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The removal of the non-biodegradable organic 

chemicals is a crucial ecological problem. Dyes are an 

important class of synthetic organic compounds used in 

the textile industry and are therefore common industrial 

pollutants. Due to the stability of modern dyes, 

conventional biological treatment methods for industrial 

wastewater are ineffective resulting often in an intensively 

colored discharge from the treatment facilities. 

Heterogeneous photocatalysis by semiconductor films is    

a promising technology for the reduction of global 

environmental pollutants.  

ZnO has received much attention in the degradation 

and complete mineralization of environmental pollutants. 

In order to improve the properties of the films, several 

techniques such as sputtering, thermal evaporation and 

spray pyrolysis have been applied for the production of 

ZnO. Spray pyrolysis technique is preferred among these 

techniques. It is less expensive, simpler and more versatile 

than all the other techniques, which allows the possibility 

of obtaining large area films with the required properties 

for different applications. 

In order to improve the photocatalytic efficiency of 

ZnO films, the particle sizes, morphologies, surface 

properties, and electronic structure have to be changed. 

This can be done by doping with some metals. 
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In this work, Mg was doped into ZnO thin films. 

Zn1−xMgxO thin films are prepared by spray pyrolysis 

method on glass substrates. The deposition temperature 

was 500 °C. Mg concentration was varied in the range of 

0.0 to 0.3 in intervals of 0.05.  

The pure ZnO films were polycrystalline with 

preferred orientation (100). Zn1−xMgxO films become 

amorphous with increasing Mg concentration. The grain 

size decreased with increasing Mg content. Also, doping 

with Mg has increased the surface roughness of the films. 

The optical band gap of Zn1−xMgxO changes from 3.26 to 

3.48 eV with increasing Mg content. The refractive index 

has been decreased but the extinction coefficient has been 

increased with increasing Mg content. Furthermore, the 

photocatalytic activity has been increased with increasing 

Mg concentration, and the film with x=0.3 showed the 

best results. 
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Contaminations of ground water systems by organic 

chemicals pose a serious environmental threat. The 

severity of this threat is due to their toxicity to animals 

and humans. Several research groups have investigated 

photocatalytic oxidation of organic compounds to break 

them to simpler fragments or have attempted a complete 

mineralization using different metal oxide semiconductor 

materials 
[1]

. 

In recent years, semiconductor photocatalysis has 

become more and more attractive and important domain 

since it has a great potential to contribute to such 

environmental problems. One of the most important 

aspects of environmental photocatalysis is the selection of 

semiconductor materials like TiO2, which is close to being 

one of the ideal photocatalysts in several respects. For 

example, it is relatively inexpensive, and provides photo-

generated holes with high oxidizing power due to its wide 

band gap energy 
[1]

. 

Photocatalysis requires large values of the specific 

surface; therefore TiO2 powder is usually used as provided 

or as thin film. Several practical problems arising from the 
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use of powder are obvious during the photocatalytic 

process; such as: 

 Difficulty in separating the insoluble catalyst from 

the suspension, 

 The suspended particles tend to aggregate 

especially at high concentrations, 

 Suspensions are difficult to apply to continuous 

flow systems 
[2]

.   

The application of thin films in modern technology 

is widespread. The methods employed for thin-film 

deposition can be divided into two categories based on the 

nature of the deposition process, physical or chemical.The 

physical methods include physical vapor deposition 

(PVD), laser ablation, molecular beam epitaxy, and 

sputtering. The chemical methods comprise gas-phase 

deposition methods and solution techniques. The gas-

phase methods are chemical vapor deposition (CVD)
 [3, 4]

 

and atomic layer epitaxy (ALE)
 [5]

, while spray pyrolysis
 

[6]
, sol-gel

 [7]
, spin

 [8]
 and dip-coating

 [9]
 methods employ 

precursor solutions 
[10]

. 
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Chemical thin film deposition methods
 [10]

 

Spray pyrolysis is a processing technique that is 

considered in research to prepare thin and thick films, 

ceramic coatings, and powders. Unlike many other film 

deposition techniques, spray pyrolysis represents a very 

simple and relatively cost-effective processing method 

(especially with regard to equipment costs). It offers an 

extremely easy technique for preparing films of any 

composition. Spray pyrolysis does not require high-

quality substrates or chemicals. The method has been 

employed for the deposition of dense films, porous films, 

and for powder production. Even multilayered films can 

be easily prepared using this versatile technique
 [10]

. 

As a well-known photocatalyst, ZnO has received 

much attention in the degradation and complete 

mineralization of environmental pollutants. Since ZnO has 

almost the same band gap energy (3.2 eV) as TiO2, its 

photocatalytic capacity is anticipated to be similar to that 
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of TiO2. However, in the case of ZnO, photo corrosion 

frequently occurs with the illumination of UV light, and 

this phenomenon is considered as one of the main reasons 

for the decrease of ZnO photocatalytic activity in aqueous 

solutions. However, some studies have confirmed that 

ZnO exhibits a better efficiency than TiO2 in 

photocatalytic degradation of some dyes, even in aqueous 

solutions 
[1]

. 

Many researches have been developed on ZnO 

material for photocatalysis application using spray 

pyrolysis and other techniques. Maldonado et al have 

prepared chromium doped Zinc oxide thin films to 

decompose methylene blue (MB) using spray pyrolysis 

method 
[11]

. Others have carried out studies on 

photocatalytic activities of Mn-doped ZnO using only 

visible light as source of radiation and methylene blue as 

test contaminant using wet chemical techniques 
[12]

. Zinc 

oxide and aluminum doped zinc oxide films were 

produced using the spray pyrolysis technique and the 

photocatalytic activity was tested by the decomposition of 

methyl orange dye under UV illumination 
[13]

. The use of 

spray pyrolysis technique has several advantages such as 

4 



   

simplicity, safety and low cost of the equipments and raw 

materials 
[14]

.  

MgO has a band gap of about 6.7 eV. For the 

purpose of changing the electrical and optical properties 

of ZnO, Mg was often doped into or combined with ZnO 

employing various ways
 [15]

. 

In this research, Pure ZnO thin films were 

prepared using spray pyrolysis system. The substrate 

temperature has been changed ranging from 350 to 500ºC 

with 25ºC step. At each substrate temperature, the spray 

time has also been changed ranging from 10 to 30 min 

with 5 min step. The substrate temperature 500ºC and 

spray time 20 min are the best preparation conditions of 

pure ZnO thin films based on XRD results. So, we have 

chosen them to deposit Zn1-xMgxO thin films.  

The crystal structure and the surface morphology of 

the prepared films were investigated by X-ray 

diffractometry (XRD) and scanning electron microscopy 

(SEM). The composition of the films was determined by 

energy dispersive X-ray spectroscopy (EDX). The optical 

and photocatalytic properties of doped and undoped ZnO 
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thin films were measured by UV-vis-NIR 

spectrophotometer. 

Cross section visualization with SEM was 

employed for thickness measurement. The thickness of 

the films has been checked by a profilometer alpha-step.  

The present work addresses the photocatalytic 

(ZnO/ hυ) and (Zn1-x Mgx O/ hυ) degradation for color 

removal from aqueous solution containing crystal violet 

dye (CV). Hg lamp was used as a UV irradiation source. 

The dependence of dye photo-oxidation rate on the Mg 

ratio and irradiation time was also investigated. 
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Chapter 1  

Literature Review and 

Theoretical Background 



   

Intensive studies in heterogeneous photocatalysis 

started three decades ago, after the discovery of the photo-

induced splitting of water on TiO2 electrodes 
[16, 17]

. Early 

studies focused on the utilization of solar energy for the 

production of hydrogen as a clean fuel from water 
[18-20]

. 

However, various workers also found that illuminated 

semiconductor particles could catalyze a wide range of 

interesting and useful redox reactions of organic and 

inorganic substrates 
[21]

. In particular, such particles were 

found to completely decompose a variety of organic or 

inorganic compounds that were known as environment 

pollutants. Henceforth, extensive studies were initiated on 

the environmental applications of heterogeneous 

photocatalysis 
[22-24]

. During the last decade, practical 

applications of TiO2 photocatalysts have been implemented 

in both indoor and outdoor environments 
[25- 27]

. 

