size changes around a certain limiting value, where the
band gap energy decreases with increasing cristallite size[20]. Therefore, both band
gap energy and Urbach energy decrease with deposition times up to 60 min then

increase as shown in Fig. [4.8]
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Figure 4.8: Variation of the films disorder and optical band gaps as function of
deposition times.

There is a significant change in the interplanar spacing, lattice constant, crystal-
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lite size, transmittance and so on ... for different deposition times. The crystallite
size increases with increasing deposition time. The crystallite size of the PbS film
deposited for 60 min was found to be 27.8 nm, which is similar to reported values
[1, 2] and 203 nm as thickness with optical band gap of 1.60 ev which are suitable
for solar cell. We can conclude the uniformity, the good adhesion and the best crys-
tallinity of PbS on glass substrate is obtained for an immersion time equal to 60
min from the bath described above, therefore, we have selected 60 min deposition

time for further studies.

4.2 Effect of lead nitrate concentration

4.2.1 Evolution of crystal structure

In this study we set deposition time at its optimal value equal to 60 min
and various molar concentrations (0.01, 0.05, 0.075 and 0.1) mol/] of lead nitrate
Pb(NOj3)s)in the final solution were used, we reduced the concentration of lead
ions while keeping the rest of parameters the same. The films are abbreviated as
PbSy, PbS,, PbSs, and PbS, respectively.

Fig. shows the typical XRD patterns of PbS thin films grown on the
glass substrate at 55 °C for different concentration of lead nitrate Pb(INOs), with
deposition time equal to 60 min, analyzed over the diffraction angle 26 between
20°and 80°.

Fig. shows the XRD pattern of the PbS thin films deposited for various
molar concentrations. The crystallography of the films is good and characterized
by five principal peaks at 20 values of approximately 26,09, 30,19, 43,06, 50,94 and
53,41°, corresponding to (11 1), (200), (220), (31 1), and (2 2 2) planes of the face
centered cubic (fec) structure of PbS respectively. They are confirmed by compar-
ing the peak positions 260 of the XRD patterns of the films with the standard X-ray
diffraction data file [JCDPS card: 05 0592]. The narrow peaks confirmed that the

material has good crystallinity. It was observed that the films grow preferentially
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Figure 4.9: XRD pattern of the PbS thin films deposited for various molar con-
centrations.

along (111) or (200) directions depending on the molar concentration, the same
result is reported by many researchers [13, 21]. It was also observed a preferred
orientation growth along the (2 0 0) direction for PbS; and PbS; samples, while for
PbS;3 and PbS, the preferred orientation growth is (111) plane indicating the three
dimensional growth of the as deposited film. It was noticed that the intensity of
the (1 1 1) peaks increases with increasing the lead nitrate concentration from 0.01
to 0.1 mol/l, the same observation is reported by Preetha et al.[17]. As result, the
intensity of the growth of crystallographic orientation and microstructure of the
films depend on Pb** ion concentration in the solution of the deposition process.
Table. shows that peak ratio of (111)/(200) is (0,2) at less concentration,
when we increased the concentration of lead nitrate, the peak ratio of (111)/(200)
also increased up to (1,08) value. The values of the intensity ratios (I111)/(Z200)
and (lag0)/(Ia00) for different lead nitrate concentrations are indicated in Table.
d2.1l

Table. Variation of PbS peak orientation degree as a function of the
lead nitrate concentration. From the table we can notice that the peak ratio
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Sample  (I111)/(I200)  (L220)/(L200)

PbS; 0.20 0.13
PbS, 0.86 0.28
PbSs 1.02 0.34
PbSy 1.08 0.35

Table 4.IV: Variation of PbS peak orientation degree as a function of the lead
nitrate concentration.

