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By 
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Abstract 

Nano-sized CdS films were deposited onto ITO/Plastic substrates for 

the first time by different techniques, namely: electrochemical (ECD), 

chemical bath (CBD) and electrochemical followed by chemical bath 

(ECD/CBD) deposition techniques. Scanning electron microscopy (SEM), 

X-Ray diffraction (XRD), and electronic absorption spectra confirmed the 

presence of CdS in the films. Photo-electrochemical (PEC) characteristics 

of different films, such as photo (J-V) plots, conversion efficiency and 

stability, were all investigated. Method of deposition and treatment affected 

the CdS film characteristics.  

PEC characteristics of different films showed different behaviors. 

ECD films gave a CdS film that was too thin to be characterized. 

ECD/CBD films showed lower light-to-electricity conversion efficiency 

than CBD films. Moreover, the CBD films, which were prepared through 

the fourth cycle of deposition showed higher values of conversion 

efficiency and stability than other counterparts. This shows how 

advantageous the new described films are. Coating the CBD-CdS film with 

multi-wall carbon nanotube (MWCNT) did not improve its PEC 

characteristics. 
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The effect of redox couple on the photo J-V plots was measured for 

fresh CBD- CdS thin film electrodes. The most efficient redox couple was 

the Poly-Sulfide system, which showed higher efficiency than the iron 

redox couple. Therefore, the Poly-Sulfide redox couple was used 

throughout this work. 

Due to the hazardous nature of Cd ions, and their negative impact on 

the environment, this work described how the waste CdS films can be 

recycled into useful films. Again ITO/Plastic substrates were used for 

recycling the CdS films using CBD. 

The effect of annealing (125 ºC), and cooling rate (slow & fast), on 

fresh CdS film characteristics, such as electronic absorption spectra was 

studied. Different film PEC characteristics, such as photo (J-V) plots, open-

circuit voltage (Voc), short photo-current density (Jsc), efficiency and 

stability, were also studied. Films treated by annealing & fast cooling 

showed higher conversion efficiency and stability than non-annealed ones. 

The recycled CdS film showed lower PEC efficiency when annealed 125 

ºC under N2, despite the cooling rate. 
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2 

Chapter one 

Introduction  

1.1 Solar Energy 

Recently, the world is gradually attempting to phase out and replace 

the use of non-renewable energy sources with renewable energy sources, as 

renewable energy sources are characterized by being clean, economical, 

inexpensive, and available at all times. 

Renewable energy is very important to help us to develop energy 

independence and stability. Because of the abundance of solar energy and 

its excess distribution in nature compared to any other type of renewable 

energy, it can be considered very necessary.  

   Solar energy and its technologies are directly related to the sun's 

endless power and use that energy to produce heat, light, and electricity for 

household uses and industries. 

While fossil fuels play a major role in environmental pollution and 

increasing global warming, ozone depletion, climate change, and the 

effects of acid rain; solar energy lowers these environmental problems and 

reduces toxic emissions to the atmosphere   [1, 2]. 

Sunlight gives plenty of energy. The amount of solar radiation that 

falls from the sun to the earth is greater total amount of needed energy. 

Therefore, sunlight reaches the Earth is sufficient to cover all energy 
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consumption. Moreover, the sun doesn’t harm the environment. Solar 

radiation is mainly visible and near-infrared at the surface of the earth, with 

a small proportion (~5 percent) in the near-ultraviolet region [3-8]. 

One of the most important uses of solar energy is electricity 

generation, especially in remote areas where it is too expensive to extend 

the electricity. Solar energy benefits can thus be summarized as: 

1) It is the cleanest energy source with no cost.  

2) It is an infinite natural energy source.  

3) It needs cheap distribution networks. 

Solar light can be converted to electricity by two methods: 

photovoltaic (PV) solar cells or photo-electrochemical (PEC) solar cells. 

These two methods use the sun without creating by-products or hazards of 

emissions [9-13]. In both methods semiconductor electrodes are needed. 

1.2 Semiconductors (SCs) 

Materials are classified into three groups: conductors, semiconductors 

and insulators. The difference in energy between the valence band and the 

conduction band, which is called an energy gap or band gap (Eg), depends 

on these properties of solid materials. The three types of materials have 

different values of Eg: a conductor, where interference between the valence 

and conduction bands occurs at the Eg is equal to zero, insulator that has Eg 

above   4, and semiconductors with Eg between two previous values, Figure 

(1.1) [14-17]. 
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Figure (1.1): Energy diagrams of band gap for the three types of materials[13]. 

A semiconductor is a material that has an ability to conduct electrical 

current in between conductors (as copper (Cu), silver (Ag), gold (Au), and 

aluminum (Al)) and insulators (as rubber, plastics, glass)[15].  

Semiconductors are used in many modern devices such as computers, 

radio, telephone, and recently in solar cells.   

Now, large expectations are set in photovoltaic technology to 

become a major energy supplying technology before 2030 [17-20]. 

1.2.1 General properties of semiconductors. 

Semiconductors are known as materials with conductivity varying 

from insulators to conductors. The main property can be considered as its 

band gap energy, where this band gap usually ranges from 1 to 4 eV. In 

various types, semiconductors are found: pure elements, compounds, and 

alloys. 
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The most popular elemental semiconductors are considered to be 

silicon and germanium, with InSb, InAs, GaP, GaSb, CdS, GaAs, SiC, ... 

Compound semiconductors, etc., are an example. The structure of the 

semiconductor is a crystalline structure and called the diamond lattice. 

In semiconductors, current is based on either flow of electrons 

"negatively charged" or flow of holes "positively charged" in the material, 

but actually in both cases only the electrons move when excited. The 

electron passes from the valence band to the conduction band to form an 

"electron-hole pair" and leaves a hole behind in the valence band [21-24].  

1.2.2 Classification of semiconductors (SCs). 

Semiconductors are mainly classified into two categories: intrinsic 

and extrinsic. 

1.2.2.1 Intrinsic SCs 

It is a chemically pure semiconductor, also called an undoped 

semiconductor, and has a weak conductivity. In this SC, the number of 

electrons and holes are equals, so it can be formed in pairs at room 

temperature, Figure (1.2).  

The holes in the valence band are created by few electrons which 

have been thermally excited to the conduction band; hence, these intrinsic 

semiconductors have limited conductivity only [24, 25]. 
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Figure (1.2): schematic of thermally excited electron in intrinsic semiconductor[13]. 

1.2.2.2 Extrinsic SCs  

 It is an improved intrinsic semiconductor with a small number of 

impurities (dopant atoms) Figure (1.3)), which is added by a special 

process known as doping, to improves the conductivity of the electrical 

properties of the semiconductor  [23, 24]. 

 

Figure (1.3): Portion of the periodic table around (Ga) and (As) (groups III and V). 

Elements from groups II - VI, can act as dopants [22]. 
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 The impurities which are added include "extra" electrons or 

"missing" electrons so that the extrinsic semiconductors can be classified 

into two types, Figure (1.4): 

1) N-type Semiconductors. 

2) P-type Semiconductors. 

 

Figure (1.4): classes of extrinsic semiconductors [26]. 

1.2.2.2.1 P- type 

This type includes atoms with a hole in their valence shell. For 

silicon, these dopant atoms act as acceptors. In this type, the more abundant 

charge carrier is the hole, and the less abundant charge carrier is the 

electron, This is due to the electrons that jump to the valence shell of the 

acceptor atoms in the valence band. 

Aluminum (Al), gallium (Ga) and Indium (In) are examples of the 

atoms which can acts as p- type SC. [22-28].  
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1.2.2.2.2 N- type 

In a special atom, only one of the electrons will jump to the 

conduction band from the valence shell band. These atoms are known as 

dopant atoms "impurities", and it acts as donor atoms since they have to 

give an extra electron to the conduction band, because the energy level of 

this atom is closer to the conduction band (CB) than valence band (VB), 

thus cause increasing the conductivity of SC.  

Antimony (Sb), arsenic (As) and phosphorus (P) are examples of 

these atoms. When an SC is doped with this dopant it is called n-type 

material. 

In contrast, when the dopant energy level lies closer to the valence 

band (VB), and the atoms are acceptor as in the P-type case, the electrons 

are transmitted from the valence band to the electron acceptor atom, and 

leaving an excess positive charge "holes"[22-28]. Figure (1.5) energy levels 

for both types of semiconductor [29]. 
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Figure (1.5): Doped semiconductor showing energy levels of (a) n-type doping (b) p-

type doping [29] 

1.2.3 Fermi level (EF)  

It is a concept that defines the maximum amount of occupied energy 

contained at absolute zero temperature (0 kelvins or -273oC) in the 

material. It is an important parameter for semiconductor electrochemistry 

since it plays an important role in explaining the action of doped 

semiconductors [30, 31]. 

Depending on the kind of SC, the Fermi level has a different location 

in an SC material. The Fermi level lies roughly in the center of the 

forbidden energy gap for intrinsic SC, Figure (1.6). But for two extrinsic 

SC types, the Fermi level shifts upward toward the conduction band for N-

type SC as shown in Figure    (1.7 a), while it shifts downward toward the 

top of the valence band for P-type SC shown in Figure (1.7 b) [31, 32]. 
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Figure (1.6): Fermi level in intrinsic SC [31]. 

 

Figure (1.7): Fermi level diagram, a) N-type SC, P- type SC [32]. 

1.2.4 Popular semiconductors in solar cells 

Solar cells technologies use many semiconductor materials. The 

most common ones are categorized in sets; Table  (1.1) [10]. 
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Table (1.1): Common semiconductor materials used in solar cells: 

Class Example 

Elements Si and Ge 

II-VI compounds CdS, CdTe and CdSe 

III-V compounds GaAs, InP and GaP 

Oxides TiO2, WO3 and ZnO 

Transition Metal Di- chalcogenides MoSe2 and ZrS2 

Ternary compounds CuInS2 and CdIn2Se4 

Zinc phosphides ZnP2 

1.3 Active technologies for solar energy conversion. 

Solar energy is converted into electricity through two main 

technologies, Photovoltaic Devices, and Photo-Electrochemical Cells. 

What distinguishes these two technics is that they use the sun without 

producing by-products or pollution risks. 

1.3.1 Photovoltaic Devices (PV) 

PV is important method for the future because it is a low cost, needs 

no fuel and produces electricity without emissions of greenhouse gases and 

renewable. On other hand, it has some drawback such as: it operates only in 

light and needs large areas to work.  

 It is based on the photovoltaic effect, which is the generation of 

potential difference, by using semiconductor materials in which a solid–

solid junction (p-n junction) is used as the active layer [10, 33, 34]. 

PV cells consist of two or more thin layers of SC, on the first side it 

is a p-type but on the other side, it is n-type Figure (1.8). 
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  When this SC absorbs photons, electrons and holes are separated in 

the electrode. Through the electrostatic force in this electrode, the electrons 

moving toward the n-type side, in contrast, the holes move toward the p-

type side. Therefore, an electric current occurs as long as photons strike the 

SC cell [35]. 