1-1. Photocatalysis history 

The earliest work that we have been able to find is 

that of Renz, at the University of Lugano (Switzerland), 

who reported in 1921 
[28]

 that titania is partially reduced 

during illumination with sunlight in the presence of an 
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organic compound such as glycerol, the oxide turning 

from white to a dark color, such as grey, blue or even 

black; he also found similar phenomena with CeO2; 

Nb2O5 and Ta2O5. For TiO2, the reaction proposed was: 

TiO2+light             Ti2O3  or  TiO                (1.1) 

Baur and Perret, at the Swiss Federal Institute of 

Technology, were the first to report, in 1924, the 

photocatalytic deposition of a silver salt on zinc oxide to 

produce metallic silver 
[29]

. Even at this early date, they 

suspected that both oxidation and reduction were 

occurring simultaneously 
[30]

.  

Three years later, Baur and Neuweiler proposed 

simultaneous oxidation and reduction to explain the 

production of hydrogen peroxide on zinc oxide 
[31]

. 

During the 1950s, the development of 

photocatalysis shifted to zinc oxide. In 1953, two studies 

appeared in which the puzzling phenomenon of hydrogen 

peroxide production on zinc oxide illuminated with UV 

light was investigated 
[32, 33]

, followed by a series of 

follow-up studies in subsequent years 
[33 – 38]

. In these 

studies, the overall reactions and mechanisms were 

completely clarified, and it became apparent that an 
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organic compound was oxidized while atmospheric 

oxygen was reduced. Even in the earliest study, an overall 

reaction with phenol to produce catechol was proposed, 

and the involvement of radical species such as the 

hydroxyl radical ˙OH was also speculated upon 
[32]

. Thus, 

the original proposal of Baur and Neuweiler was finally 

confirmed 
[30]

. 

During the late 1960s, at the University of Tokyo, 

the photoelectrochemistry of titania began to be studied 

and oxygen gas was found to be evolved at potentials very 

much shifted from the thermodynamic expectation. One 

reason that this result was difficult to understand is that 

the photoexcitation process converts the photon energy to 

chemical energy with little loss, and thus the 

photogenerated hole has a very high reactivity, so that it 

can react directly with either water or quite robust organic 

and inorganic compounds. Subsequently, a number of 

studies were carried out in which the 

photoelectrochemical oxidation process on TiO2 was 

examined for the competitive oxidation of water to O2 

with the oxidation of a variety of inorganic and organic 

substrates 
[39, 40]

. Both types of reactions, of course, 

involve the use of light energy to get over an energy 

barrier, either an overall uphill process, as in the case of 
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O2 evolution, or an overall downhill process, as in the case 

of organic oxidations 
[30]

. 

In 1967, Prof. Fujishima discovered an 

unpredictable phenomenon. When he exposed a titanium 

oxide electrode in an aqueous solution to strong light, gas 

bubbles were evolved from the surface of the electrode, 

though no bubbles came out from the surface when the 

light was switched off. He found that the bubbles 

consisted of oxygen gas. He also confirmed that hydrogen 

gas was generated at the counter electrode made of 

platinum. Thus, water was decomposed to hydrogen and 

oxygen. What happened on the surface of the titanium 

oxide electrode was “photocatalysis”, later called the 

“Honda-Fujishima effect”. 

The discovery, however, was not initially accepted 

by electrochemists because at that time, the idea that light 

could also be used as energy source had not yet taken hold 

among electrochemists, who maintained that oxygen 

could not be generated at such a low voltage because 

water electrolysis occurs at 1.5 to 2 volts or higher. 

However, Prof. Fujishima‟s paper, which was published 

in the journal Nature in 1972, turned the tables. His work 

drew attention from researchers around the world, partly 

due to the first oil shock taking place. After that, it 
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became known that a Japanese researcher had found a 

method to extract hydrogen, a clean energy source, from 

water using sunlight.  

To find out whether Prof. Fujishima‟s method could 

generate a sufficient amount of hydrogen as an energy 

source, he covered the rooftop of a building with titanium 

oxide films made by heating titanium plates in air. His 

experiment was conducted on a clear summer day but 

only 7 liters of hydrogen per square meter of the films 

were generated. The energy conversion efficiency was 

only 0.3%, which indicated that the photocatalyst was not 

suitable for energy conversion. 

Prof. Fujishima‟s research on developing 

commercial applications for photocatalysis began to make 

progress after Dr. Kazuhito Hashimoto (a professor at the 

University of Tokyo) joined the Fujishima's research 

group in 1989. They concluded that although the 

photocatalyst could not be used as a sunlight energy 

conversion material to generate a large amount of energy, 

there were no other materials with oxidation ability as 

powerful as that of the photocatalyst in sunlight. They 

agreed that the photocatalyst could be used to decompose 

materials, which cause trouble even in small amounts. His 

group started joint research with Dr. Toshiya Watanabe, 
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who was interested in disinfection and deodorization at 

that time. In their joint research, they covered the walls 

and floor of a hospital operating room with tiles coated 

with titanium oxide. They found that the numbers of both 

the bacteria on the surface of these tiles and the bacteria in 

the air of the room fell sharply. Titanium oxide is now 

widely used as a material for antibacterial tiles and in air-

cleaning systems. 

In 1995, a new phenomenon discovered at Toto‟s 

Research Institute helped further expand the applications 

of the photocatalysis. When glass, coated with titanium 

oxide, was exposed to light, water droplets on its surface 

did not keep their spherical shape but became flat on the 

surface. The surface exhibited “superhydrophilicity”. 

Prof. Fujishima and his group found in atomic force 

microscopic observations that ultraviolet light had 

partially removed oxygen atoms from the surface of the 

titanium oxide. The areas where oxygen atoms were 

removed were hydrophilic, while the areas where no 

oxygen atoms were taken away were hydrophobic. Water 

droplets on the surface did not remain spherical but 

became flat, thereby forming a uniform film because 

water spread through the hydrophilic areas. If oil is 

already present on the surface, the water falling on the 
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coated surface penetrates under the oil and removes it 

easily. These coating materials based on 

superhydrophilicity with a self-cleaning function are 

already used for side-view mirrors of vehicles and exterior 

materials of buildings 
[41]

. 

 

 

   

 

 

 

 

 

 

 

 

 

Fig. (1.1) Fundamental fields of applications of photocatalyst 
[41] 
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1-2. Applications of photocatalysts: 

  For water and soil treatment
[41]

: 

Degradation of environmental hormones - 

Decomposition of organochlorine compounds 

 For air treatment: 

Air cleaning devices - Decomposition of dioxin 

 For houses (interior):                                             

Window blinds - Mirrors - Materials for interior - 

Fluorescent lamps 

 For houses (exterior): 

Tiles - Aluminum panels - Glass - Paints - Tents 

 For medical instruments and supplies: 

Catheters - Operation rooms 

 For agriculture: 

Treatment of residual pesticides - Deodorization of     

poultry farms - Treatment of hydroponic rooms 

 For roads: 

Tunnel lightings - Road mirrors - Soundproofed 

walls -   Removal of NOx 
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 For vehicles: 

Side-view mirrors – Coating 

 For electric products: 

Refrigerators (decomposition of ethylene) - Air 

cleaning   devices - Air conditioners 

1-3. Mechanisms of semiconductor photocatalytic 

water purification or hydrogen production: 

The electronic structure of a semiconductor plays a 

key role in semiconductor photocatalysis. Unlike a 

conductor, a semiconductor consists of VB and CB. The 

energy difference between these two levels is said to be 

the band gap (Eg). Without excitation, both the electrons 

and holes are in valence band. When semiconductors are 

excited by photons with energy equal to or higher than 

their band gap energy level, electrons receive energy from 

the photons and are thus promoted from VB to CB if the 

energy gain is higher than the band gap energy level. For 

semiconductor TiO2, the reaction is expressed as 
[42]

: 

TiO2               e
-
TiO2   +  h

+
TiO2                                         (1.2) hυ 
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The photo-generated electrons and holes can 

recombine in bulk or on surface of the semiconductor within 

a very short time, releasing energy in the form of heat or 

photons. Electrons and holes that migrate to the surface of 

the semiconductor without recombination can reduce and 

oxidize, respectively, the reactants adsorbed by the 

semiconductor. The reduction and oxidation reactions are 

the basic mechanisms of photocatalytic hydrogen 

production and photocatalytic water/air purification, 

respectively. Both surface adsorption as well as 

photocatalytic reactions can be enhanced by nano-sized 

semiconductors as more reactive surface area is available 
[42]

.  