of (I111)/(I200) is reduced to 20/100, when we lowered the concentration of lead
that is an indicative that decreased Pb** ion concentration favors growth along
(200) plane. This can be explained by the fact that when Pb?T ion concentration
decreases, the reaction rate slows down enough to allow progressive deposition on
the substrate ( ion-by-ion process )and chances of rapid precipitation of PbS salt
decrease and hence nucleation growth increases. While increasing the lead nitrate
concentration increases the free Pb?* concentration in the bath solution. One effect
of this is that the reaction rate is increased, cluster by cluster is believed to occur,
leading to difficulties in obtaining high quality PbS thin films and formation of
lead oxide phases became more probable and the favors growth along (111) plane.
One of the most important aspect revealed from these patterns is the growth of
lead oxide at 260 equal to 28,74°and 35,90°for PbS, corresponding to (111) and
(002) planes of lead oxide phase PbO according to [JCPDS No: 35 - 1482] unlike
other samples. This observation means that an oxidation occurred during the
preparation, it may be due to the imperfections in the ratio of cations to anions
either due to the presence of extra cations in the interstitial sites when the lead

nitrate concentration increases, the same behavior was seen by many authors [22,
23].
4.2.1.1 Film Thickness and deposition rate

There is by no means a single way to measure the thickness of a given thin

film. The different methods have different strengths and weaknesses. Studying the



114

light reflected or transmitted by a thin film can reveal information about the film
thickness. Thin film interference is a natural phenomenon in which light waves
reflected by the upper and lower boundaries of a thin film interfere with one an-
other, either enhancing or reducing the reflected light. The light reflected from the
upper and lower surfaces will interfere. The degree of constructive or destructive
interference between the two light waves depends on the difference in their phase.
This difference in turn depends on the thickness of the film layer. When the thick-
ness of the film is an odd multiple of one quarter-wavelength of the light on it, the
reflected waves from both surfaces interfere to cancel each other. Since the wave
cannot be reflected, it is completely transmitted instead. When the thickness is a
multiple of a half-wavelength of the light, the two reflected waves reinforce each
other, increasing the reflection and reducing the transmission. The films thickness
were estimated from the reflectance spectra. In Fig. we report the variation
of film thicknesses and growth rate as a function of lead nitrate concentration.
From the later figure, it is observed that lead ion concentration has marked effect
on film thickness.The film thickness initially increases with an increase in the lead
nitrate concentration until 0.05 M, beyond this concentration the film thickness
it decreases, the same behavior for the deposition rate. The observed results can
be explained on the basis of ion-by-ion condensation. At a particular temperature
PbS will be deposited if the ionic product of Pb*t and S?~ exceeds the solubility
product. The Pb** ions are released from lead nitrate-TEA complex due to hydrol-
ysis; while sulfide ions S?~ are provided by dissociation of thiourea in an alkaline
medium combine at the nucleation centers on the substrate to produce PbS. The
quantity of ions utilized for film formation depends on the rate of formation of
PbS on the substrate surface, which in turn, depends on the rate of release of Pb**
and S?7ions. As we reduce the concentration of Pb** ions in chemical bath, the
release of Pb** from its complex becomes slow and the whole deposition process
slows down, as a result chances of rapid precipitation of PbS decrease and that of

nucleation growth at the substrates increase. Due to increased nucleation growth,
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the growth along (200) plane dominated and as a result thickness of PbS film also
increased. We can note that for a [Pb(NOs3)s] equals to 0.05 M, the quantity of
Pb** is high enough, so it favourites the growth of lead sulphide thin films with
a maximum thickness. As far as lead nitrate concentration exceeds 0.05 M, that
increases the free Pb** concentration in the bath solution. One effect of this is
that cluster by cluster process is believed to occur, and the precipitation becomes
very fast leading to difficulties in obtaining high quality PbS thin films and forma-
tion of lead oxide phases became more probable, so the solution becomes depleted
of ions which reduce PbS deposited on the substrate, resulting in a lower rate of
deposition, the growth along (111) plane dominated and the terminal thickness
of PbS layer decreases. The result seems to affirm that the nucleation rate is
mainly controlled by the concentration of Pb** ions in solution, which results in

the development of PbS.
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Figure 4.10: Variation of film thicknesses and growth rate as a function of lead
nitrate concentrations.
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4.2.1.2 Interplanar Spacing, Lattice Constants and Crystallite Size