 

Figure (1.8): Energy level diagram for a p-n junction, showing band bending and 

creation of an electron-hole pair upon absorption of a photon [36] 

1.3.2 Photo-Electrochemical Cells (PECs) 

PECs are another technique that uses semiconductor material for 

converting solar energy into electricity. It is characterized by its high 

efficiency compared to the PV technique.  

It is easy and more economic than PVs, because the electrolyte 

solution-based technique is low cost and provides large areas for reaction. 

PEC can also convert light to chemical energy and store it as well [37-40]. 
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In this technique, the semiconductor-electrolyte junction is used 

instead of solid-state p-n junction in PVs, Figure (1.9) 

 

Figure (1.9): The energy schemes for: a) n-type and b) p-type semiconductors in 

electrolyte solution [38] 

In PEC, the SC material that is used needs light at a wavelength that 

is equal or shorter than the threshold wavelength. Excitation of electrons 

from the upper valence band to the lowest conduction band is the result of 

this process, such that excess electrons occur in the conduction band and 

excess holes in the valence band [10, 38, 40]. 

  As mentioned earlier, PEC cells depend on the formation of the SC-

electrolyte junction. When the SC is immersed in an effective electrolyte 

solution, a depletion layer (the active layer) is formed as a result of the n-

type (Figure 1.10 a) or p-type (Figure 1.11 b) SC electrolyte junction. 

The Fermi level (EF) is usually used in SC to determine the chemical 

potential of electrons. However, the chemical potential of electrons is 

determined for the electrolyte solution by the redox potential of redox pairs 
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already present in the electrolyte; these redox potentials are also 

determined by Fermi's electrolyte level, Figure (1.10)[41].  

In n-type SC, when the SC material is immersed in an electrolyte 

solution and before the equilibrium state, the EF is still above Eredox, Figure 

(1.10 a (1)). Therefore the electrons will flow toward the Eredox. After that, 

the electrons keep going until EF be lowered and establish the equilibrium 

state, Figure (1.10 a (2)). 

 

(a)                              (1)                                            (2) 

 

(b)  

Figure (1.10): Energy level diagram for a) n- type, and b) p-type SC before and after 

equilibrium with an electrolyte, redox couple [41]. 
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In the equilibrium state, the positive space charge layer (SCL) is 

formed in the SC, and an electric field in the depletion layer will result, 

because of the chemical reduction process of SC. As a result of this 

process, the edges of the two bands (Valence and Conduction) are bent, and 

the formation of a potential barrier and no more electrons move towards the 

electrolyte solution [42]. 

When the light of energy that exposed by SC is greater than the SC 

band gap, it will be absorbed within the electrode's SCL. The (e
-
- h

+
 ) pair 

will split apart. The holes (minority carriers) move toward the interface. In 

the contrast, the electrons (majority carriers) move toward the bulk of the 

n-type SC electrode, Figure (1.11) [43]. 

 

Figure (1.11): Photo voltage formation under illumination. E = electron potential; EC = 

lower conduction band edge; EV = upper valence band edge; EF = Fermi level; ERed/Ox 

= standard redox potentials [44]. 

These types of PECs are regenerative cells, Figure (1.12). 
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Figure (1.12): Regenerative cell energy level diagram at a) equilibrium, and b) during 

illumination [10]. 

At equilibrium state, the both EF for SC and ERedox potential of the 

electrolyte are at the same level. But during illumination, the EF (for both 

SC and the counter electrode) is upward. As a result, the excited electron 

for metal moving toward the counter electrode through the external circuit 

and make a reduction of the redox couple:    

1)   e
−
 + ox

 +
 →red.                                  

To oxidize the reduced species of the same redox couple in the 

electrolyte solution, holes transfer from the valence band to the SC surface:  

2) red + h
+
 → oxd. 

 The photo-current generated in the external circuit is called short-

circuit current (ISC) and can be easily calculated by the value of this 

current [44]. 
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1.3.2.1 Dark current in N-type PEC technique 

Dark current occurs in the dark. It occurs by applying negative 

potential at the n-type section, and causes flat bands, Figure (1.13) [44, 45]. 

 

Figure (1.13): Dark current for n-type SC [44]. 

1.3.2.2 Photo current in N-type PEC technique  

As a consequence of excited electrons and holes, photo current arises 

after light absorption, while the concentration of the majority carrier 

(electrons) changes relatively; the concentration of the minority carrier 

(holes) is enhanced greatly. When these minority carriers dominate the 

electrode response, the photo-effects are being greater. 

This process occurs in the case of band bending only. The excited 

electrons move to the positive potential. Photocurrent occurs opposite to 

dark current, Figure (1.14) [44, 45].  
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Figure (1.14): Photo-current generation for n-type SC [45]. 

Voltammograms for both currents (Dark and Photo) are shown in 

figure (1.15). 

 

Figure (1.15): Dark and Photo currents voltammograms for n-type SC [45] 

1.4 Thin film technology. 

Thin film technology is a method of thin-film coating that is used for 

several applications to manufacturing ultra-thin, highly uniform, and 
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conformal material layers. This technology is widely use in an electronics, 

sensor industries, optics and solar cells. 

These thin films of metal chalcogenides can be deposited onto glass, 

metal, plastics and other substrates through different techniques, by flash 

evaporation, vacuum evaporation, electro-deposition, and electroless 

chemical bath deposition (CBD).  

The metal compound films that result from this are also used in 

photovoltaic cells. Most of the solar thin-film modules have slightly lower 

efficiencies for conversion but are cheaper to manufacture. Many 

semiconductors, such as CdS, CdSe, CdTe, CuSe, CuS, ZnS, ZnSe and 

others, have been used as thin-film electrodes in solar cells [46-49]. 

1.5 Cadmium Sulfide (CdS). 

CdS is a semiconductor characterized by its suitable band gap 

(~2.42-3.12 eV). It has important optical properties, high absorption 

coefficients and it is easy to fabrication for numerous device applications. 

The presence of sulfur in this semiconductor is very important, 

where this sulfur is deficient of the electrons, and possessing the sulfur 

vacancies with a high electron affinity. Therefore, the CdS will acquire the 

electrons easily which makes the material as n-type in nature [50, 51]. 

This CdS exists in two crystalline structures: hexagonal structure 

(wurtzite), Figure (1.16 a) and cubic structure (zinc blende), Figure (1.16 b). 
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In both these phases, it is possible to develop CdS films depending on the 

deposition conditions and techniques [52, 53]. 

 

Figure (1.16): The crystal structure of CdS (a) cubic zinc-blend (b) hexagonal 

(wurtzite) [53]. 

1.6 CdS thin film deposition techniques. 

Several deposition techniques can be used to deposit CdS films. Thin 

film properties depend on the method of deposition, the rate of deposition, the 

substrate temperature, and the background pressure. The deposition technique 

is determined by the application and the properties of the needed film. 

Different thin film deposition techniques are shown in Table (1.2) [53-55]. 
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Table (1.2): Different techniques for deposition of CdS [53]. 

                                    CdS deposition techniques 

- Vacuum evaporation (By resistive heating). 

- Electron beam evaporation (EBE). 

- Flash evaporation. 

- Sputtering. 

- RF sputtering. 

- Chemical bath deposition. 

- Spray pyrolysis. 

- Electrolysis. 

- Close space elimination. 

- Close-spaced sublimation (CSS). 

- Successive ionic layer adsorption & reaction (SILAR). 

- Pulsed laser ablation. 

- Molecular beam epitaxy (MBE). 

- Metal organic chemical vapor deposition (MOCVD). 

- Screen printing. 

Chemical Bath Deposition (CBD) and Electro-Chemical Deposition 

(ECD) techniques are the most popular and cheapest methods for CdS thin 

film deposition [54]. 

1.6.1 Electrochemical Deposition technique (ECD) 

ECD technique is simple and non-costly. It is one of the most 

important painting processes where particle size distribution is highly 

controllable. It is used to coat the film on the cathodic plate electrode by 

the action of an electric current inside an electrolytic cell. 

 Advantages of ECD technique are [56, 57]: 

 Smoothness and uniformity of surface. 

 Environmental friendly (lower contamination). 
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 Good performance of protection against corrosion. 

 Ease of utilization and control thickness of paint. 

 Greater operating flexibility when compared with a non-

electrophoretic coating, through controlling the concentration, pH, and 

temperature. 

 Good contact with substrate. 

- Growth by ECD technique 

Different research was made to describe the mechanism of formation 

of this CdS thin film from a solution which containing a sulfur atoms, 

through an ECD [58, 59]. The reaction mechanism of CdS formation is 

described as follows:  

3)  Cd
2+

 + S2O3
2−

 + 2e
−
        CdS + SO3

2−
 

The electro-deposition of CdS layers occurs on the cathode at the 

proper cathodic applied voltage after the reaction of S2O3 
2-

 ions with Cd
2 +

 

ions, ECD is dependent on pH. 

The source of sulfur ions is thiosulphate, this thiosulphate undergoes 

disproportion reaction, which depending on the pH values, as follows: 

4)  S2O3
2-   

       S + SO3
2-
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When the pH becomes lower, this causes decomposition of S2O3 
2-

 

and forms colloidal sulfur. The sulfur will be reduced to sulfur ions by 

accepting two electrons as follows [59]: 

5) S + 2e
-
          S

2-
 

Then the Cd
2+

 ions react with sulfur ions and precipitate as CdS on the 

cathodic plate as follows: 

6) S
2- 

+ Cd
2+

         CdS 

1.6.2 Chemical Bath Deposition technique (CBD) 

CBD is a process to prepare various compound semiconductor thin 

films. It is simple, safe, and inexpensive. It is useful to prepare films at 

very low temperatures (near room), and reproducible large area thin films 

for solar applications.  

To enhance efficiency, CBD can produce SC electrodes that can be 

deposited by other techniques, such as electrochemical. The deposition 

parameters, such as temperature, pH, concentrations of reactants (cadmium 

sulfate and thieourea), the concentration of complexing agents and 

composition control the stoichiometry and structure of the films [60-62]. 

- CdS  growth by CBD  

Literature shows how the CBD-CdS process is based on control of 

precipitation of CdS. The CdS is deposited through two types of reactions, 
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homogeneous (which leads to CdS as colloids), and heterogeneous (where 

CdS is deposited on the surface of the substrate) [63, 64]. 

Controlling the concentration of free Cd
2 + 

ions is the key parameter 

for CdS deposition and control of the precipitation process. The ammonia 

is a suitable compound for this purpose, where it is used as a complexing 

agent in the reaction to control the undesired homogeneous reaction [61].  

Equations (7-12) identify the reaction mechanism of CdS formation: - 

 

7)                                                 

8)  

9)  

10)  

11)  

12)  

As a result, all the previous studies have shown that the resulting 

CdS thin films are conventionally deposited onto FTO/Glass through the 

two techniques ECD and CBD. In addition to this, modifications were 

proposed to enhance film efficiency and stability, depositing ITO/Plastic 

substrates is another research subject. 
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1.7 Annealing of CdS Semiconductor 

The crystallization process of the semiconductor crystals and the 

crystal properties are controlled by the annealing of CdS semiconductor 

surfaces. Where the annealing process helps improves the SC crystals 

characteristics, such as its quality, homogeneity, and performance by 

increasing the efficiency of PEC cells.  