Photocatalytic oxidation: 

The detailed mechanism of Crystal Violet dye 

catalyzed degradation states that conduction band 

electrons (e
-
) and valence band holes (h

+
) are generated 

when aqueous photocatalytic material is irradiated with 

light energy greater than its band gap energy. The photo-

generated electrons could reduce the dye or react with 

electron acceptors such as O2 adsorbed on the 

photocatalytic material surface or dissolved in water 

16 



   

reducing it to superoxide radical anion ˙O2
-
. The photo- 

generated holes can oxidize the organic molecule to form 

R
+
, or react with OH

-
 or H2O oxidizing them into ˙OH 

radicals. Together with other highly oxidant species 

(peroxide radicals) they are reported to be responsible for 

the heterogeneous TiO2 photodecomposition of organic 

substrates as dyes 
[43]

. According to this, the relevant 

reactions at the semiconductor surface causing the 

degradation of dyes can be expressed as follows 
[44]

:                                                                      

 The photocatalytic process begins with absorption 

of photon (hυ) 

TiO2 + hυ → TiO2 (e
–
 + h

+
).                                        (1.3)                          

Reactions involving conduction band e
–
 

TiO2 (e
–
) + O2 → TiO2 + ˙O– 

2,                                     (1.4)           

TiO2 (e
–
) +

 ˙O–
2 + 2H

+
 → TiO2 + H2O2,                       (1.5)  

TiO2 (e
–
) + H2O2 → TiO2 + ˙OH + OH

–
,                      (1.6) 

˙O–
2 + H2O2 → ˙OH + OH

–
 + O2,                                 (1.7)  

˙O–
2 + H

+
 → ˙HO2,                                                        (1.8)  

TiO2(e
–
) + ˙HO2 → TiO2 + HO

–
2,                                 (1.9)  

HO
–

2 + H
+
 → H2O2,                                                    (1.10)  

2 ˙HO2 → O2 + H2O2.                                                 (1.11)  
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Reactions involving valence band h
+                                                                                                     

TiO2 (h
+
) + H2Oads→TiO2 + ˙OHads + H

+
,                   (1.12)                             

TiO2 (h
+
) + 2H2Oads → TiO2 + 2H

+
 + H2O2,              (1.13)  

TiO2 (h
+
) + OH

–
ads → TiO2 +

 ˙OHads.                         (1.14)  

Dye + ˙OHads.→ degradation products                       (1.15)  

A photocatalyst is characterized by its ability to 

adsorb simultaneously two reactants, which can be 

reduced and oxidized by efficiently absorbing light (hυ ≥ 

Eg). From the thermodynamic point of view, the redox 

potential of the adsorbate (acceptor) should be below the 

conduction band of the semiconductor. If the adsorbate is 

the donor, then the potential level of the adsorbate (donor) 

should be above the valence band position of the 

semiconductor in order to donate an electron to the empty 

hole in the valence band. The process of transferring an 

electron from the semiconductor to the adsorbate is called 

the reduction mechanism and the process of transferring 

an electron from the adsorbate to the semiconductor is 

called the oxidation mechanism. These processes are 

described illustratively in Figure (1.2). Thus, the energy 

level at the bottom of conduction band determines the 

reduction ability of photoelectrons and the energy level at 

the top of valence band determines the oxidizing ability of 
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photoholes. If the adsorbed couples are considered to be 

water and dissolved oxygen (H2O/O2), then water gets 

oxidized by positive holes hence it splits into 
·
OH and H

+
. 

Since oxygen is an easily reducible substance, reduction 

of oxygen by the photoelectron of the conduction band 

results in generation of superoxide radical anions (˙O–
2), 

which in turn reacts with H
+
 to generate hydrogen dioxide 

radical (˙HO2, hydroperoxyl). On subsequent collisions 

with an electron to produce a hydrogendioxide (1
–
) anion 

(HO
–

2, hydrogenperoxide (1
–
)), and then with hydrogen 

ion, a molecule of H2O2 is eventually produced 
[44]

.                                                                                               

 

Fig. (1.2) Schematic representation of some of the main processes 

occurring on a semiconductor particle. a, Absorption of photon and 

electron–hole pair formation and migration of electron and hole: arrows 

marked (1) and (2) show electron–hole recombination at surface and bulk 

respectively, and those marked (3) reduction of acceptor and (4) oxidation 

of donor. b, On absorption of photon of energy hע, electrons are excited 

from valence band (VB) to conduction band (CB). There is transfer of 

electron to oxygen molecule to form super oxide ion radical (

O

-
2) and 

transfer of electron from water molecule to VB hole to form hydroxyl 

radical (

OH) 

[44]
. 

19 



   

The resulting ˙OH radical, being a very strong 

oxidizing agent (standard redox potential +2.8 V) can 

oxidize most of Crystal violet dye 
[43]

.  

˙OH radicals:                                                                                                      

Previous product analyses on various photocatalytic 

reactions led to the postulate that ˙OH radicals, produced 

by oxidation of surface hydroxyl or adsorbed water, play 

an important role in initiating oxidation reactions, 

especially for substances that adsorb weakly on the TiO2 

surface 
[45, 46]

. This oxidation pathway is sometimes 

designated as indirect oxidation, in comparison to the 

direct oxidation by holes. The presence of ˙OH radicals at 

the irradiated TiO2 surface was demonstrated by spin 

trapping experiments with Electron Paramagnetic 

Resonance spectroscopy (EPR) 
[47, 50]

.                                 

˙OH radicals have been proposed to be generated by 

the oxidation of either water or adsorbed hydroxide ion 

with photogenerated holes 
[45, 51, 52, 53, 54]

. Nakato and co-

workers and others have found problems with this simple 

electrochemical process (e.g., failure to explain the 840-

nm photoluminescence peak) 
[55, 56 - 59, 60]

. They proposed 
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an alternative pathway in which ˙OH radicals are 

produced by a nucleophilic attack of water on a hole 

trapped at surface lattice oxygen 
[30]

.                                                                                                                           

Substrates not reactive toward hydroxyl radicals are 

degraded employing TiO2 photocatalysis with rates of 

decay highly influenced by the semiconductor valence 

band edge position 
[43]

. 

1-4. Photocatalysis advantages 

Photocatalysis offers many advantages over 

traditional wastewater treatment techniques such as 

activated carbon adsorption, chemical oxidation, 

biological treatment, etc. For example, activated carbon 

adsorption involves phase transfer of pollutants without 

decomposition and thus induces another pollution 

problem. Chemical oxidation is unable to mineralize all 

organic substances and is only economically suitable for 

the removal of pollutants at high concentrations. For 

biological treatment, the main drawbacks are: slow 

reaction rates, disposal of sludge and the need for strict 

control of proper pH and temperature. In this context, 

photocatalytic processes offer many advantages for the 
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removal of pollutants of low concentration from water. 

These advantages include 
[61, 62]

: 

 Complete oxidation of organic pollutants within 

few hours. 

 No formation of polycyclised products. 

 Availability of highly active and cheap catalysts 

capable of adapting to specially designed reactor 

systems. 

 Oxidation of pollutants in the ppb range, etc. 

A good photocatalyst is characterized by its 

capability to adsorb simultaneously two reactants, which 

can be reduced and oxidized by a photonic activation 

through an efficient absorption (hν >Eg). Currently, for the 

photocatalytic reaction, TiO2 is the most important and 

widely used catalyst. Other semiconductors such as ZnO, 

ZnS, CdS, Fe2O3, and SnO2 are also commonly used 

catalysts
 [63]

. 