The average lattice constant (a) is calculated from the measured lattice con-
stant (a) obtained by the using the observed values of 20 for the four principal
peaks of the PbS thin films, the average values is found to be increased from 5.914
to 5.925 nm with increasing molar concentration, which clearly indicates that the
crystallization and stress result in lattice compression [14]. These values are sum-
marized in Table. The same behaviour for the interplanar spacing is observed.
The values of the crystallite sizes of the films as a function of lead nitrate con-
centration are determined by measuring full width at half maximum (FWHM) of
the diffraction peak corresponding to a particular crystal plane using the Debye-
Scherrer formula [24], these values are shown in Table. [£.V] We notice that the
calculated crystallite size value enhances with increasing molar concentration, from
28,0 up to 32,6 nm for the molar concentration ranging from 0.01 to 0.1 mol/I.

This is in good agreement with the results reported in the literature [25, 26].

4.2.1.3 Strain, Dislocation and texture coefficient

The average internal stress for the lead sulphide thin films deposited with dif-
ferent lead nitrate concentration is found to be compressional in nature. The
negative sign indicates that the films may be in a state of compressive stress. It
is observed that with increase of lead nitrate concentration the average internal
stress decreases. The micro strain (¢) and the dislocation density (0) are found to
exhibit a slow decreasing trend with increase of lead nitrate concentration.

The texture coefficient (T'C') represents the texture of a particular plane, where
the deviation from unity implies the direction of a preferred growth [27].

The variation of (T'C') for PbS thin films diffraction peaks are reported in Table.
. VT The highest (T'C') value was obtained for (200) plane for PbS; and PbS,, while
for PbS; and PbS, the highest value was obtained for (111) plane. In other word
for less concentrations (200) plane and (111) plane for high concentrations, that is

exactly what we have seen previously.
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Intensity Interplanar spacing lattice constant Grain  Average
Material  (hkl) (A) (A) size grain size
observed reported observed  reported  observed reported (nm) (nm)
111 20 84 3.4078  3.4273 32.9
200 100 100 2.9621  2.9681 35.7
TSI 950 13 57 20043 20088 oM 2930 oy 509
311 9 35 1.7844  1.7898 28.2
111 86 84 3.4142  3.4273 35.1
200 100 100 2.9630  2.9681 37.7
P2 o0 28 57 20052 2008 02t 9930 —gam 326
311 15 35 1.7890  1.7898 28.2
111 100 84 3.4142  3.4273 33.5
200 96 100 2.9592  2.9681 30.3
P 950 33 57 2.0048 20088 00 D930 orpm 298
311 17 35 1.7844  1.7898 27.0
111 100 84 3.4013  3.4273 33.1
200 93 100 2.9591  2.9681 31.1
PSs o0 33 57 20038 2008 010 9930 55— 280
311 15 35 1.7844  1.7898 26.2

Table 4.V: Various structural parameters calculated for PbS thin films with differ-

ent lead nitrate concentrations.

4.2.2 Optical properties of the PbS thin films

4.2.2.1 Transmittance-Reflectance

The reflectance spectra of PbS' thin films deposited at different molar concen-

tration were displayed in Fig. 4.11] It is observed that the shapes of the curves

were similar although differences in reflectivity were observed. From the reflectance

spectra of the films we can notice that the reflectivity increased with the thickness.

In all cases, a clear interference pattern is seen which confirm that the PbS films

have uniform thickness and good surface homogeneity [28], therefore, it has been

used to estimate the thickness of the films. Thin films interference is a natural phe-

nomenon in which as light strikes the surface of a film, it is either transmitted or

reflected at the upper surface. Light that is transmitted reaches the bottom surface

and may once again be transmitted or reflected. The light reflected from the upper
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Dislocation density Strain Average stress
(10'5lines/m?) (10-3) o(GPa) TC(hkl)%
PbS, 114 111 0.41 3.5
17.61
2.29
1.58
PbSs 0.94 1.04 -0.24 9.39
10.91
3.06
1.64
PbS3 1.18 1.15 -0.47 10.20
9.80
3.26
1.73
PbS, 1.26 1.28 -0.52 10.37
9.65
3.42
1.56