The benefits of the annealing process are due to that the annealing 

will increase the grain size, which leads to reduce defects in semiconductor 

and lower surface roughness. Consequently, the minority carriers will 

diffuse increasingly to the electrolyte solution in PEC solar cell, and the 

device sheet resistance will decrease to obtain the space charge region in 

the active zone [65-69]. 

1.8 Recycling of solar cell (polycrystalline CdS film electrodes) 

After the preparation of thin films of CdS, and using them in 

photovoltaic cells, it is necessary to clarify the negative environmental 

effects of cadmium ions. Cd ions are very dangerous and may cause cancer 

as they are slowly absorbed in the body.  

  When they are absorbed, they cause bone damage and possibly kidney 

and lung problems. Therefore it is very necessary to recycle CdS films [70].  

  In previous research, work was done to recycle cadmium, which was 

deposited on FTO/glass and prepared by CBD. For recycling of waste of 

CdS, different techniques were used for recovering residual Cd
2+

 ions.  
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An example of these techniques is ion exchange, coagulation, 

chemical precipitation, and others [71, 72]. Therefore, attention is made to 

recycling CdS films into new films.  

In this work, we will prepare fresh CdS thin films, and produce CdS 

films from recycled in the recovery. 

1.9 Objectives 

This work aims primarily to prepare a new type of nano-sized CdS 

film onto Indium Tin Oxide (ITO)/Plastic substrate, this for PEC 

conversion of light-into-electricity.  To achieve this goal, a new preparation 

technique is proposed here because we look for preparation for an efficient, 

non-costly and stable nano-film.  

The new method involves using a new doping surface for deposition 

of CdS nanoparticles through the traditional deposition techniques. 

The three preparation deposition techniques used are (CBD), (ECD), 

and the combined ECD/CBD. 

The resulting films prepared by different methods will be compared 

in terms of PEC characteristics, including J-V plots, light-to-electricity 

conversion efficiency, electrode stability, SEM surface topography, XRD 

crystal structure, and others. In addition to that, the effect of the number of 

repetition of the Sedimentation process on the plastic sheet will also be 

studied. Moreover, recycling of CdS film electrodes into new ones is 

another objective here.  
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This is to purify contaminated waters from cadmium ions and to 

produce useful film materials. The technical objectives of this work are:  

1) Recycling CdS thin films (used in solar cells). 

2) Recovering residual Cd
2+

 and S
2-

ions from waste CdS film electrodes. 

3) The ITO/plastic substrates and sulfide ions will be recovered. 

4) Preparing new recycled CdS film electrodes. 

5) In PEC processes, the recycled CdS film electrodes can be assessed.  

6) Enhancing the recycled electrode conversion efficiency will also be 

assessed. 

1.10 Hypothesis 

As stated previously, because of its sufficient band gap and high 

absorption coefficients, CdS is one of the significant SC materials used in 

photovoltaic and PEC solar cells. It is desirable to control the properties of 

this semiconductor. A major effort is also being made to enhance the PEC 

characteristics of the CdS film and the potential to recycle it.  

The main assumptions of this work are: 

1. ECD here gives good contact but thin films. 

2. The CBD approach offers extremely thick layers sufficient for light-

to-electricity conversion. 
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3. The EC/CBD technique is expected to give films that have good 

contact and suitable thickness. 

4. The final CdS film, prepared by depositing onto ITO/Plastic is thus 

expected to give high conversion efficiency and stability. 

5. Recycling will help purify water from cadmium ion, which is 

environmentally friendly. 

6. Recycling will help utilize cadmium waste to produce film electrodes 

useful in electricity production from solar light. This shows 

economic and environmental value of the project. 

7. Flexible property of the plastic film will help make easier and more 

popular, especially in homes, offices, and parks. 

1.11 Novelty of this work 

In this work, we suggest a new technique in this work to prepare CdS 

films. Different techniques, including ECD, CBD, and ECD / CBD 

techniques are used to prepare polycrystalline CdS thin films. 

The films deposited onto ITO / Plastic, In order to obtain the best 

preparation technique by monitoring various parameters, such as short 

current density (Jsc), open circuit voltage ( Voc), efficiency and stability, 

then the prepared samples were compared with each other. This work 

includes innovative concepts for the recycling section as:  
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 Recycling of waste CdS films electrodes will be studied  

 The recycled films will be deposited onto FTO/Glass and or ITO/plastic 

substrates for the first time. 

 Recycling deposition will be achieved by ECD, CBD and combined 

ECD/CBD for the first time.  

 Comparative study between recycled and fresh films will be made. 
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Chapter Two 

Experimental Part  

2.1 Materials 

2.1.1 Chemicals and Solvents 

  Common chemicals such as: CdCl2.2H2O, NH3, thieourea (CS 

(NH2)2), LiClO4, Na2S, NaOH, and elemental sulfur, NH4Cl, HCl, Na2S2O3, 

Cadmium(II) Acetate Dihydrate (C4H12CdO6 ) were purchased from 

Aldrich, Frutarom or Merck. Common solvents as acetone were purchased 

from Riedel-DeHaen in pure form. Indium Tin Oxide (ITO) coated PET 

(polyethylene terephthalate film) (ITO/Plastic) substrates with higher 

conductivity, were purchased from Sigma-Aldrich. The waste ITO/Plastic 

substrates were used for recycling. 

2.1.2 Substrate cleaning 

  ITO/Plastic substrates were pre-cleaned before the CdS thin film 

deposition, in order to obtain uniformity and good adherence for the 

deposited CdS films in (ECD, CBD, and combined). The cleaning steps of 

substrates were washing with liquid soap (from Al-Rajeh Company), 

distilled water, acetone, washing again by using distilled water, and finally, 

the substrates were dried by leaving in the air to be ready for use. 
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2.2 Preparation of CdS films. 

2.2.1 Chemical Bath Deposition (CBD) 

 CdS thin films were deposited on ITO/Plastic substrates for the first 

time using CBD technique. Figure (2.1) shows the experimental setup for 

preparation.  

 The chemical bath contained 2.5 ml of stirred deionized water, and 

the solution of CdCl2 (2.50 ml, 0.358 M), NH4Cl (10 ml, 0.60 M), and NH3 

(3 ml, 25% M Extra pure). The bath temperature was set at 75 - 80º C in a 

constant temperature water bath under constant stirring for 30 min. 

 Finally, the solution of thieourea (2.50 ml, 0.089 M) was added to 

the tube of the chemical bath as a source of sulfide ions. The total volume 

of the chemical bath mixture became 20.5 ml, and the final pH was ~10-

10.5 as reported earlier [73]. 

 

Figure (2.1): Experimental setup for solution growth of CdS film through the CBD technique 
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 The pre-cleaned ITO/Plastic substrates, with dimensions (1x4) cm2 

were held by a substrate holder. The substrates were immersed in the tube 

solution partially, and the rubber seal was used in the system for firmly 

closed. 

 The minimum deposition time was 30 minutes. During the 

deposition, the solution color changed gradually, started from pale yellow 

to yellow and finally to bright orange. After the deposition, the resulted 

substrate was cleaned with distilled water and dried under atmospheric air. 

2.2.2 Electrochemical Deposition (ECD) 

 For the first time, CdS films were deposited on pre-cleaned ITO / 

Plastic substrates using ECD. The experimental steps for CdS film 

preparation via the ECD are shown in figure (2.2). 

 A solution containing (10 ml of 0.598 M) Cadmium (II) Acetate 

Dihydrate (C4H12CdO6), (10 ml of 0.148 M  Na2S2O3), a small quantity of 

LiClO4 (approximately 0.741 g), 30 ml of distilled water, and HCl was 

used to control the value at pH for pH ~ 2.5  In a constant temperature 

water bath, the solution temperature was held at 90 ºC and under constant 

stirring during deposition    [58, 59]. 

 Wires holders holding the platinum plate and the pre-cleaned 

substrate, with dimensions (1x4) cm
2 

were used. Then the cleaned substrate 

and plate were partially immersed in the chemical solution. Metal clamps 

and wiring were isolated by Teflon sealing as in Figure (2.2). 
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Figure (2.2): Experimental arrangement for CdS film growth 

Table (2.1): The parts of the ECD device technique 

 The system was firmly closed. The deposition was carried out by 

adding a DC (direct current) stripping potential at the best negative 

potential (-0.9) V to the substrate. It was used in this work unless specified 

otherwise. Potential control was performed using a Potentiostat C.S model 

Electrochemical Workstation as described earlier [58]. 

Number Name of part 

1 Power Supply. 

2 Rubber seal. 

3 Beaker (60ml). 

4 ITO/Plastic substrate. 

5 Water input to keep the constant–temperature bath. 

6 Magnetic stirrer. 

7 Magnetic stirrer plate. 

8 
Solution containing (water, CdCl2, Na2S2O3, LiClO4,   

NaOH and HCl). 

9 Platinum electrode. 

10 Water output to keep the constant -temperature bath. 

11 Reference electrode. 

12 Substrate holder. 
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The substrate was connected to the cathode (working electrode), and 

the platinum plate to the anode (counter electrode) of the power supply, 

with reference electrode (Saturated calomel electrode (SCE)).  

The resulting substrate wasn't observable the CdS which means that 

the ECD may give very thin layer only. 

2.2.3 Combined ECD/CBD 

 The CdS films deposited on ITO/Plastic substrates by using the 

ECD were cleaned with distilled water and then dried in the air atmosphere. 

After that, as previously stated, the CBD technique was applied over the 

ECD-CdS film. Figure (2.3) shows the resulting layers of CdS, where the 

two layers of non-homogeneous CdS films were thus prepared. 

 Finally, the coated CdS/ITO/Plastic substrates were washed with 

distilled water after deposition and dried with ambient air. 

 

 

Figure (2.3): A schematic showing CdS, ITO/Plastic substrate prepared by combined 

EC/CBD  
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Figure (2.4): Experimental arrangement for CdS film growth through the EC/CBD 

technique 

2.3 Modification of CdS thin films 

 Different methods were used to modify the prepared thin CdS films, 

such as annealing temperature, control of cooling rate, and multi-wall 

carbon nanotube coating of the prepared film (MWCNT).  

2.3.1 Annealing Process 

 A thermostated horizontal tube furnace was used to perform film 

annealing (Lindberg Hevi-Duty Control Tube Furnace). In a 30 cm long 

Pyrex cylinder, which was then placed inside the tube furnace for the 

annealing process, the prepared CdS thin film substrate was inserted. 

 The temperature of the furnace was raised to the desired 

temperature (100 °C, 125 °C, 150 °C) under the N2 atmosphere. Figure 

(2.5) shows a schematic for the tube furnace used. The annealing process 
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was continued for 15 minute at the desired temperature under N2 

atmosphere. 