1-5. Photocatalytic materials 

Various noble metals (Ru, Pt, Rh, Ir, and Pd) and 

some metal oxides (Cu, Mn, Co, Cr, V, Ti, Bi, and Zn) 
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have traditionally been used as heterogeneous catalysts. 

Very recently, immobilization of active homogeneous 

catalyst to substrate has reached increasing interest also as 

an environmental liquid phase application. This group of 

catalysts includes various organometallic compounds, 

such as „„biomimetic‟‟ porphyrines and its derivatives, but 

also some metal salts 
[64]

. 

Metal oxide catalysts 

Metal oxides can be classified according to their 

physico-chemical properties. One of these properties is 

the stability of metal oxide. Metals with unstable high 

oxidation state oxides (∆H
o

298 < 9.5 kJ/mol of O), such as 

Pt, Pd, Ru, Au, and Ag do not perform stable bulk oxides 

at moderate temperatures. Most of the commonly used 

metal oxide catalysts (Ti, V, Cr, Mn, Zn, and Al) have 

stable high oxidation state oxides (∆H
o
298 > 15.5 kJ/ mol 

of O). Fe, Co, Ni, and Pb belong to group with 

intermediate stability of high oxidation state oxides 

(∆H
o

298 = 9.5–15.5 kJ/mol of O). Another possible 

classification criterion is electrical conductivity: insulators 

have low electron mobility, and therefore their catalytic 
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activity is generally poor. In addition, with some 

exceptions the n-type metal oxides are not catalytically 

active as oxidation catalysts. However, some of the 

nonconducting metal oxides are used as support in 

catalytic processes. According to Kochetkova et al. 

(1992), catalytic activity of metal oxide catalysts during 

oxidation of phenol shows the following order: CuO > 

CoO > Cr2O3 > NiO > MnO2 > Fe2O3 > YO2 > Cd2O3 > 

ZnO > TiO2 > Bi2O3 

It is a well-known fact that metal oxides are usually 

less active catalysts than noble metals. Nevertheless, 

metal oxides are more suitable to majority of applications 

since they are more resistant to poisoning. In addition, 

combining two or more metal oxide catalysts may 

improve non-selectivity and catalytic activity 
[64]

. 

A wide range of semiconductors may be used for 

photocatalysis, such as TiO2, ZnO, MgO, WO3, Fe2O3, 

and CdS. The ideal photocatalyst should possess the 

following properties: 

    (i)   Photoactivity. 

    (ii)  Biological and chemical inertness.  
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    (iii) Stability toward photocorrosion. 

    (iv) Suitability towards visible or near UV light.  

    (v)  Low cost.  

    (vi) Lack of toxicity 
[65, 66]

. 

1-6. Why semiconductors are chosen as photo-

catalysts? 

For conventional redox reactions, one is interested 

in either reduction or oxidation of a substrate. For 

example, consider that one were interested in the 

oxidation of Fe
2+

 ions to Fe 
3+ 

ions then the oxidizing 

agent that can carry out this oxidation is chosen from the 

relative potentials of the oxidizing agent with respect to 

the redox potential of Fe
2+

/ Fe
3+ 

redox couple. The 

oxidizing agent chosen should have more positive 

potential with respect to Fe
3+

/ Fe
2+

 couple so as to affect 

the oxidation, while the oxidizing agent undergoes 

reduction spontaneously. This situation throws open a 

number of possible oxidizing agents from which one of 

them can be easily chosen. However, in the case of water 

splitting, one has to carry out both the redox reactions 

simultaneously, namely, the reduction of hydrogen ions 
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(2H
+
 + 2e

-
 → H2) as well as (2OH

-
 + 2H

+
 → H2O + 

1/2O2) oxygen evolution from the hydroxyl ions. The 

system that can promote both these reactions 

simultaneously is essential. In the case of metals the top of 

the valence band (measure of the oxidizing power) and 

bottom of the conduction band (measure of the reducing 

power) are almost identical. Therefore, they cannot be 

expected to promote a pair redox reactions separated by a 

potential of nearly 1.23 V. Another aspect is that metals 

liberate hydrogen preferentially and if these 

semiconductors can be designed to have enhanced 

metallic/reducing properties it may be advantageous. But 

this aspect is not considered in this presentation. 

Therefore one has to resort to systems where the top of the 

valence band and bottom of the conduction band are 

separated by at least 1.23 eV in addition to the condition 

that the potential corresponding to the bottom of the 

conduction band has to be more negative with respect to 

E
0

H /H2 while the potential of the top of the valence band 

has to be more positive to the oxidation potential of the 

reaction 2OH
-
 + 2H

+
 → H2O + ½ O2. This situation is 

obtainable with semiconductors as well as in insulators. 
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However, insulators are not appropriate due to the high 

value of the band gap which demands high energy 

photons to create the appropriate excitons for promoting 

both the reactions. The available photon sources for this 

energy gap are expensive and again require energy 

intensive methods. Hence, insulators cannot be employed 

for the purpose of water splitting reaction. 

  

Fig. (1.3) Band level diagram showing the relative positions of the 

conduction band and valence band and the positions of the redox 

levels of the substrate to illustrate how the band gap has to be 

greater than the difference between the redox levels. 

Therefore, it is clear that semiconductors are alone 

suitable materials for the promotion of water splitting 

e
- 

e
- 

Oxidation 

Reduction 

Eg hυ 

h
+ 

D/D
+ 

A/A
- 

Solution 

CB 

VB 

Semiconductor 
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reaction. The next question to answer is what criterion one 

has to use for the selection of the semiconductor materials 

and also how one can fine tune the material that chosen 

for the water splitting reaction. Essentially, for photo-

catalytic splitting of water, the band edges (the top of 

valence band and bottom of the conduction band or the 

oxidizing power and reducing power respectively) have to 

be shifted in opposite directions so that the reduction 

reaction and the oxidation reactions are facile. This could 

not be possible in ionic solids. That is, as the ionicity of 

the M-O bond increases, the top of the valence band 

(mainly contributed by the p- orbitals of oxide ions) 

becomes less and less positive (since the binding energy 

of the p orbitals will be decreased due to negative charge 

on the oxide ions) and the bottom of the conduction band 

will be stabilized to higher binding energy values due to 

the positive charge on the metal ions which is not 

favorable for the hydrogen reduction reaction. Thus, one 

can see that the more ionic the M-O bond of the 

semiconductor is, the less suitable the material is for the 

photocatalytic splitting of water.  
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The bond polarity can be estimated from the 

expression:  

Percentage ionic character (%)=   

           [1-exp{-(χA- χB)
2
/4}]x100                               (1.16)  

χA and χB are the electronegativity values of the 

elements involved in bonding and the relevant values 

were obtained from standard sources. The data generated 

using this formula for some of the semiconductors used in 

photo-catalytic splitting of water are assembled in Table 

(1.1). It is obvious from the values given in Table (1.1), 

that most of the oxide semiconductors though are suitable 

for the photo-catalytic water splitting reaction in terms of 

the band gap value which is greater than the water 

decomposition potential of 1.23 V. However, many of 

these semiconductors have ionic bond character more than 

50- 60 % and hence modulating them will only lead to 

increased ionic character and hence the photo-catalytic 

efficiency of the system may not be increased as per the 

postulates developed in this presentation. Therefore from 

the model developed in this presentation the following 

postulates have been evolved. 
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1. Normally the semiconductors used in photo-catalytic 

processes are substituted in the cationic positions so 

as to alter the band gap value. A recent report 
[67]

 

deals with TiO2 with nitrogen in anionic position 

gave enhanced photocatalytic activity under visible 

light irradiation. This modification could in effect 

bring out changes in the bond characteristics and also 

any hetero atom incorporation could give rise to 

shifting the absorption band to lower wavelength. 

Even though it may be suitable for using the 

available solar radiation in the low energy region, it 

is not possible to use semiconductors whose band gap 

is less than 1.23 eV and any thing higher than this 

may be favorable if both the valence band is 

depressed and the conduction band is destabilized 

with respect to the unsubstituted system. Since this 

situation is not obtainable in many of the available 

semiconductors by substitution at the cationic 

positions, this method has not also been successful. 