Samples

Table 4.VI: Various structural parameters calculated for PbS thin films with dif-
ferent lead nitrate concentrations.

and lower surfaces will interfere. The degree of constructive or destructive inter-
ference between the two light waves depends on the difference in their phase. This
difference in turn depends on the thickness of the film layer. Therefore, this phe-
nomenon can be used to estimate the films thickness which we have done by using
the Swanepoel model[29] . The transmission spectra of PbS thin films deposited
with different molar concentrations, recorded at 55 °C in the wavelength range of
300 - 1800 nm is reported in Fig. [4.11] It showed a decrease in transmission with
increasing molar concentration, due to the increase in the thickness in the range
300 to 1000 nm. The effect of change of molar concentration can be observed in the
long wavelength portion of the spectra, where interference effects took place. Also,
it is noticed that all the films have low transmittance in the ultraviolet UV region
below 400 nm, which is due to the strong absorbance in this region. Thereafter,
the transmission increases with increasing wavelength towards the NIR regions. It
could be observed in Fig. that for each curve, the maximum of reflectance

corresponds to the minimum of transmission and vice versa.
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Figure 4.11: Transmittance and Reflectance versus wavelength of PbS thin films
deposited for different molar concentrations.

4.2.2.2 Energy band gap and Urbach energy

The transmittance data were analyzed to determine the optical band gap of the
samples using the classical relation (see eq. for near edge optical transmission
of semiconductors. The band gap energy is obtained by extrapolating the linear
portion of (ahv)? vs the photon energy (hv) to the energy axis at (ahv)? = 0. Fig.
shows a typical plot of (ahv)? vs hn, which allow estimating experimentally
the value of the band gap. The value of the energy gap is greatly influenced by the
change of the molar concentration. It is found that the value of E¢ increases from
1.58 to 1.64 ev with increasing molar concentration of lead nitrate, then decreases
for furthermore increasing the lead nitrate concentration, due to the crystallite
size dependant properties of the energy band gap[16]. This dependence can be
explained by the increase of molar concentration increases the grain size which in
turn decreases the energy band gap. The variation in Fg with molar concentration
is summarized in Table. [£.2.2.2] which are higher than that for bulk, i.e.0.41 eV,

this shift is due to quantum size effect [13]. Similar results were reported in the
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literature [12, 30].

PbS2 PbSI
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Figure 4.12: Tauc’s plot used for determination optical band gap of PbS thin films
deposited for different molar concentrations.

The transmittance data of the different films obtained with different molar
concentrations were used again to determine the band tail width by the method
described in the previous chapter. The value of the Urbach energy is influenced
by the change of the molar concentration. Its noticed that the value of band tail
width decreases from 0.680 to 0.610 ev with increasing molar concentration of lead

nitrate, then increases for furthermore increasing the lead nitrate concentration,



121

due to the strain and deffects dependant properties of the Urbach enrgy [19]. On
the other hand the increase and decrease in the optical band gap corroborate well
with the disorder reduction and increment in films’ network as shown in Fig. [4.13]
This indicates clearly that the optical gap in the obtained films is governed by the
disorder. The values of band tail width are illustrated in Table. {.2.2.2]

Samples Band gap (Fg)(ev) Tail width (Fu) (ev)

PbS, 1.58 0.68
PbS, 1.64 0.61
PbSs 1.50 0.83
PbS, 1.37 0.88

Table 4.VII: Estimated values of the Urbach and band gap energies for different
lead nitrate concentrations.