 

Figure (2.5): The annealing system with Pyrex cylinder  

2.3.2 Cooling rate control process 

2.3.2.1 Fast Cooling (Quenching) 

 The films annealed at 125 
º
C for 15 min were cooled quickly. The 

furnace was shut down and the Pyrex cylinder was removed from the tube 

furnace (with the CdS thin film) and left to cool under N2 atmosphere to 

room temperature for 5 minutes, as in Figure (2.6). 
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Figure (2.6): Photo of fast cooling process for Pyrex cylinder. 

2.3.2.2 Slow Cooling 

 The film substrates heated at 125 
º
C for 15 min, the furnace was 

shut down and left with the Pyrex cylinder inside to cool slowly to room 

temperature under the N2 atmosphere. With an average cooling rate equal 

to 2.74 ºC / min, the time for the slow cooling process was around 2 hours 

or less. 

2.4 Coating with Multi-Wall Carbon Nanotube.  

 CdS thin films were coated by spraying the Multi-Wall Carbon 

Nanotube (CdS/MWCNT) through 2 seconds on the film surface. Within 

ethanol (C2H5OH), which was permitted to evaporate, the MWCNT was 

suspended and a thin layer of MWCNT matrices formed on the surface of 

the CdS thin film, Figure (2.7). 
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Figure (2.7): Coating process of CdS film with MWCNT 

2.5 Recycling of CdS film by recovering the Cd
2+

 ions 

  After preparing CdS thin films by different technique, they were 

taken and immersed in 50 ml of 1 M HCl. This concentration of HCl was 

more suitable and used all the time. The pre-used CdS films and excess 

powder were immersed in HCl acid for 30 minute. The H2S(g) was 

transferred to the basic solution through a tube to form the Na2S solution as 

shown in Figure (2.8): 
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                  a                                                        b 

Figure (2.8): a) Photo of the immerse process of pre-used CdS films and excess powder 

in HCl acid b) Photo of remain solution after removing the H2S (g) 

2.6 CdS film prepared from recovered Cd
2+

 ions 

  CBD was used to recycle films. The Cd
2+

 ions which were 

recovered from the earlier prepared films were used. 

  Atomic Absorption Spectroscopy (AAS) was subsequently used to 

determine the concentration of recovered Cd
2+

 ions from the thin films of 

CdS, which previously prepared [74, 75].  

  Finally, the solution of Cd
2+

 ions in HCl was transferred to the 

CBD, neutralized with 5-7 drops of concentrated NaOH basic solution to 

control the pH value of the solution at ~10. The theiourea solution was 

added as the source of S
-2

 ions to deposit the CdS again on the cleaned 

ITO/Plastic. 
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2.7 Film characterization 

2.7.1 Electronic absorption spectra 

A Shimadzu UV-1601 spectrophotometer was used to measure the 

solid-state electronic absorption spectrum for different CdS thin films. 

ITO/Plastic substrate was used in absorbance measurements as baseline 

spectra. At 330-800 nm, the wavelength of the incident photons was varied. 

2.7.2 Scanning Electron Microscopy (SEM) 

The SEM was used to study the surface morphologies of CdS films 

prepared by different techniques. By means of field emission scanning 

electron microscopy (FESEM, JEOL JSM-6700F) with an energy 

dispersive X-ray spectrometer (EDS) instrument for measurement 

purposes, SEM measurements were kindly carried out on the Jeol-EO 

Scanning Electronic Microscope at UAE University, Al-Ain, and UAE. 

2.7.3 X-ray Diffraction (XRD) 

 The X-ray diffraction technique was used to provide details on the 

crystallographic structure and chemical composition of CdS thin films 

prepared using different techniques. 

 In the laboratories of the United Arab Emirates University (UAEU), 

Al-Ain University, XRD measurements of this work were performed using 

an Analytical X'Pert PRO X-ray diffractometer (XRD), with CuKa (λ = 
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1.5418 Å) as the source. By comparing the measured diffraction patterns to 

JCPDS data-base cards, the XRD lines were established. 

2.8 PEC experiment 

 The PEC cell involved two-electrodes; platinum counter electrode 

connected with and reference electrode, Figure (2.9). The prepared CdS 

thin film electrode was used as a working electrode into this PEC. 

 

 

Figure (2.9): Two-electrode photo-electrochemical cell (PEC) 

   For preparation of the redox couple in this experiment, the 

Polysulfide NaOH/S
2-

/Sx
2-

 system was used with (0.1 M S, 0.1 M NaOH, 

0.1M Na2S). High purity N2 gas (99.99999%) was bubbled through the 

solution for 5 minutes before each experiment, and to minimize air 

contamination, it was kept to flow above the solution during the 

experiment.                                                                         
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 The solution was stirred at the beginning, and then stopped as the 

PEC experiment started, at temperature about 22-25 C° through work. 

 The 50 watt solar simulator halogen spot lamp was used as a source 

of light. The lamp was located at a given distance (57 cm) from the 

working electrode. As shown in figure (2.10), the halogen spot lamp 

spectrum was equivalent to the solar light spectrum. The LX-102 Light-

meter measured the illumination intensity on the electrode and was ~ 59000 

lux (equivalent to 0.0086 W.cm
-2

). 

 

Figure (2.10): Solar radiation and Halogen spot lamp spectrum 

2.9 Effect of Redox Couple 

 As mentioned earlier, where the Polysulfide NaOH/S
-2

/Sx
2-

 system 

was used as a redox couple in PEC which with (0.10 M NaOH, 0.10 M S, 

and 0.10 M Na2S). Another redox couple with K3Fe (CN6)/K4Fe 

(CN6)/LiClO4 solution was with (0.10 M K3Fe (CN6), 0.10 M K4Fe (CN6), 

and 0.10 M LiClO4). 



44 

 In this work, the Polysulfide NaOH/S
2-

/Sx
2-

 redox couple is more 

effective in measuring and finding the current than K3Fe (CN6)/K4Fe 

(CN6)/LiClO4. 

2.10 Current density vs potential plots 

 Current vs. voltage (J-V) plots were measured by using a computer-

controlled CorrTest Electrochemical Workstation CS350 

Potentiostat/Galvanostat. The measured electric current (I) was converted 

into current density (J), by dividing the measured electric current into the 

area of the illuminated electrode (A).  

 The photo-current experiments were carried out to measuring photo 

J-V characteristics by using the 50 Watt halogen spot lamp. 

 Experimental setup mentioned above (Figure 2.9) was used at room 

temperature under N2 atmosphere, and the Polysulfide NaOH/S
2-

/Sx
2-

 

system as a redox couple, unless otherwise stated. In order to obtain the 

best preparation technique, different types of films were compared with 

each other by monitoring different Jsc, Voc, and conversion efficiency 

parameters from picture (J-V) plots. 

2.11 Electrode stability testing 

 The electrode stability was tested under the same PEC conditions 

described above. At 0.00V potential (Calomel electrode), the illumination 

on the electrode was (0.0086 W.cm-2). Short circuit current (Isc) values 

were calculated vs. time at 7200 sec. The current density (Jsc) value was 
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determined by dividing the current (Isc) value by the electrode region 

immersed in the solution of the redox pair. All measurements were made 

using Poly sulfide (NaOH/S
2-

/Sx
2-

 system Na2S (0.1M), NaOH (0.1 M), S 

(0.1 M)) as a redox couple at room temperature, under the nitrogen 

atmosphere. 
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Chapter Three 

Results and Discussions 

3.1 General Remarks 

  Thin films of CdS Nano-sized were deposited onto ITO/Plastic 

substrates by different techniques, namely: ECD, CBD and combined 

EC/CBD techniques. Moreover, different parameters were controlled to 

study the effects of annealing   (at 125 °C under N2 atmosphere), cooling 

rate (fast or slow cooling), deposition time and the deposition cycles (30 

minutes each cycle) on film characteristics. Wide and suitable electrode 

was prepared under certain conditions; then it was divided and annealed at 

different temperatures. 

  We studied all film electrode PEC efficiencies and stabilities. 

Recycling for the CdS electrode was another purpose. For different films, 

the effects of deposition time, redox couple, the cycle of deposition, an 

annealing process, cooling rate, and coating with multiwall carbon 

nanotube coating were all studied. Characteristics as XRD, SEM, electronic 

absorption spectra, and PEC characteristics were all investigated for 

different prepared films. 
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3.2 Part 1: 

Fresh CdS thin film electrodes  

  Different characteristics for prepared CdS thin-film electrodes, such 

as Electronic absorption, Photo-current, XRD, and SEM spectra are shown 

below:  

3.2.1 Electronic absorption spectra 

3.2.1.1 Effect of deposition time on CBD-CdS thin Film Electrodes 

  For ECD-CdS film, the resulted films weren't observable, which 

means that the ECD may give a very thin layer only. Therefore, its 

characteristics couldn't be investigated. 

  The effect of deposition time on the fresh prepared CBD- CdS thin 

films electronic absorption spectra was studied. Electronic absorption 

spectra were calculated for the new CBD- CdS thin films, which preparing 

at different times (30, 60, 90, 120, 150 and 180 min), Figure (3.1). 

  To determine the energy band gap, Figure (3.2). The Tauc method was 

used by using optical absorbance data plotted with respect to energy. This is 

explained in the relation (𝛼 h𝑣) = 𝐴 (h𝑣 − 𝐸b𝑔)𝑛, where ℎ 𝑣 is an energy of the 

incident radiation, α is the absorption coefficient, Ebg is the energy band-gap 

energy, 𝐴 is a constant which is based on effective masses of electrons and 

holes, and 𝑛 can take values of 0.5 and 2, for direct or indirect band gap 

transitions [76]. The results are summarized in Table (3.1). 
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Figure (3.1): Electronic absorption spectra measured for prepared CBD-CdS thin films, 

deposited at different times a) 30 min, b) 60 min, c) 90 min, d) 120 min e) 150 min and f) 

180 min (all one cycle)  

  The Figure (3.1) shows that the prepared films at 120 min exhibit 

slightly clearer absorption than the other ones, where this film has a 

thickness about 0.002 mm. 
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Figure (3.2): Tauc Plot from UV-Vis analysis of fresh prepared CBD-CdS thin films, 

deposited at different times a) 30 min, b) 60 min, c) 90 min, d) 120 min e) 150 min and 

f) 180 min  

         The Tauc method was used to determine the energy band gaps for 

the films, as described above, in Figure (3.2). Table (3.1) shows that 

prepared films at different times gave very close values of the energy band 

gap. The best deposition time is 120 min, which gives a value similar to 

literature [17]. It can be said from the results, that when the particle size 

increases, its energy band gap value decreases. This is consistent with 

literature [77]. 
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Table (3.1): Effect of deposition time on energy band gap value for 

CBD-CdS thin film electrodes 

Sample number Deposition time Energy band gap(eV) 

1 30 min ~2.90 

2 60 min ~2.90 

3 90 min ~2.89 

4 120 min ~2.91 

5 150 min ~2.89 

6 180 min ~2.88 

3.2.1.2 Effect of deposition cycle on CBD-CdS thin film spectra. 

  The effects of the cycle of deposition (at 30 min) on the prepared 

CdS thin film electronic absorption spectra were studied. In this part, the 

time was fixed and we changed the cycle number of deposition of CdS on 

the ITO/Plastic films were studied. Primary deposition at (30 min) was 

started until sixth deposition (single deposition, double, triple, fourth, fifth, 

sixth deposition). For these CdS thin films, the electronic absorption 

spectra, Figure (3.3), were measured. 
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Figure (3.3): Electronic absorption spectra measured for prepared CBD-CdS thin films, 

deposited in different cycles a) single b) douple c) triple d) fourth e) fifth and f) sixth 

cycle. 