In addition the dissolution potential of the substituted 

systems may be more favorable than the water 

oxidation reaction and hence this will be the 
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preferred pathway. These substituted systems or even 

the bare semiconductors which favor the dissolution 

reaction will undergo only preferential photo 

corrosion and hence cannot be exploited for photo-

catalytic pathway. 

2. Very low value of the ionic character also is not 

suitable since these semiconductors do not have the 

necessary band gap value of 1.23 eV. This means the 

search for utilizing lower end of the visible region is 

not possible for direct water splitting reaction. If one 

were to use visible region of the spectrum, then only 

one of the photo redox reactions in water splitting 

may be preferentially promoted and probably this 

accounts for the frequent observation that non-

stiochiometric amounts of oxygen and hydrogen were 

evolved in the photo-assisted splitting of water. 

3. Therefore, it is deduced that systems which have   

ionic bond character of about 20-30% with suitable 

positions of the valence and conduction band edges 

may be appropriate for the water splitting reaction. 

This rationalization has provided a handle to select 
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the appropriate systems for examining a photo-

catalyst for water splitting reaction.   

There are some other aspects of photocatalysts on 

which some remarks may be appropriate. Though they 

have been derived from the solid state point of view like 

flat band potential, band bending, Fermi level pinning, 

these parameters also can be understood in terms of the 

bond character and the redox chemical aspects in which 

we have dealt the water splitting reaction 
[68]

.  
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Semiconductor M-O Percentage 
ionic 

character 

TiO2 

SrTiO3 

Fe2O3 

ZnO 
WO3 

CdS 
CdSe 

LaRhO3 

LaRuO3 

PbO 
ZnTe 

ZnAs 

ZnSe 

ZnS 

GaP 

CuSe 

BaTiO3 

MoS2 

FeTiO3 

KTaO3 

MnTiO3 

SnO2 

Bi2O3 

Ti-O 
Ti-O-Sr 

Fe-O 

Zn-O 

W-O 

Cd-S 

Cd-Se 

La_O_Rh 

La-O-Ru 

Pb-O 

Zn-Te 

Zn-As 

Zn-Se 

Zn-S 

Ga-P 

Cu-Se 

Ba-O-Ti 

Mo-S 

Fe-O-Ti  

K-O-Ta 

Mn-O-Ti 

Sn-O 

Bi-O 

59.5 
68.5 

47.3 

55.5 

57.5 

17.6 

16.5 

53.0 

53.5 

26.5 

5.0 

6.8 

18.4 

19.5 

3.5 

10.0 

70.8 

4.3 

53.5 

72.7 

59.0 

42.2 

39.6 

 

Table (1.1) The percentage ionic character of the M-O bond for 

some semiconductors 
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1-7. TiO2 as the first photocatalyst: 

Having strong catalytic activity, high chemical 

stability and long lifetime of electron/hole pairs, TiO2 is 

the most widely used photocatalyst 
[42]

. TiO2 is known to 

have excellent pigmentary properties, high ultraviolet 

absorption and high stability which allow it to be used in 

different applications, such as electroceramics, glass and 

in the photocatalytic degradation of chemicals in water 

and air. It has been used in the form of a suspension, or a 

thin film in water treatment 
[69, 70, 71]

. 

In recent years, TiO2 thin film has attracted much 

attention because of its chemical, electrical and optical 

properties 
[72, 73]

. It is known that the TiO2 crystal usually has 

three different crystallographic structures: rutile (tetragonal), 

anatase (tetragonal), and brookite (orthorhombic) 
[74]

. Two 

of them, rutile and anatase, are commonly used in 

photocatalysis and the TiO2 with anatase structure shows a 

higher photocatalytic activity 
[75-77]

. This unique 

photocatalytic property makes it suitable for the oxidation of 

organic pollutants and other contaminants from wastewater 

or drinking water supplies 
[78-81]

. 
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The study about the growth of titanium dioxide 

(TiO2) films is being increased because of the 

technological applications of this material 
[82]

. Indeed; 

TiO2 films can be used as coating in anticorrosive 

protection 
[83]

, as catalyst in chemical industry, and 

environmental purification phenomena 
[84-86]

. Likewise, 

TiO2 has been proposed as host matrix for luminescent 

devices 
[87]

 and, due to its photoelectric and photocatalytic 

properties, it has been proposed as photochemical 

converter in solar energy conversion too 
[84, 88-90]

. 

Furthermore, considering its high dielectric constant, this 

inorganic metal oxide is being strongly considered to 

replace the SiO2 in the metal-oxide semiconductor gates in 

the microelectronic industry 
[82, 91, 92]

. 

(TiO2) is one of the most superior materials for 

decomposing organic materials due to its strong 

photocatalytic property 
[44]

. It has become the most 

important photocatalyst in environmental bio-

decontamination for a large variety of organics, bacteria, 

viruses, fungi and cancer cells, which can be totally 

degenerated and converted to CO2, H2O and harmless 

inorganic anions 
[93]

. The photocatalytic and hence the 
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biocidal activity can be significantly enhanced by 

reducing the size of the TiO2 particle 
[94-96]

. By reducing 

the size of the TiO2 particle, its surface area increases 

leading to improvement of photo efficiency and thus 

photocatalytic property. This is because high surface area 

would make the surface of the particle more active to light 

and H2O adsorption 
[44]

. 

1-8. ZnO as an alternative photocatalyst: 

Zinc oxide (ZnO) is a semiconductor material with 

direct band-gap energy of approximately 3.2 eV. As a 

result, irradiation of ZnO with sufficiently energetic 

ultraviolet (UV) light allows the promotion of electrons to 

the conduction band and the consequent formation of 

holes in the valence band. These photo-generated charge 

carriers can subsequently migrate to the surface of the 

ZnO and initiate redox reactions with absorbed molecules 

in a process known as heterogeneous photocatalysis 
[97]

. 

The phenomenon of heterogeneous photocatalysis 

has attracted considerable attention as a potentially viable 

technique for the destruction of intractable chemical 

waste. However, practical application of photocatalysis 
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for this purpose has been limited by its low quantum 

yield, which is determined by the rate of interfacial charge 

transfer relative to that of charge carrier recombination. 

Increasing the quantum yield of heterogeneous 

photocatalysis requires a method for inhibiting charge 

carrier recombination. Previous experimental studies with 

TiO2 have shown that this can be achieved by the addition 

of metal ion dopants 
[98, 99]

. 

1-8-1. ZnO properties and device applications: 

1-8-1-1. Optical properties: 

The optical properties of ZnO are heavily influenced 

by the energy band structure and lattice dynamics 
[100]

. The 

band gap of ZnO is 3.44 eV at low temperatures and 3.3 eV 

at room temperature 
[101, 102]

. For comparison, the respective 

values for wurtzite GaN are 3.50 eV and 3.44 eV 
[101]

. As 

mentioned above, this enables applications in 

optoelectronics in the blue/UV region, including light-

emitting diodes, laser diodes (Zinc oxide has the largest 

optical gain ever reported 
[103]

) and photo- detectors 
[101]

. 

Optically pumped lasing has been reported in ZnO platelets, 

thin films, clusters consisting of ZnO nanocrystals and ZnO 
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nanowires. Reports on p–n homojunctions have recently 

appeared in the literature, but stability and reproducibility 

have not been established 
[101]

. 

All deposited ZnO films show an optical 

transmittance of 65-85% in the range of 400-800 nm. 

High transparency and an abrupt edge of absorption (at 

380 nm) indicate a high optical quality of ZnO films 
[104]

. 

The work done by B. K. Meyer et al. 
[105]

 gives a 

comprehensive treatment and analysis of the excitonic 

spectra obtained from ZnO, and assigns many defect 

related spectral features, as well as donor–acceptor pair 

(DAP) emission 
[100]

. The free-exciton binding energy in 

ZnO is 60 meV, compared with, e.g. 25 meV in GaN. 