T T T T T
1,65 - 0,90
1,60 - - 0,85
—_
g B
E 1,55 —u— Optical band gap - 0,80 :
% —u— Band tail width =
= g
£ 1,50 Lo0,75 2
2 ‘s
— Al
g =
S 1457 - 0,70
=
S =]
1,40 - 0,65
1,35 4 - 0,60
T T T T T T T T T T
0,00 0,02 0,04 0,06 0,08 0,10

Lead nitrate molar concentration (mol/l)

Figure 4.13: Variation of the films disorder and optical band gaps as function of
lead nitrate molar concentration.
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4.2.3 FT-IR measurements

PbS have no adsorption peaks in IR region of spectrum, thus, the determina-
tion of FT-IR spectra was made in order to establish if the obtained PbS thin
films are pure. Fig. shows FTIR spectra of all PbS thin films measured at
room temperature. One can see from the thin films spectra that there are some
adsorption bands, the broad band at 3450 cm™! is assigned to O — H bending
vibration of the water molecules, this proves the moisture absorbing capacity of
the samples, which might have been resulted due to the exposure of the synthe-

1

sized samples to open atmosphere [31]. The peak at 1946 cm™!' corresponds to

C = O stretching vibrations related to carbonyl group. The spectra show a peak

around 2360 em ™!

is assigned to the antisymmetric stretching mode of CO, [32].
The band around 2922 ¢m~' which is due to antisymmetric vibration of C' — H
bonds arising from the alkly chains of the TEA. Also, the symmetrical stretching
mode CH is expected around 2845 c¢m ™! in which all the three C H bonds extend

1

and contract in phase, while peaks at 908 em ™" is assigned to CH (out-of-plane

vinyl C'— H bending) [33, 34]. The strong and intense peaks around 1409 cm ™
is could be due to OH bending vibration in adsorbed water [34]. One of the most
important aspect revealed from these spectra is the bands at around 688 and 609
em™! were observed for PbS,, which are attributed to vibrations of PbO [34, 35]
unlike other samples. The FTIR spectra confirm the presence of PbO vibrations

in the synthesized PbS, sample is supported to the XRD analysis.
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Figure 4.14: FTIR spectra of all PbS thin films obtained of diffrent lead nitrate
concentrations.
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Conclusions and Outlook

Conclusions

° In the present work, C'dS and PbS thin films were successfully grown on
glass substrates using the chemical bath deposition (C'BD) process under differ-
ent preparation conditions. C'BD technique is a thin film depositing method from
an aqueous solution. Due to its feasibility, it has become an attractive method
based on many reasons, including ease of manufacturing, low cost, suitability for
large scale deposition areas and the ability to deposit thin films on different sub-
strates and ease of controlling thin film properties by controlling the deposition
parameters.

. The main advantage of this method is, during the growth of a film on a
substrate, it is possible to ensure that the reaction occurring in the deposition bath
takes place sufficiently slowly. The film deposited by this technique has possible
applications in solar. Thus, CBD technique has been a user friendly technique.
Therefore, we are very much interested to prepare the C'dS and PbS thin films
using chemical bath deposition technique. Since the control of process parameters
is relatively easier.

. CdS and PbS thin films were successfully prepared on glass substrates
using C'BD technique under different preparation conditions. The effect of de-
position time of both materials was investigated by varying the time from 30 to
90 min. On the other hand, different concentrations of lead nitrate were used to
investigate its effect on PbS thin films, while for C'dS, sulphuric acid was added to
investigate the effect of (CO3)?~.The properties of resulting thin films were char-
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acterised by various techniques such as X- ray diffraction (XRD) and UV-visible
spectroscopy. FTIR technique was used to identify the chemical reactions leading
to C'dS formation.

. Composition analysis of different solutions leading to the formation of
C'dS products using F'T'I R analysis indicates that, for calcined precipitate and dif-
ferent steps solution, C'd**released from cadmium carbonate by the activation of
sulphuric acid then complexes with N H3 to form cadmium tetramin [C'd(N Hz)4)*™,
while the S?~ released from thiourea by(N H; +OH ™) action on it. Chain of chem-
ical and mechanism reaction leading to C'd.S thin film formation were proposed.