 

Figure (3.4): Tauc Plot of fresh prepared CBD-CdS thin films, deposited in different 

cycles a) first b) second c) third d) fourth e) fifth and f) sixth cycle. 
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  Figure (3.3) shows that the prepared films at 30 min for fourth 

deposition (120 min) exhibit clearer absorption than the other ones, and its 

thickness nearly 0.003 ml. 

The Tauc method was used to determine the energy band gap for thin 

films, as described above in Figure (3.4). Table (3.2) showed that the 

prepared films for fourth deposition gave energy band gap close to 

literature [50]. The results of the Figure are summarized in Table (3.2). 

Table (3.2): Effect of the cycle of deposition on energy band gap value 

for CBD-CdS thin film electrodes 

Sample number  Cycle of Deposition  Energy band gap(eV) 

1 First  ~1.9 

2 Second  ~1.8 

3 Third  ~1.7 

4 Fourth ~2.0 

5 Fifth ~1.5 

6 Sixth ~1.6 

3.2.1.3 Effect of deposition time on ECD/CBD -CdS thin film spectra 

  The electronic absorption spectra for the CdS thin films prepared by 

combined ECD/CBD at different times (30, 60, 90, 120, 15 and 180 min) 

were investigated, Figure (3.5).    
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Figure (3.5): Electronic absorption spectra for the ECD/CBD of CdS thin films, deposited 

in different times a) 30 min, b) 60 min, c) 90 min, d) 120 min, e) 150 min and f) 180 min. 

 

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

400 450 500 550 600 650 700 750 800

A
b

so
rp

at
io

n
 

(A
) 

Wavelength (nm) 

d 

f 

c 

e 

b 
a 

-20

0

20

40

60

80

100

120

1.5 2 2.5 3 3.5

(α
h

ν)
² 

(e
V

²)
 

hν (eV) 
 

(a)combined 30
min
(b)combined 60
min
(c)combined 90
min
(d)combined
120 min
(e)combined
150 min
(f)combined
180 min

d 

e 

f 
c 
b 
a 



55 

Figure (3.6): Tauc Plot of ECD/CBD-CdS thin films, deposited in different times a) 30 

min, b) 60 min, c) 90 min, d) 120 min, e) 150 min and f) 180 min (all one cycle 

deposition) 

The Figure shows that different absorption edge values were present 

in the prepared films, with band gap values in the range of (2.29-2.6 eV). 

The energy of the band gap influences the semiconductors' light absorption 

characteristics. 

  The Tauc method was used to determine the energy band gap for thin 

films, Figure (3.6). Table (3.3) shows that the prepared films at different 

time gave energy band gap that resembles literature [50]. It can be said 

from the results, that when the particle size becomes increase, its energy 

band gap value will decrease. 

Table (3.3): Effect of deposition time on energy band gap value for 

ECD/CBD-CdS thin film electrodes 

Sample number Deposition time Energy band gap(eV) 

1 30 min ~2.60 

2 60 min ~2.53 

3 90 min ~2.50 

4 120 min ~2.35 

5 150 min ~2.40 

6 180 min ~2.45 

3.2.1.4 Effect of CdS film preparation method on spectra  

  Electronic absorption spectra have been investigated for CdS thin 

films prepared by different techniques (CBD and ECD / CBD), Figure 

(3.7).   The prepared films show different absorption edges, with band gap 
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values in the range of 2.00-3.2 eV. The best time for the prepared film by 

the two different techniques was 2 hr. Table (3.4) shows that the combined 

ECD/CBD films had better spectra than the CBD films. 

 

Figure (3.7): Electronic absorption spectra for the CBD & EC/CBD of CdS thin films, 

deposited at 120 min a) 120 min for CBD and b) 120 min for ECD/CBD (one cycle) 

Table (3.4): Effect of the time of deposition on energy band gap value 

for CBD & combined CdS thin film electrodes 

Type   Deposition time Energy band gap(eV) 

CBD 120min ~2.30 

Combined 120min ~2.35 
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3.2.1.5 Effect of annealing and cooling rate on CdS thin film 

electrodes prepared by fourth cycle of deposition by CBD ( fresh 

electrodes ) 

 Electronic absorption spectra were measured for annealed fresh 

CdS thin films, which was prepared through fourth cycle deposition at 

different temperatures (100, 125 and 150 ºC), as shown in Figure (3.8). 

Then, the best-annealed one at 125 ºC under N2 for 15 min, which showed 

a higher absorptivity was compared with a non-annealed fresh CdS thin 

film. Moreover, the effects of cooling rate (fast and slow cooling) on the 

electronic absorption spectra were investigated for the pre-annealed CBD-

CdS thin film electrodes at 125 ºC under nitrogen for 15 min, Figure (3.9). 
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Figure (3.8): Electronic absorption spectra for annealed CBD-CdS thin films, at 

different temperature a) after annealing at 100 ºC and slowly cooled b) after annealing 

at 100 ºC and quickly cooled c) after annealing at 125 ºC and slowly cooled d) after 

annealing at 125 ºC and quickly cooled e) after annealing at 150 ºC and slowly cooled f 

after annealing at 150 ºC and quickly cooled 

 

Figure (3.9): Electronic absorption spectra for a) annealed CBD- CdS thin film after 

annealing at 125 ºC and slowly cooled, b) after annealing at 125 ºC and quickly cooled 

and c) non-annealed CBD- CdS thin film 
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Figure (3.10): Tauc Plots from UV-Vis analysis for a) annealed CBD- CdS thin film 

after annealing at 125 ºC and slowly cooled, b) after annealing at 125 ºC and quickly 

cooled and c) non-annealed CBD- CdS thin film 

Figure (3.10), the Tauc method was used to assess the energy band 

gap for these thin films. The results of the Figure are summarized in the 

Table (3.5), which shows that the annealed film at 125 ºC with fast cooling 

gave better energy band gap than the non-annealed one, as compared with 

literature [10]. 
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Table (3.5): Effect of annealing and cooling rate on energy band gap 

value for CBD-CdS thin film electrodes 

 Description Energy band gap (eV) 

Fresh CBD-CdS 

electrode  

 

 

Non-annealed 

 

  

 

~2.00 

Slowly cooled ~1.90 

Fast cooled ~2.20 

3.2.2 XRD patterns 

3.2.2.1 CBD-CdS thin film electrodes at the fourth cycle of deposition 

   XRD measurements were used to determine the crystallite size and 

structural phase of the CBD-CdS/ITO/Plastic thin films. CdS may exist in 

two crystalline structures: cubic structure (zinc blende) and hexagonal 

(wurtzite type). Depending on the deposition conditions and techniques, 

CdS films may be grown in either phase [52, 53]. 

   XRD patterns were obtained for CBD-CdS thin films deposited at 

fourth cycle of deposition. Different parameters (including annealing 

effect, cooling rate, and coating process) were studied, Figure (3.11). 

 The particle sizes of CdS were calculated by using Debye-

Scherrers' formula,  D = 0.9λ/βcosθ,  in which D is the average grain size 

(A°), λ is the X-ray wavelength of Cu Kα radiation (λ = 1.5406 A°), β is 

the full-width at half-maxima (FWHM) in radians, and θ is the diffraction 

angle [78-80]. Table (3.6) summarizes the results. 
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Figure (3.11): XRD patterns for CBD-CdS at fourth cycle of deposition 

Table (3.6): Crystallite size values from XRD results for CBD-CdS film 

2ϴ ϴ   (FWHM) (sinϴ)
^2

 N=(h
^2

+k
^2

+l
^2

) hkl D (nm) 

13 6.5 2 0.013 1 100 4.18 

25 12.5 2 0.04 3 111 4.25 

44 22 2 0.14 11 311 4.48 

46 23 2 0.15 11 311 4.51 

52 26 2 0.19 14 321 4.62 

    The structure and the orientations were measured of crystal by 

using Brrag's law, 2dsinθ= nλ, in which d is the spacing of the crystal 

layers, n is an integer, θ is the incident angle, and by using a miller indices 

equation dhkl= a/(h
2
+k

2
+l

2
)

-1/2
 to specify directions and planes of crystal.  

    XRD data showed that the CBD-CdS film involved crystallites, with 

average grain size   4.40  nm.  It had intensity with preferential orientation, 

Table (3.6). It involved both cubic and hexagonal phases [62, 81]. 
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3.2.2.2 Effect of annealing and cooling rate on CdS thin film electrodes 

For annealed CdS thin film at 125 ºC with slow and fast cooling 

rates, XRD measurements were obtained. The annealing temperature of 

125 ºC provided the best characteristics. This temperature has, therefore, 

been studied here. 

XRD data showed that both fresh and annealed films exhibited 

crystallites.  

 verage particle sizes of slowly and fast cooled films   4.51 and 

4.525 nm respectively. The XRD patterns indicate that annealing at 125 ºC 

and fast cooling, Figure (3.12 b) give higher crystallites than annealing 

with slow cooling, Figure (3.12 a) and Figure (3.13). Table (3.7) 

summarized the results. 

 

a 

 

b 

Figure (3.12): XRD patterns for annealing film at 125 ºC a) after cooling slowly, b) 

after cooling quickly 
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Figure (3.13): XRD patterns for fast cooling film at 125 ºC 

Table (3.7): Crystallite size values from XRD results for annealed and 

fast cooled the CBD-CdS film 

2ϴ ϴ   (FWHM) (sinϴ)
^2

 N=(h
^2

+k
^2

+l
^2

) hkl D (nm) 

13 6.5 3 0.012 1 100 4.18 

25 12.5 2 0.04 3 111 4.26 

44 22 2 0.14 11 311 4.48 

46 23 2 0.15 12 222 4.51 

52 26 2 0.2 17 322 4.62 

XRD data showed that both annealed and non-annealed CBD-CdS 

films exhibited crystallites, both films involved both cubic and hexagonal 

phases. Thus, no measurable phase change in the crystal structure of CBD-

CdS films occurred by annealing at 125 ºC under nitrogen. 
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3.2.3 SEM micrographs 

In order to study the surface quality and morphology of SCs, SEM 

surface imaging is an important process. In PEC processes, surface quality 

affects SC performance. SEM surface images were obtained for different 

parameters including annealing effect, cooling rate, and coating process. 