This large exciton binding energy indicates that efficient 

excitonic emission in ZnO can persist at room temperature 

and higher. Since the oscillator strength of excitons is 

typically much larger than that of direct electron–hole 

transitions in direct gap semiconductors, the large exciton 

binding energy makes ZnO a promising material for 

optical devices that are based on excitonic effects 
[101]

. 
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A broad defect related peak extending from∼1.9 to∼

2.8 eV is also a common optical feature of ZnO. Known as 

the green band, the origin of its luminescence is still not 

well understood and has in the past been attributed to a 

variety of different impurities and defects 
[100]

.  Due to the 

strong luminescence in the green–white region of the 

spectrum, ZnO is also a suitable material for phosphor 

applications. The emission spectrum has a peak at 495 nm 

and a very broad half-width of 0.4 eV. The n-type 

conductivity of ZnO makes it appropriate for applications 

in vacuum fluorescent displays and field emission displays. 

The origin of the luminescence center and the 

luminescence mechanism are not really understood, being 

frequently attributed to oxygen vacancies or zinc 

interstitials, without any clear evidence. As we will discuss 

later, these defects cannot emit in the green region, and it 

has been suggested that zinc vacancies are a more likely 

cause of the green luminescence. Zn vacancies are 

acceptors and likely to form in n-type ZnO 
[101]

. 

ZnO crystals and, in particular, thin films exhibit 

second- and third-order non-linear optical behavior, 

suitable for non-linear optical devices. The linear and non-
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linear optical properties of ZnO depend on the 

crystallinity of the samples. ZnO films grown by laser 

deposition, reactive sputtering and spray pyrolysis show 

strong second-order non-linear response. Third-order non-

linear response has recently been observed in ZnO 

nanocrystalline films. The non-linear optical response in 

ZnO thin films is attractive for integrated nonlinear 

optical devices 
[101]

. 

1-8-1-2. Electronic properties:
 

ZnO has a relatively large direct band gap of ~3.3 

eV; therefore, pure ZnO is colorless and transparent. 

Advantages associated with a large band gap include 

higher breakdown voltages, ability to sustain large electric 

fields, lower electronic noise, high-temperature and high-

power operation. The band gap of ZnO can further be 

tuned from ~3–4 eV by its alloying with magnesium oxide 

or cadmium oxide 
[102]

. 

Most ZnO has n-type character, even in the absence 

of intentional doping. Native defects such as oxygen 

vacancies or zinc interstitials are often assumed to be the 

origin of this, but the subject remains controversial 
[106]

. 
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An alternative explanation has been proposed, based on 

theoretical calculations, that unintentional substitutional 

hydrogen impurities are responsible 
[107]

. Controllable n-

type doping is easily achieved by substituting Zn with 

group-III elements such as Al, Ga, In or by substituting 

oxygen with group-VII elements such as chlorine or 

iodine 
[108]

. 

Electron mobility of ZnO strongly varies with 

temperature and has a maximum of ~2000 cm
2
/ (V*s) at 

~80 Kelvin 
[109, 110]

. 

1-8-1-3. Electrical properties: 

The electrical properties of ZnO are hard to 

quantify due to large variance of the quality of samples 

available. The background carrier concentration varies     

alot according to the quality of the layers but is usually      

∼1016/cm
3
. The largest reported n-type doping is ∼1020 

e/cm
3
 and largest reported p-type doping is ∼1019 h/cm

3
, 

however such high levels of p conductivity are 

questionable and have not been experimentally verified 

[111]
. The exciton binding energy is 60 meV at 300 K, and 

is one of the reasons why ZnO is so attractive for 
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optoelectronic device applications. The electron effective 

mass is 0.24m0, and the hole effective mass is 0.59m0. The 

corresponding electron Hall mobility at 300K for low n-

type conductivity is μ=200 cm
2
/V*s, and for low p-type 

conductivity is 5–50 cm2/V*s
   [112, 100]

. 

The conductivity of ZnO thin films is very sensitive 

to the exposure of the surface to various gases. It can be 

used as a cheap smell sensor capable of detecting the 

freshness of foods and drinks, due to the high sensitivity 

to trimethylamine present in the odor. The mechanisms of 

the sensor action are poorly understood. Recent 

experiments reveal the existence of a surface electron 

accumulation layer in vacuum annealed single crystals, 

which disappears upon exposure to ambient air. This layer 

may play a role in sensor action, as well. The presence of 

this conducting surface channel has been suggested to be 

related to some puzzling type-conversion effects observed 

when attempting to obtain p-type ZnO 
[101]

. 

Commercially available ZnO varistors are made of 

semiconducting polycrystalline films with highly 

nonohmic current–voltage characteristics. While this 

nonlinear resistance has often been attributed to grain 
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boundaries, the microscopic mechanisms are still not fully 

understood and the effects of additives and 

microstructures, as well as their relation to degradation 

mechanisms, are still under debate 
[101]

.  

ZnO possesses large piezoelectric constants. In 

piezoelectric materials, an applied voltage generates a 

deformation in the crystal and vice versa. These materials 

are generally used as sensors, transducers and actuators. The 

low symmetry of the wurtzite crystal structure combined 

with a large electromechanical coupling in ZnO gives rise to 

strong piezoelectric and pyroelectric properties. Piezolectric 

ZnO films with uniform thickness and orientation have been 

grown on a variety of substrates using different deposition 

techniques, including sol–gel process, spray pyrolysis, 

chemical vapor deposition, molecular-beam epitaxy and 

sputtering 
[101]

. 

1-8-1-4. Crystal structure:
  

Zinc oxide crystallizes in three forms, namely, 

hexagonal wurtzite, cubic zincblende, and the rarely 

observed cubic rocksalt. The wurtzite structure is most 

stable and thus most common at ambient conditions. The 

zincblende form can be stabilized by growing ZnO on 

substrates with cubic lattice structure. In both cases, the 
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zinc and oxide are tetrahedral. The rocksalt NaCl-type 

structure is only observed at relatively high pressures (~10 

GPa) 
[102]

. The hexagonal and zincblende ZnO lattices 

have no inversion symmetry (reflection of any given point 

of the crystal does not transform it into itself). This and 

other lattice symmetry properties result in piezoelectricity 

of the hexagonal and zincblende ZnO, and in 

pyroelectricity of hexagonal ZnO 
[113]

. 

Hexagonal wurtzite structure of Zinc Oxide  

Zinc oxide has a hexagonal wurtzite structure as 

shown in Fig. (1.4). Wurtzite structure is one of the most 

common crystal structures of semiconductors. Other 

semiconductors that crystallize in wurtzite include nitrides 

(GaN, AlN, BN), II-VI semiconductors (ZnS, CdS, ZnSe, 

CdSe, ZnTe, CdTe), SiC, and InAs, etc. ZnO has a 

hexagonal close-packed (hcp) Bravais lattice. The structure 

of ZnO can be considered to be composed of two 

interpenetrating hcp sublattices of cation (Zn) and anion (O) 

displaced by the length of cation-anion bond in the c 

direction 
[114]

. 
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Figure (1.4). The hexagonal wurtzite structure of ZnO. O atoms are 

shown as large white spheres, Zn atoms as smaller black spheres. 

One unit cell is outlined for clarity 
[100]

 

ZnO is an-isotropic crystal with the symmetry of 

point group of C6v (or 6mm). Group C6v is the point 

group of the hexagonal wurtzite structure, which includes 

rotations by ±60°, ±120°, and ±180° around the hexagonal 

axis and two sets of three equivalent mirror planes that are 

parallel to the hexagonal axis 
[103]

. The lattice constants 

are a = 3.25 Å and c = 5.2 Å; their ratio c/a ~ 1.60 is close 

to the ideal value for hexagonal cell c/a = 1.633 
[102]

. As in 

most II-VI materials, the bonding in ZnO is largely ionic, 

which explains its strong piezoelectricity. Due to this 

ionicity, zinc and oxygen planes bear both electric 

45 



   

charges; positive and negative, respectively. Therefore, to 

maintain electrical neutrality, those planes reconstruct at 

atomic level in most relative materials, but not in ZnO; its 

surfaces are atomically flat, stable and exhibit no 

reconstruction. This anomaly of ZnO is not fully 

explained yet 
[110, 113]

. 