° Cadmium sulfide thin films were successfully deposited on glass substrate
using ammonium hydroxide as a complexing agent, thiourea as source of S?~ and
cadmium carbonate as source of Cd?** at a bath temperature of 55°C. The XRD
analysis of as-deposited C'dS thin films revealed that a uniform hexagonal phase
of C'dS nanocrystalline thin films with preferred orientation along the (002) plane
were deposited for time high than 30 min. For film deposited at low time 30 min,
only a broad hump in the range of 20-36° was observed indicating that the film
is poor crystallizing or is not thick enough for XRD analysis and the broad hump
is due to the glass substrate on which the film is deposited. It was observed that
the peak intensity increases with increasing deposition time; this is a consequence
of thickness increasing which leads to better crystallinity of C'dS thin films. The
average crystallite sizes were found to increase from 14,3 to 30.4 nm with increasing
deposition times. The optical study revealed that both deposited thin films exhibit
a high transmittance in the visible range, varying from 70 - 92% , it decreased with
increasing deposition times, while the direct band gap decreased from 2,58 to 2,42
ev with increasing the durations. For the second set of C'dS thin films where the
(CO3)*" ions are completely eliminated by the sulphuric acid. The XRD analysis
of later C'dS thin films revealed that are uniform cubic structure with preferred
orientation along the (111) plane. The crystallite sizes were found to increase from

24.4 to 38.9 nm with increasing deposition times. The optical study revealed that
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both deposited thin films exhibit a high transmittance in the visible range, varying
from 40 - 80% , it decreased with increasing deposition times, while the direct band
gap increased from 2,19 to 2,35 ev with increasing the deposition times.

PbS films have been prepared on glass substrates by Chemical bath deposition.
By investigating the influence of deposition parameters on the kinematics of the
deposited films, we studied the influence of two factors: deposition time and the
concentration of lead nitrate.

The growth rate can be controlled “fast” and “slow” by controlling the amount
of Pb*" in the reaction mixture. Despite the energy gap of the studied samples
revealed a strong dependence of the gaps values of the films on the deposition
parameters, it is possible to produce thin films of PbS, with energy band gaps
in the range 1.80 - 1.60 eV, and with proper manipulation of reaction parameters

could be near to the optimum for photovoltaic energy conversion (1.5 eV).

Outlook

There are several directions that can be further pursued in the future:

e Study of other metal-thiourea complex precursors can be useful to synthesize

metal sulphide nanomaterials of good properties.

e It is also very interesting to study the effect of chemical doping on PbS and

CdS films to improve their performance in thin film solar cell.

e Deposit the ternary (Pbl-yCdy S) thin films and investigate their optical,

structural, morphological and electrical properties.

e Using other types of substrates



Abstract

Chemical bath deposition, which is a very attractive method, used to produce
thin films for polycrystalline solar cells such as C'dS and PbS. This work was based
on this method. Our objective is to provide a comprehensive study on the effect
of the deposition parameters on the structural and optical properties of CdS and
PbS thin films and to monitor all reactions steps leading to C'dS thin films forma-
tion. For the C'dS thin films the bath solution is a mixture of cadmium carbonate
CdC O3 and thiourea as source of cadmium and sulphur respectively, ammonia was
used as complexing agent. In this study, two sets of samples were prepared, in each
set only one parameter is varied while the rest of parameters were fixed. In the first
set, a few drops of sulphuric acid were added while in the second more of sulphuric
acid were added. In order to investigate the deposition time. For both sets, films
were deposited for different durations ranging from 30 to 90 min at bath temper-
ature 55°C. X-raydiffraction, UVvisible spectrophotometry and Fourier transform
infrared techniques were used to investigate C'dS thin films and the different steps
of reactions leading to C'dS product. For the first set, the growth of films occurs
by the mechanism ion-by-ion with low deposition rate. Hexagonal C'dS thin films
were obtained with (002) preferred orientation and having average crystallite size
in the range of 14.3 to 30.4 nm. All the films exhibit a high transmittance in the
visible range; it is in order of 70 to 92% , the values of the optical gap are between
2.42 and 2.58 eV, this according to deposition time. Studies of different solutions
and steps leading to the formation of C'dS products were carried. The formation
mechanism of C'dS thin films was proposed based on FTIR results. For the second

set. The obtained C'dS films in this case have cubic structure with a preferential
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orientation along the axis (111) and crystallite size between 24.4 and 38.9 nm. The
transmittance of the films was found to be in order of 40 to 80%, the values of the
optical band gap increases with deposition times from 2.19 to 2.35 ev.