3.2.3.1 SEM Images for CBD-CdS thin film electrodes at the 

fourth cycle of deposition 

SEM surface images have been obtained for CBD-CdS at fourth 

cycle of deposition (120 min) to see the uniformity and quality of the 

surface, Figure (3.14). The SEM image for the CBD-CdS at fourth cycle of 

deposition film showed a surface with coagulates of nano-sized particles. 

There were various sizes of coagulate (0.87- 1.55 μm). The surface 

topography showed ups and downs, showing relatively low uniformity. 

 

Figure (3.14): SEM surface for CBD-CdS thin film at fourth cycle of deposition 
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- EDX Spectra for CBD-CdS film at fourth cycle of deposition 

  The EDX pattern has been obtained for CBD-CdS film at fourth 

cycle of deposition, Figure (3.15). The EDX results showed different 

atomic ratios for Cd and S, (Cd:S 0.71: 0.88, respectively), Table (3.8). 

This means that Sulfur was more than Cadmium. However, in PEC study 

the film shows n-type behavior, in accordance with earlier literature [82]. 

This indicates that the excess S, in the film, is not an elemental Sº form.  It 

can be due to other sulfur impurities but not elemental.  

Table (3.8): EDX atomic analysis for fourth deposition cycle of CBD-

CdS  

Formula Mass% Atom%   Sigma 

C 50.86 67.92 0.09 

O 28.48 28.56 0.31 

S 1.76 0.88 0.05 

Cd 4.97 0.71 0.20 

In 12.15 1.70 0.23 

Sn 1.78 0.24 0.21 

Total 100 100 

 

Figure (3.15): EDX patterns for CBD-CdS thin film at fourth cycle of deposition 
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3.2.3.2 Effect of annealing and cooling rate on CdS thin film electrodes 

SEM surface images were obtained for CdS thin films after 

annealing at 125 ºC with fast cooling, because this annealing temperature 

gave best characteristics in this study. To see the uniformity and quality of 

the surfaces, SEM was studied. A surface with coagulates of nano-sized 

particles was shown in the SEM image for the annealed film, Figure (3.16). 

The coagulate size about (3.15 μm). The surface topography showed ups 

and downs, indicating relatively low uniformity. 

 

Figure (3.16): SEM surface for CBD-CdS thin film after annealing at 125 ºC with fast 

cooling 

- EDX Spectra for annealing CBD-CdS at 125 ºC with fast cooling   

The EDX pattern has been obtained for CBD-CdS film at fourth 

cycle of deposition, Figure (3.17). The EDX results showed different 

atomic ratios for Cd and S, (Cd:S 0.51: 0.60, respectively), Table (3.9). 

Sulfur was more than Cadmium; this indicates that the excess S, in the film, 
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is not an elemental Sº form.  It can be due to other sulfur impurities but not 

elemental.  

Table (3.9): EDX atomic analysis for annealed CBD-CdS at 125 ºC 

with fast cooling rate   

 

Formula Mass% Atom%   Sigma 

C 49.52 67.02 0.09 

O 29.03 29.49 0.30 

S 1.18 0.60 0.04 

Ca* 0.06 0.02 0.07 

Cd 3.51 0.51 0.18 

In 14.62 2.07 0.24 

Sn* 2.08 0.29 0.24 

Total 100 100 

 

 

Figure (3.17): EDX patterns for CBD-CdS thin film after annealing at 125 ºC with fast 

cooling 

 

keV

0.00 2.00 4.00 6.00 8.00 10.00 12.00 14.00

C
o

u
n

ts
[x

1
.E

+
3

]

0.0

0.2

0.4

0.6

0.8

1.0

001

C

Cd

Sn

O

C

S

S

In

Sn

Cd

In

Cd

Sn

In

Cd

Sn

Ca

In

Sn

In

Ca

Sn

In

Sn



68 

3.2.4 PEC studies on fresh CdS thin film electrodes 

  ECD-CdS film was too thin to observe. Therefore, the PEC study 

was not made on it. PEC studies on CBD-CdS thin films were made. The 

study included photo J-V plots, short-circuit current and efficiency. 

Aqueous poly sulfide redox was studied at room temperature. Effects of 

annealing (100,125 and 150 °C) and cooling rates were studied. 

3.2.4.1 Effect of deposition time  

  Photo J-V plots were measured for fresh CBD-CdS/ITO/Plastic thin 

film electrodes, with different deposition times.  

   Photo J-V plots were measured for new prepared films deposited in 

different times (30, 60, 90, 120, 150 and 180 min), Figure (3.18). The 

Figure results are shown in Table (3.10). 
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Figure (3.18): Photo J-V plots for CBD- CdS/ITO/Plastic thin film fresh electrodes, 

deposited in different times a)30 min, b) 60 min, c) 90 min, d) 120 min, e) 150 min and 

f) 180 min (all one cycle) 

Table (3.10): Effect of deposition time on PEC characteristics of fresh 

CBD- CdS thin film electrodes 

 Sample Voc (V) Jsc (mA\cm
2
) 

 

 

Fresh 

CdS 

electrode 

30 min -0.8 0.025 

60 min -0.2 0.0 

90 min -0.41 0.005 

120 min -0.71 0.035 

150 min -0.45 0.005 

180 min -0.5 0.01 

 The Voc and Jsc for the 30 min and 120 min deposition times were 

very close to each other, and they are higher than other values. Values of 

efficiency (ɳ %) are higher for films deposited in 30 min and 120 min. 
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Similarly, Fill Factor (FF) values are higher for films deposited in 30 min 

and 120 min. 

 Based on Figure (3.18), the values of 
 
ɳ % for deposition time 30 

and 120 min are (0.135), (0.1802) respectively, and the FF values for 

deposition time 30 and 120 min are (0.58), (0.645) respectively. Thus the 

most efficient generation of electric current is by films deposited in 120 

min  

 

 Equations (1) and (2) explain
 
ɳ % and FF. 

ɳ% = [(maximum observed power density)/(reach-in power density)] ×100%  (1) 

FF = [(maximum observed power density)/Jsc×Voc] ×100%     (2) 

3.2.4.2 Effect of cycles of deposition  

   The effect of deposition cycle on the photo J-V plots, was studied for 

fresh CBD- CdS thin film electrodes, Figure (3.19), The results of the 

Figure are shown in Table (3.11) 
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Figure (3.19): Photo J-V plots for CBD-CdS thin film non-annealed fresh electrodes, 

effect of deposition cycles a) first, b) second, c) third, d) fourth, e) fifth and f) sixth 

cycle 

 

Table (3.11): Effect of deposition cycle on PEC characteristics of fresh 

CBD- CdS thin film electrodes 

 Sample Voc (V) Jsc (mA\cm
2
) 

 

 

Fresh 

CdS 

electrode 

First  -0.88 0.036 

Second  -0.1 0.01 

Third  -0.42 0.01 

Fourth -0.9 0.095 

Fifth -0.1 0.003 

Sixth 0.001 0.0012 
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 The Voc and Jsc for the fourth and first cycle of deposition were the 

best, and they are higher than other values. Higher efficiency (ɳ %) values 

are taken from deposition cycles first and fourth. Values of ɳ % for first 

and fourth are (0.162) and (3.25) respectively.  FF values for first and 

fourth are (0.44), (0.327) respectively. Thus the most efficient generation 

of electric current is obtained by the fourth cycle. 

3.2.4.3 Effect of different annealing  temperature and cooling rate  

 Effect of annealing (100,125 and 150 125 ºC) of CBD-

CdS/ITO/Plastic on Photo J-V characteristics were studied. Effect of 

cooling rate was also studied, as shown in Figure (3.20). Table (3.12) 

summarizes the results.    

 

Figure (3.20): Photo J-V plots for CBD-CdS annealed thin film at different temperature 

a) after annealing at 100 ºC and slowly cooled b) after annealing at 100 ºC and quickly 

cooled c) after annealing at 125 ºC and slowly cooled d) after annealing at 125 ºC and 

quickly cooled e) after annealing at 150 ºC and slowly cooled f after annealing at 150 ºC 

and quickly cooled 
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Table (3.12): Effect of different annealing temperature and cooling 

rate on PEC characteristics of fresh CBD-CdS thin film electrodes 

 Sample Voc  Jsc (mA\cm
2
) 

 

 

Annealed 

CBD-CdS 

electrode 

Fast (100) -0.8 0.000056 

Slow (100) -0.78 0.0001 

Fast (125) -0.9 0.00026 

Slow (125) -0.6 0.00023 

Fast (150) -0.2 0.000001 

Slow (150) -0.7 0.00002 

 The values of efficiency are higher for annealed films at 125 ºC 

under nitrogen for 15min with cooling rate (fast and slow). Values of ɳ % 

for fast cooling and slow cooling are (0.017) and (0.0053) respectively. 

Similarly, FF values are higher for annealed films at 125 ºC, where the 

values of FF for fast cooling and slow cooling are (0.641), (0.333) 

respectively. Thus the most efficient generation of electric current is 

obtained by annealing at 125 ºC with rapid cooling rate. 

3.2.4.4 Effect of annealing (at 125 ºC) 

   Photo J-V plots were measured for non-annealed CBD-

CdS/ITO/Plastic thin films, which prepared through fourth cycle 

deposition, and it compared with the best-annealed ones at 125 ºC under 

nitrogen for 15min. Moreover, the effects of cooling rate (fast and slow) 

was also studied, Figure (3.21). The results of the Figure are shown in 

Table (3.13) 
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Figure (3.21): Photo J-V plots for a) non-annealed CBD-CdS thin film b) annealed 

CBD- CdS thin film after annealing at 125 ºC and slowly cooled and c) after annealing 

at 125 ºC and quickly cooled 

Table (3.13): Effect of annealing and non-annealing on PEC 

characteristics of fresh CBD- CdS thin film electrodes 

 Description Voc (V) Jsc (mA\cm
2
) ɳ % FF 

 

 

Fresh 

CBD-CdS 

Non-

annealed 

-0.9 0.095 3.25 0.327 

Slowly 

cooled 

-0.7 0.270 8.13 0.370 

Fast cooled -0.9 0.290 10.46 0.340 

From Table (3.13), the non-annealed film deposited in the fourth 

cycle showed lower Voc and Jsc values than the annealed films. 

Consequently it gave percentage conversion efficiency (ɳ % ~3.25) lower 

than annealed films (ɳ % ~8.13 and 10.46). On the other hand, the fast 

cooled electrode gave a higher efficiency than the slowly cooled electrode. 
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   The films annealed at 125 ºC gave higher electronic absorption and 

better PEC characteristics than the non- annealed film. In order to enhance 

the particle properties, the annealing process was reported, giving a more 

organized, compact surface, more homogeneous, and higher crystallites. 

Annealing reduces crystal defects, enhances particle interaction, decreases 

harshness of surface, and removes surface states [71]. 

3.2.4.5 Effect of deposition method 

 Photo J-V plots were measured for CdS thin films prepared by different 

techniques (CBD and EC/CBD) were investigated, Figure (3.22). Table 

(3.14) summarizes the results. 