The number of the nearest neighbors in wurtzite is 

four. Each O (or Zn) ion is tetrahedrally surrounded by four 

Zn (or O) ions. Furthermore each ion also has twelve next-

nearest neighbors of the same type of ions. The O-Zn 

distance of the nearest neighbors is 1.992 Å in the direction 

parallel to the c-axis of the hexagonal unit cell and 1.973 Å 

in the other three directions of the tetrahedral arrangement 

[103,115]
. 

1-8-1-5. Band structure of ZnO (Wurtzite Structure) 

The band structure diagram of ZnO is given in fig. 

(1.5). The small band gap (approx. 3.2eV) suggests that 

ZnO is semiconducting and this is verified by the 

literature 
[116]

. 
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Figure (1.5). Band structure of zincite, ZnO 
[116]

 

There are a lot of low curvature bands which is 

characteristic of low mobilization of electrons and 

therefore localization in the d bands. Zn is a d-block metal 

so this type of behavior is expected as the d orbitals are 

high energy orbitals and their electrons are involved in 

bonding interactions. These bands are mainly found in the 

valence bands of semiconductors. There are also high 

curvature bands typical for px orbitals of the O in the 

valence band. Bands with greater sp character are found in 
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the conduction band and they are high curvature. These 

are molecular orbital interactions of the 3d orbital of Zn 

and 2s orbital of O 
[116]

. 

1-8-2. Advantages of ZnO material: 

 ZnO is one of the “hardest” materials in II-VI compound 

semiconductors due to the higher melting point and 

larger cohesive energy. It can be expected that a 

degradation of the material due to the generation of 

dislocations during the device operation will be 

reduced
[103]

. 

• ZnO has high thermal conductivity. This property makes 

ZnO useful as an additive (e.g. ZnO is added to rubber 

in order to increase the thermal conductivity of tires). It 

also increases the appeal of ZnO as a substrate for 

homoepitaxy or heteroepitaxy (e.g. for growth of GaN, 

which has a very similar lattice constant). High thermal 

conductivity translates into high efficiency of heat 

removal during device operation 
[101]

. 

• One of the most attractive features of ZnO as a 

semiconductor is that large area single crystals are 

available, and epi-ready substrates are now 
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commercialized. Bulk crystals can be grown with a 

variety of techniques, including hydrothermal growth, 

vapor-phase transport and pressurized melt growth. 

Growth of thin films can be accomplished using 

chemical vapor deposition (MOCVD), molecular-beam 

epitaxy, laser ablation or sputtering. The epitaxial 

growth of ZnO on native substrates can potentially lead 

to high quality thin films with reduced concentrations of 

extended defects. This is especially significant when 

compared with GaN, for which native substrates do not 

exist. In view of the fact that the GaN based devices 

have achieved high efficiencies despite the relatively 

large concentration of extended defects, it is possible 

that a high-quality ZnO based device could surpass the 

efficiencies obtained with GaN 
[101]

. 

 Interfacial energy between ZnO and sapphire or other 

oxide substrates is such that two-dimensional growth is 

favored, which results in high quality films at low 

temperature 
[103]

. 

 The constituent elements of zinc oxide are abundant and 

of low cost. Also the material is nontoxic, which is an 

important consideration for environment 
[103]

. 
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• Semiconductor device fabrication processes greatly 

benefit from the amenability to low-temperature wet 

chemical etching. It has been reported that ZnO thin 

films can be etched with acidic, alkaline as well as 

mixture solutions. This possibility of low temperature 

chemical etching adds great flexibility in the processing, 

designing and integration of electronic and 

optoelectronic devices 
[101]

.  

• Radiation hardness is important for applications at high 

altitude or in space. It has been observed that ZnO 

exhibits exceptionally high radiation hardness, even 

greater than that of GaN, the cause of which is still 

unknown 
[101]

. 

In addition to the above-mentioned properties, it is 

worth mentioning that, similarly to GaN-based alloys 

(InGaN and AlGaN), it is possible to engineer the band 

gap of ZnO by adding Mg and/or Cd. Although CdO and 

MgO crystallize in the rock-salt structure, for moderate 

concentrations CdZnO and MgZnO assume the wurtzite 

structure of ZnO with band gaps in the range of 2.3 to 4.0 

eV. It is also worth noting that ZnO substrates offer a 

perfect lattice match to In0.22Ga0.78N, which has a band 
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gap highly suitable for visible light emission. ZnO has 

also attracted attention due to the possibility of making 

thin-film transistors on flexible substrates with relatively 

high electron mobility when compared with amorphous 

silicon or organic semiconductors 
[101]

.  

1-8-3. ZnO applications: 

Zinc oxide (ZnO) is one of the transparent 

conducting oxide (TCO) materials whose thin films attract 

much interest because of typical properties such as high 

chemical and mechanical stability in hydrogen plasma, 

high optical transparency in the visible and near-infrared 

region 
[117-119]

. Due to these properties ZnO is a promising 

material for electronic or optoelectronic applications such 

as solar cells (anti-reflecting coating and transparent 

conducting materials), gas sensors, liquid crystal displays, 

heat mirrors, surface acoustic wave devices etc
 [120-122]

. In 

addition to the traditional applications ZnO thin films 

could also be used in integrated optics
 [123]

. 

ZnO is already widely used in our society, and 

indeed it is a key element in many industrial 

manufacturing processes including paints, cosmetics, 
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pharmaceuticals, plastics, batteries, electrical equipment, 

rubber, soap, textiles, floor coverings to name just a few. 

With improvements in growth technology of ZnO 

nanostructures, epitaxial layers, single crystals and 

nanoparticles, we are now moving into an era where ZnO 

devices will become increasingly functional and 

exotic
[100]

.  

1-8-4. Opportunities for band gap engineering: 

For a semiconductor to be useful, particularly in 

reference to optoelectronic devices, band gap engineering is 

a crucial step in device development. By alloying the 

starting semiconductor with another material of different 

band gap, the band gap of the resultant alloy material can be 

fine tuned, thus affecting the wavelength of exciton 

emissions
 [100]

. In the case of ZnO, alloying with MgO and 

CdO is an effective means of increasing or decreasing the 

band gap respectively
[124-126]

.  

1-9. Magnesium Oxide: 

Magnesium oxide (MgO) is a widely used material 

for the applications of catalysis, microelectronics and 

electrochemistry. It is also widely used as substrate and 
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buffer material for thin film growth in the field of 

materials science and engineering. Although MgO is 

usually considered as a wide bandgap semiconductor, it is 

close to an ideal insulating ionic solid since its valence 

band is determined by the strong potential of ionic core. 

The physical and chemical properties of MgO are 

summarized in Table (1.2). MgO has a sodium chloride 

(NaCl) structure with the lattice constant of 4.216 Å. The 

structure of MgO can be described as a fcc lattice of O
2-

 

ions with Mg
2+ 

ions occupying all the octahedral holes, or 

vice versa. Since the interaction between O and Mg is 

characterized by the ionic nature, the material has a very 

large band gap about 8 eV and is transparent in a wide 

spectral range from 300 nm to 6000 nm. As an ionic solid, 

MgO has a very high melting point of 2800 °C. With 

these features, MgO has been widely used as the substrate 

material for the thin films growth processes in the present 

micro-electronic and opto-electronic devices. Numerous 

materials can be grown epitaxially on MgO substrates. 

These materials include metal, metal-composite 

nanoparticles, phosphors, ferromagnetic materials 

(nitrides, oxides), electro-optic (or ferroelectric) materials 
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(SBN, SBT, BTO ), semiconductor oxides, optical storage 

materials, superconductive materials, etc. MgO is also a 

good gate dielectric for GaN-based MOS diodes 
[103]

. 