In this work, PbS thin films were prepared for different deposition times ranging
from 30 to 90 min and different lead nitrate molar concentrations (0.01, 0.05, 0.075
and 0.1) mol/l at a bath temperature of 55°C, using thiourea as source of S%~
ions and TE A as complexing agent. For different deposition times the films grow
preferentially along (200) direction. With increase in deposition time, and at fixed
molar concentration the transmittance remained less than 30% and the values of
the optical band gap decreases from 1.8 to 1.6 ev, while the crystallite size increases
from 21.9 to 27.8 nm. For various molar concentrations of lead nitrate and with
time deposition equal to 60 min, it was observed that the films grow preferentially
along (111) or (200) directions depending on the molar concentration. The energy
band gap decreases from 1.58 to 1.37 ev and the crystallite sizes increases from
28.0 to 32.6 nm with increasing the concentration of lead nitrate.

Keywords: Thin films, Chemical synthesis, FTIR, Optical properties,

Structural properties, Chemical bath deposition.



Elaboration et caractérisation des films minces a base de
chalchogénure par la technique bain chimique

Résumé

Ce travail de recherche porte sur I'élaboration et la caractérisation des
couches minces de CdS et PbS par une technique simple et bon marché en
I'occurrence la methode de dépdt par bain chimique CBD (Chemical Bath
Deposition). Notre objectif est de donner une ¢tude compréhensive sur I’effet
des parametres de dépdt (concentration de précurseur et temps de dépot) sur les
propriétés structurelles et optiques des films minces CdS et PbS et d’observer
toutes les étapes de réactions menant a la formation de films minces de CdS en
utilisant FTIR technique. Dans cette étude, deux séries de films CdS ont été
préeparées, dans chaque serie, un seul parameétre est modifié tandis que les restes
ont été fixés. Pour la premiere série, quelques gouttes d'acide sulfurique ont été
ajoutées tandis que pour la deuxiéme, on a ajouté de l'acide sulfurique jusqu’a la
transparence de la solution.

Les films de la premiére série du CdS a base du sulfate de cadmium ont une
structure hexagonale avec une orientation préférentielle suivant 1’axe (002), la
croissance des films se produit par le mécanisme ion par ion. La taille des grains
varie entre 14.3 et 30.4 nm. La transparence dans nos films varie entre 70 et 92
% et les valeurs du gap optique sont entre 2.42 et 2,58 eV, ceci en fonction du
temps de dépdt. Le mécanisme de formation des couches minces de CdS a été
propose en basant sur les résultats de FTIR. Pour la deuxieme série, les films
CdS obtenus ont une structure cubique avec une orientation préférentielle
suivant I’axe (111), la taille des grains varie entre 24,4 et 38,9 nm. La
transmittance dans ces films varie entre 40 et 80% et les valeurs du gap optique
sont entre 2,19 et 2,35 eV, ceci en fonction du temps de dépot.

Dans ce travail, les films du PbS préparés a une température fixe a 55°C
mais avec différents temps de dépdt ont une structure cubique avec une
orientation préférentielle suivant I’axe (002), la transmittance reste inférieure a
30% et les valeurs du gap optique diminuent de 1,8 a 1,6 eV, tandis que la taille
des grains augmente de 21,9 a 27,8 nm. Pour un temps de dépdt optimal égal a
60 min et avec des différentes concentrations molaires de nitrate de plomb, on
observe que ces films ont une orientation selon (111) ou (200) directions ceci en
fonction de la concentration molaire de nitrate du plomb. Les valeurs du gap
optique diminuent de 1,58 & 1,37 eV et la taille des grains augmente de 28,0 a

32,6 nm en augmentant la concentration de nitrate du plomb.
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