 

Figure (3.22): Photo J-V plots for a) ECD/CBD and b) CBD- CdS thin films which 

deposited for 120 min at first cycle of deposition 
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Table (3.14): Comparison the PEC characteristics of CdS thin film 

electrodes prepared by different techniques 

Type of 

deposition 

Voc (V) Jsc (mA\cm
2
) ɳ % FF 

Combined  -0.45 0.0048 0.139 0.55 

CBD -0.71 0.035 0.180 0.64 

 From Table (3.14), the Voc and Jsc for the CBD technique were 

higher than ECD/CBD (combined) technique. For calculated the efficiency 

ɳ %, the larger areas was for CBD deposition.  

 The values ɳ % for CBD and ECD/CBD are (0.180) and (0.139) 

respectively. The FF values for CBD and ECD/CBD are (0.64) and (0.55) 

respectively. Thus the CBD deposition technique is better than ECD/CBD 

technique. 

3.3 Effect of redox couple on PEC 

  The effect of redox pairs was measured for fresh CBD-CdS thin film 

electrodes on the photo J-V plots, Figure (3.23).The results of the Figure 

are shown in Table (3.15). 
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Figure (3.23): Photo J-V plots for fresh CdS thin film, with effect of redox couple a) 

Iron and b) poly sulfide redox couples 

Table (3.15):  Effect of redox couple on PEC characteristics of fresh 

CBD-CdS thin film electrode 

Type of 

redox couple 

Voc (V) Jsc (mA\cm
2
) ɳ % FF 

Iron redox 

couple 

-1.00 0.0031 0.05 0.138 

Sulfide 

redox couple 

-0.9 0.095 3.25 0.327 

 

 Table (3.15) shows that, the Jsc value of film in Poly-Sulfide redox 

couple is higher than in Iron redox couple. But Voc value for the film in 

Iron redox couple is higher. For calculated the efficiency ɳ %, from a 

Figure (3.23). Largest efficiency value was for film in Poly-Sulfide redox 

couple. The value ɳ % for Poly-Sulfide and Iron redox couples are (3.25), 

(0.05) respectively. The FF values for Poly-Sulfide and Iron redox couples 
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are (0.327), (0.138) respectively. Thus the most efficient generation of 

electric current is when using the Poly-Sulfide redox couple, which is more 

efficient than other counterpart. Therefore, the Poly-Sulfide redox couple 

was used throughout this work. 

3.4 Part  2: 

Coated CdS thin film electrodes by multi-wall carbon nano tube 

(MWCNT)  

  Different characteristics for coated CdS thin-film electrodes, such 

as electronic absorption, photo-current, XRD, and SEM spectra are shown 

below:  

3.4.1 Electronic absorption spectra 

   Electronic Absorption Spectra were studied for CdS films coated 

with MWCNT. After preparing the new thin films by CBD through fourth 

deposition (120 min), it was coated with MWCNT. The electronic 

absorption spectra were measured for the CBD- CdS /ITO/Plastic thin films 

after coating, Figure (3.24). 

   The Tauc method was used to determine the energy band gap by 

using optical absorbance data plotted with respect to energy, Figure (3.25).  

   The results of the Figure are summarized in Table (3.16), which 

shows that the non-coated CdS electrode for fourth deposition gave lower 
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energy band gap than the coated ones. However, the Ebg value cannot be 

accurately measured for the coated CdS films. 

 

Figure (3.24): Electronic absorption spectra for a) coated and b) fresh CBD-CdS thin 

films, deposited in the fourth cycle (120 min) 

 

Figure (3.25): Tauc Plot from UV-Vis analysis for a) coated and b) fresh CBD-CdS 

thin films, deposited in the fourth cycle (120 min) 
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Table (3.16): Effect of coated with (MWCNT) on energy band gap 

value of CBD thin film electrodes, by electronic absorption spectra. 

 

Type   Cycle of Deposition  Energy band gap(eV) 

Non-coated Fourth (120 min) ~2.0 

Coated electrode Fourth (120 min) ~2.1 

3.4.2 XRD patterns for coated CdS thin films electrodes 

   XRD patterns were used to determine the crystalline size and 

structural phase of the coated CBD-CdS Nano crystalline thin films. XRD 

measurements were obtained for coated CBD-CdS at fourth cycle of 

deposition (120 min), Figure (3.26). The particle sizes of CdS were 

calculated. Table (3.17) summarized the results. 

 

Figure (3.26): XRD patterns measured for coated CdS thin film 
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Table (3.17): XRD results for coated CBD-CdS thin film 

2ϴ ϴ   (FWHM) (sinϴ)
^2

 N=(h
^2

+k
^2

+l
^2

) hkl D 

13 6.5 3 0.012 1 100 4.18 

25 12.5 2 0.04 3 111 4.26 

38 19 2 0.10 8 220 4.39 

44 22 2 0.14 11 311 4.48 

46 23 2 0.15 12 222 4.51 

52 26 2 0.2 17 322 4.62 

  The XRD data showed that the coated film exhibited crystallites. 

The average grain size was     4.406 nm, and it had intensities with 

preferential orientation; This means that particle size and preferential 

orientations are identical in both coated and fresh films, Table (3.17). It 

involved both cubic and hexagonal phases [62]. This means that the coating 

process by MWCNT didn't affect the original grain size of CdS as it 

appeared in Figure (3.11), and the particle sizes are approximately the 

same. 

3.4.3 SEM micrographs 

SEM surface images have been obtained for coated CBD-CdS Nano 

crystalline thin films, to see the uniformity and quality of the surface, as in 

Figure (3.27). The SEM image showed a surface with nano-sized particles 

coagulating. There have various sizes of coagulates (4.06- 5.13 μm). The 

surface topography showed low uniformity. 
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Figure (3.27): SEM surface for coated CdS thin film 

- EDX Spectra for coated CBD-CdS thin film Electrodes 

  EDX patterns have been obtained for coated CBD-CdS, Figure 

(3.28). The EDX analysis showed the disappearance of the sulfur atoms, 

and showed only small amount Cadmium atoms. This may be due to the 

fact that the carbon atoms covered the sulfur atoms. Thus, the atomic 

quantity of Cd is 0.20 and 67.69 for Carbon atom, as shown in Table 

(3.18). 

Table (3.18): EDX atomic analysis for coated CBD-CdS 

Formula Mass% Atom%   Sigma 

C 52.38 67.92 0.08 

O 29.78 28.89 0.27 

Na  0.78 0.53 0.06 

Si  1.40 0.78 0.06 

Cd  1.42 0.20 0.13 

In  11.93 1.61 0.19 

Sn 2.30 0.30 0.18 

Total 100 100 
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Figure (3.28): EDX patterns for coated CBD-CdS thin film 

3.4.4 PEC studies for coated and fresh CdS thin film electrodes 

  PEC values including photo J-V plots, short-circuit current and 

efficiency, were studied in aqueous S
2-

/Sx
2-

 redox couple at room 

temperature. 

  Photo J-V plots were measured for coated and fresh CBD-CdS films, 

Figure (3.29). Table (3.19) summarized the results. 
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Figure (3.29): Photo J-V plots for a) coated CBD-CdS b) fresh CBD-CdS thin films 

and c) back side of coating electron, which deposited in fourth cycle 

Table (3.19): Comparison the PEC characteristics of coated and fresh 

CdS thin films electrodes prepared by fourth deposition  

Description 

of electrode 
Voc (V) Jsc (mA\cm

2
) ɳ % FF 

Fresh 

electrode 
-0.9 0.095 3.25 0.327 

From Side of 

coated 

electrode 

-0.35 0.028 0.77 0.670 

Back side of 

coating 
-0.50 0.089 2.79 0.540 

 From the Table (3.19), the Voc and Jsc for the non-coated (fresh) 

film was the highest than the coated one. For calculated the efficiency ɳ%, 

the largest and best value was for fresh film.  
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 The FF values for fresh and coated films are (0.327), (0.67) 

respectively. Thus the most efficient generation of electric current is from 

the fresh film, which is higher than other counterparts. 

3.5 Part  3: 

Recycled CdS thin film electrodes  

  For recycled CdS thin-film electrodes, different characteristics, 

such as photo-current and electronic absorption are shown below:  

3.5.1 Electronic absorption spectra  

  After prepared the new CBD-CdS/ITO/Plastic electrode, and 

recycled other thin films through CBD technique for fourth deposition 

(about 120min), electronic absorption spectra was measured for these fresh 

and recycled thin films. 

- Effect of annealing and cooling rate  

   Electronic absorption spectra were measured for non-annealed fresh 

and recycled CBD- CdS/ITO/Plastic thin films, and for annealed ones at 

125 ºC under nitrogen for 15 min. Moreover, the effects of cooling rate 

(fast and slow) for both electrodes were studied, Figure (3.30). 
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Figure (3.30): Electronic absorption spectra for a) non- annealed fresh electrodes, b) 

after annealing at 125 ºC and quickly cooled fresh, c) after annealing at 125 ºC and 

slowly cooled fresh, d) non-annealed recycled, e) after annealing at 125 ºC and slowly 

cooled recycled, f) after annealing at 125 ºC and quickly cooled recycled 

 To determine the energy band gap, the Tauc plots were made, 

Figure (3.31). The results of the Figure are summarized in Table (3.20). 

The Table shows that recycled and fresh films gave comparable gaps in the 

energy band, and the energy band gaps are marginally influenced by 

annealing. In contrast with annealed films, the recycled and fresh non-

annealed films showed higher energy band gaps. The lowest energy band 

gap values were provided by quickly cooled films. 
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Figure (3.31): Tauc Plot from UV-Vis analysis for a) non- annealed fresh electrodes, b) 

after annealing at 125 ºC and quickly cooled fresh, c) after annealing at 125 ºC and 

slowly cooled fresh, d) non-annealed recycled, e) after annealing at 125 ºC and slowly 

cooled recycled, f) after annealing at 125 ºC and quickly cooled recycled. 

Table (3.20): Effect of annealing and cooling rate on energy band gap 

values of CBD-CdS thin film electrodes (fresh and recycled) 

CdS type Description energy band gap (eV) 

 

Fresh 

Non-annealed ~1.70 

Slowly cooled ~1.72 

 Fast cooled ~1.71 

 

Recycled 

Non-annealed ~2.10 

Slowly cooled ~2.20 

Fast cooled ~2.25 
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3.5.2 PEC studies for recycled and fresh CdS thin film electrodes 

  PEC results for recycled and fresh electrodes, prepared by CBD 

technique, including photo J-V plots, the value of short-circuit current and 

efficiency was studied in aqueous S
2-

/Sx
2-

 redox couple at room 

temperature, Figure (3.32). Table (3.21) summarized the results. 

 

 

 

Figure (3.32): Photo J-V plots for a) non- annealed recycled, b) non-annealed fresh c) 

after annealing at 125 ºC and slowly cooled fresh, d) after annealing at 125 ºC and 

quickly cooled fresh, e) after annealing at 125 ºC and slowly cooled recycled, f) after 

annealing at 125 ºC and quickly cooled recycled 
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Table (3.21):  Effect of annealing and cooling rate on PEC 

characteristics of fresh and recycled CBD-CdS thin film electrodes 

CdS type Description Voc 

(V) 

Jsc (mA\cm
2
) 

 
  ɳ % 

  
FF 

 

 

fresh 

Non-

annealed 

-0.9 0.095 3.25 0.327 

Slow 

cooling 

-0.7 0.27 8.13 0.37 

Fast cooling -0.9 0.29 10.46 0.34 

 

 

recycled 

Non-

annealed 

-0.72 0.11 3.83 0.420 

Slow 

cooling 

-0.6 0.125 4.06 0.46 

Fast cooling -0.67 0.152 5.93 0.504 

 From the Table (3.21), the fresh films showed higher Voc and Jsc 

values than recycled ones. For percent conversion efficiencies, the fresh 

and recycled annealed films showed the higher conversion efficiency than 

the other films.  

 The quenched film, gave higher percent conversion efficiency than 

the slowly cooled ones. From a Figure (3.32), the largest and best ɳ % 

value was for quenched fresh film (10.46).  The FF% values for recycled 

films are higher than fresh film; especially the quenched films (0.504). 

 As mentioned earlier, the annealed films in both types (fresh and 

recycled) at 125 ºC gave better PEC characteristics than the non- annealed 

films. The annealing process was reported to enhance contact the particle 

and its properties, giving a more orderly and compact surface. In addition, 

it provides more homogenous and higher crystallites and  eliminates the 

crystal defects [71]. 
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 Here, quenched films showed better PEC characteristics than the 

slowly cooled ones. The fast cooling protects crystallites from extra 

exposure to heat, and possibly eliminates film distortion. Annealed films 

with slow cooling have more imperfection, because the heated crystal is 

expose to more heat [83, 84]. 

3.6 Stability of the CdS thin film electrodes 

 The stability under PEC conditions was investigated for various 

CBD-CdS/ITO/Plastic thin film electrodes, Figure (3.33). The value of Jsc 

vs. time was measured at (0.0 V) applied potential with respect to Calomel 

electrode. The illumination intensity on the electrode was measured, and it 

was ~ 0.0086    W.cm
-2

. 

 The effect of annealing and fast cooling rate on Jsc vs. time plots on 

fresh and recycled films has been studied. The films that were recycled 

showed higher Jsc vs. time than fresh films. The annealed CdS films 

showed higher Jsc vs. time than the non-annealed CdS films, while 

quenched films showed Jsc vs. time higher than slowly cooled films.  

 Compared to annealed CdS with slowly cooled and non-annealed 

thin films under PEC conditions, this suggests relative stability of the 

quenched annealed films. 
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Figure (3.33): Short circuit current density vs. time measured for a) non-annealed fresh, 

b) non- annealed recycled c) after annealing at 125 ºC and quickly cooled recycled, d) 

after annealing at 125 ºC and quickly cooled fresh  
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Chapter Four 

Conclusions  

1. CdS thin films electrode-based solar cells, were prepared by different 

techniques onto ITO/Plastic substrate, including ECD, CBD and 

ECD/CBD techniques. All films showed PEC behaviors, except ECD 

film. 

2. CBD-CdS thin films showed higher efficiency in PEC systems than its 

EC/CBD-CdS counterparts. 

3. ECD technique gives a very thin layer of CdS, because the resulting 

film wasn't observable. Thus, the characteristics for this technique can't 

be obtained. 

4. Poly-Sulfide redox couple showed higher efficiency in PEC systems 

than Iron redox couple. 

5. CBD-CdS thin films, prepared through fourth cycle of deposition (120 

min) showed higher efficiency in PEC systems than other counterparts. 

6. Annealing and fast cooling process showed enhancement in PEC cell 

efficiency for CBD-CdS thin film electrodes. 

7. Covering CBD-CdS films with carbon couldn't enhance the PEC 

characteristics. 

8. CdS thin films electrode-based solar cells can be recycled as confirmed 

in this work. 
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9. Annealing process and fast cooling enhance PEC cell efficiency and 

stability for fresh and recycled CBD-CdS films. 

Suggestions for Future Work: 

It is recommended to investigate the following: 

1. Use the ITO/Plastic substrates for other types of semiconductors (CdTe, 

CuSe, CuO, and others). 

2. Doping the CdS film with different types of dopants.  

3. Coating the film electrode with electro active materials to improve 

charge transfer between the electrode and the Redox couple.  

4. Recycling of other types of semiconductor film electrodes. 

5. Studying different experimental conditions and different redox couples 

to enhance electrode efficiency and stability is recommended. 
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 ممخصال

‌أفلام ‌ترسيب ‌تم ‌البحث ‌هذا ‌‌ CdSفي ‌مرة ‌لأول ‌الحبيبات ‌نانوية ‌شرائح‌الرقيقة عمى
‌بالإنديوم‌ ‌الالمطعم ‌القصدير ‌أكسيد ‌من ‌شفافة ‌موصمة ‌رقيقة ‌بطبقة ‌مغطاة بلاستيكية

ITO/Plastic):وذلك‌باستخدام‌تقنيات‌مختمفة،‌وهي‌،‌) 

‌الكهروكيمياوي‌ ‌)ECD)‌الترسيب ‌الكيميائي ‌والترسيب ،)CBDتعتمد‌‌ ‌مشتركة ‌وطريقة )
(.‌تم‌التأكد‌من‌وجود‌ECD / CBDعمى‌الترسيب‌الكهروكيمياوي‌تميها‌تقنية‌الترسيب‌الكيميائي‌)

(،‌حيود‌الأشعة‌SEMعمى‌سطح‌البلاستيك‌عن‌طريق‌المسح‌المجهري‌الإلكتروني‌)‌CdSطبقة‌
‌(،‌وطيف‌الامتصاص‌الإلكتروني.‌XRDالسينية‌)

درست‌كفاءة‌الأفلام‌المحضرة‌في‌تحويل‌الضوء‌إلى‌كهرباء‌بالطريقة‌الفوتو‌كهروكيميائية‌
(PEC‌ ‌الاضاءة‌( ‌تيار ‌كثافة ‌منحنيات ‌مثل ‌مختمفة ‌حيث‌عوامل ‌من ‌المختمفة ‌الأفلام لأقطاب

(photo J-V)‌(مقابل‌الجهد،‌كثافة‌تيار‌الدارة‌القصيرة‌(Jsc،‌(جهد‌الدارة‌المفتوحة‌Vocو‌‌،)كفاءة‌
‌المم ‌ومعامل ‌)ىالتحويل، ‌الترسيب‌FFء ‌لطريقة ‌كان ‌حيث ‌تحضيرها، ‌بعد ‌الأفلام ‌وثبات ،)

 .CdSالكيميائي‌والمعالجة‌أثر‌كبير‌عمى‌خصائص‌فيمم‌

للأفلام‌المختمفة‌‌سموكيات‌مختمفة.‌أعطت‌‌PECالفوتو‌كهروكيميائية‌أظهرت‌الخصائص‌
كفاءة‌أقل‌‌ECD / CBDرقيقًا‌جدًا‌بحيث‌لا‌يمكن‌تمييزه،‌وأظهرت‌أفلام‌‌CdSفيمم‌‌ECD أفلام‌

،‌التي‌‌CBD.‌علاوة‌عمى‌ذلك‌،‌أظهرت‌أغشية‌CBDفي‌تحويل‌الضوء‌إلى‌الكهرباء‌من‌أفلام‌



 ج‌

‌نظيراتها‌ ‌من ‌والاستقرار ‌التحويل ‌لكفاءة ‌أعمى ‌قيمًا ‌لمترسيب‌، ‌الرابعة ‌الدورة ‌خلال ‌تحضيرها تم
 ا‌فكرة‌عن‌أهمية‌الأفلام‌الموصوفة‌الجديدة.الأخرى.‌يعطي‌هذ

،‌(MWCNTبأنابيب‌نانوية‌كربونية‌متعددة‌الجدران‌)‌CBD-CdSوتم‌محاولة‌طلاء‌فيمم‌
‌.PECلكن‌ذلك‌لم‌يؤد‌إلى‌تحسين‌خصائص‌

 photo)كان‌لتأثير‌زوج‌التأكسد‌والاختزال‌دور‌في‌جودة‌منحنيات‌كثافة‌تيار‌الاضاءة‌
J-V)مقابل‌الجهد‌لأفلام‌‌CBD-CdSالرقيقة،‌أعطى‌نظام‌بولي‌كبريتيد‌‌  NaOH / S-2 / 
Sx

 كفاءة‌أعمى‌في‌تحويل‌الضوء‌إلى‌الكهرباء.‌2-

‌العمل‌ ‌السمبي‌عمى‌البيئة‌،‌وصف‌هذا ‌وتأثيرها ‌لأيونات‌الكادميوم ‌الخطرة ‌لمطبيعة نظرًا
‌وفعّالة.‌وذلك‌بإ ‌إلى‌أفلام‌جديدة ‌التالفة ‌الكادميوم ‌تدوير‌أفلام ‌أخرى‌آلية‌إعادة ‌مرة ‌ترسيبها عادة

‌.(CBD)باستخدام‌الترسيب‌الكيميائي‌‌(ITO/Plastic)شرائح‌بلاستيكية‌‌عمى

درجة‌مئوية‌والتبريد‌لدرجة‌حرارة‌الغرفة‌بوجود‌‌521تمت‌دراسة‌تأثير‌عممية‌الشيْ‌عند‌
‌النيتروجين ‌أفلام‌غاز ‌خصائص ‌عمى ‌والبطيء ‌السريع ‌التبريد ‌مختمفتين: ‌طريقتين ‌باستخدام ،

CBD-CdSذلك:‌أطياف‌الامتصاص‌الالكتروني‌المحضرة‌لأول‌مرة‌والمعاد‌تدويرها،‌بما‌في‌‌،
جهد‌‌،Jsc)مقابل‌الجهد،‌كثافة‌تيار‌الدارة‌القصيرة‌)‌(photo J-V)كثافة‌تيار‌الاضاءة‌منحنيات‌

لام‌أظهرت‌الأف(،‌وثبات‌الأفلام.‌وقد‌FFكفاءة‌التحويل،‌وعامل‌الملء‌)(،‌و‌Vocالدارة‌المفتوحة‌)
المعالجة‌بالشيْ‌)التمدين(‌والتبريد‌السريع‌كفاءة‌تحويل‌واستقرار‌أعمى‌من‌تمك‌غير‌الممدنة‌في‌كلا‌

‌PECالمعاد‌تدويره‌كفاءة‌‌CdSالنوعين‌من‌الأفلام‌)‌الجديدة‌والمعاد‌تدويرها،‌ولكن‌أظهر‌فيمم‌
‌الأفلام‌الجديدة.‌درجة‌مئوية‌‌بوجود‌غاز‌النيتروجين،‌مقارنة‌بنظيره‌من‌521أقل‌عند‌الشيْ‌‌
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