MgO has also been used as a buffer layer for 

developing heterostructures. Most of research work is 

based on the fact that there is a good epitaxial 

compatibility between TiN and MgO, since both the 

epitaxial growths of TiN thin films on MgO substrates and 

MgO thin films on TiN substrates had been realized. It is 

well known that TiN is a very important metallic material 

in the Si-based electronics due to its unique diffusion and 

mechanical properties. One of the most attractive aspects 

of TiN is that TiN thin films can be epitaxially developed 

on Si substrates with high quality. This paves a road to 

integrate other interesting oxide materials to Si substrate 

with TiN and MgO as buffer layers. Such heterostructures 

have been realized for different systems. One of the most 

successful examples is the synthesis of 

PZT/YBCO/STO/MgO/ TiN/Si (001) heterostructures by 

combining domain and lattice matching epitaxial growths, 

in which five epitaxial layers had been grown on Si (001) 

substrates by using TiN and MgO as the first two buffer 
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layers. Other heterostructures developed by integrating 

oxides on Si substrates with TiN and MgO as buffer 

layers include NdNiO3/STO/MgO/TiN/Si(001), LCMO / 

STO/MgO / TiN/Si (001), and PMN PT /MgO /TiN /Si 

(001), etc 
[103]

. 

Table (1.2): The general properties of magnesium oxide. 

 

Structural properties  
Structure:                                       NaCl 

Lattice constant:                            4.216 Å 

Space group:                                  Oh
5
 

Physical and chemical properties 

Density:
a
                                         3.576 g/cm

3
 

Melting point (K):
a
                         3073 

Elastic Moduli (dyn cm
-2

):
a
            c11=29.71 

                                                        c12=9.65 

                                                        C44=15.57 

Dielectric constants:
a
                      ε(0)=9.83, ε(∞)=2.94 

Phonon frequency (s
-1

):
a
                 νLO=21.73, νTO=12.02 

Band gap (eV):
a
                               Eg,th=7.9, 

                                                        Eg,dir=7.833 (at 85 K) 

Exciton binding energy (meV):
a
     Eb= 161 

Thermal Conductivity:
b
                   42 Wm

-1
K

-1
 (at 273K) 

Hardness:
b
                                       Knoop 692 with 600g 

Youngs Modulus (E):
b 

                    249 GPa 

Shear Modulus (G):
b
                       155 GPa 

Bulk Modulus (K):
b
                         155 GPa 

Molecular Weight:
c
                          40.32 

Solubility:
c
                                       0.00062g/100g 

a from “Semiconductors-Basic Data”, ed. By O. Madelung, Springer 1996. 

b  from the data sheet of Crystran Ltd at www.crystran.co.uk/. 

c  from Handbook of Chemistry and Physics, 47th edition, by R.C. Weast and 

S.M.Selby, The Chemical Rubber Co. 
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1-10. ZnO – MgO: 

Zinc oxide - based alloys have also attracted more 

attention during the past few years. These alloys include 

MgZnO, CdZnO and MnZnO. The purposes for the first 

two alloy systems are mainly due to the consideration of 

band gap engineering. Another reason for developing such 

ZnO-based alloys is to construct the superlattice 

heterostructures with less lattice mismatched alternative 

layers such as ZnO/CdZnO/ZnO, MgZnO /CdZnO 

/MgZnO, and MgZnO/ZnO/MgZnO 
[103]

.  

ZnO is a compound semiconductor of II-VI family 

with a direct band gap of 3.39 eV at room temperature. 

The crystalline structure of ZnO is hexagonal wurtzite 

with lattice constants of a=3.249 Å and c=5.207 Å. MgO 

has a cubic structure of NaCl type with the lattice constant 

of 4.216 Å. The band gap of MgO is 8.2 eV. Although the 

common stable phases of ZnO and MgO have different 

crystal structures, these two materials can still be alloyed 

with each other to form MgO-ZnO compounds. The 

crystal structures of such alloys can be either hexagonal 

wurtzite type or cubic NaCl depending on the relative 

56 



   

concentrations of Mg and Zn. The band gap of wurtzite 

MgZnO alloys is expected to vary from 3.4 eV (value of 

the band gap of pure ZnO) to much higher values. On the 

other hand, the band gap of CdO is 2.0 eV. A decreased 

band gap can be obtained for CdZnO alloys. So, alloy 

systems of MgZnO and CdZnO are expected to provide a 

series of optoelectronic materials with wavelength range 

from red to deep UV. This is similar to III-nitride system, 

where GaN (3.4 eV) is alloyed with AlN (6.2 eV) to 

increase the band gap or with InN (1.8 eV) to decrease the 

band gap 
[103]

.  

Zinc oxide or zincite (ZnO) has a hexagonal 

wurtzite structure, whereas magnesium oxide or periclase 

(MgO) is cubic. However, the similarity in ionic radii 

between Mg
++

 (1.36 Å) and Zn
++

 (1.25 Å) allows some 

replacement in either structure. According to the phase 

diagram, MgO allows a maximum of 40 atom.% ZnO at 

1600 °C and maintains its NaCl structure with the lattice 

constant staying close to that of pure MgO (4.208 Å). In 

the case of ZnO, the solid solubility of Mg is limited to 

only 4 atom.% maximum and the unit cell retains its 

hexagonal structure. The excitonic binding energy of ZnO 

57 



   

is ~60 meV which leads to extremely efficient excitonic 

emission. Based on the excitonic emission, room 

temperature lasing have been reported in thin films and 

microcrystallites. Recently, MgxZn1–xO films have been 

grown, which demonstrated the control of the band gap 

between 3.36 and 3.87 eV and ultraviolet 

photoluminescence at 4.2 K 
[103]

. 

1-11. Spray pyrolysis method: 

Spray pyrolysis is a useful alternative to the 

traditional methods for obtaining zinc oxide (ZnO) thin 

films, because of its simplicity, low cost and minimal 

waste production. The spray pyrolysis process allows the 

coating of large surface areas and it is easy to include in 

any industrial production line. This technique is also 

compatible with mass production systems. With spray 

pyrolysis, the solution is sprayed directly onto the 

substrate. A stream of gas, e.g. compressed air, can be 

used to help the atomization of solution through the 

nozzle
 [127]

.  
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Thin-film production by means of spray pyrolysis 

method is a more challenging problem than powder 

production since it involves a finer tuning of all the 

solution and process physiochemical parameters including 

the distance between the spraying nozzle and the 

substrate. The physiochemical parameters that have to be 

optimized include solute, solvent and atomization type, 

temperature and humidity profile, substrate temperature, 

solute concentration, solution flow rate, and usually 

subsequent post deposition temperature. The type of 

solution atomization technique used is important as it 

controls the initial droplet size and size distribution and, 

to a large extent, the initial droplet velocity in the case of 

an air atomizing nozzle (or pressure nebulizer). Besides 

air atomizing nozzles 
[128]

, ultrasonic nebulizers 
[128, 129]

 

and electrostatic spray formation 
[128, 130–132]

 have been 

described in the literature.  

Solvents used were either water, which contributes 

to a low-cost process, or several volatile organic solvents, 

which easily evaporate before striking the substrate 

surface. Metal nitrates and acetates have been widely used 

as precursors due to their low decomposition temperature 
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and low melting point. Metal halides (particularly 

chlorides) have also been used but they are corrosive 
[128]

. 

In addition, in this case, reaction of the precursor with the 

solvent (either water or alcohol) is possible and should be 

taken into account in describing the process chemically 

[133–135]
. Generally, however, the precursor type affects the 

microstructure of the obtained film 
[136, 137]

. Of course, the 

process is further complicated in the case of solutions 

consisting of multiple solutes for the synthesis of 

multicomponent particle and films due to the differences 

between the solubilities of the solutes. Spray pyrolysis 

method has been widely used for the deposition of thin 

films of transparent conducting oxides, sulfide and 

selenide semiconductors including their ternary 

compounds suitable for photovoltaic applications, and 

superconducting oxides 
[137–140]

. There are several 

advantages inherent in the spray pyrolysis method that 

include low cost, open atmosphere operation, low working 

temperature, potentially high efficiencies, no volatile 

compounds, and the potential of preparing all of the fuel 

cell components in situ 
[141]

. 
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Decomposition of Precursor 

Many processes occur simultaneously when a 

droplet hits the surface of the substrate: evaporation of 

residual solvent, spreading of the droplet, and salt 

decomposition. Many models exist for the decomposition 

of a precursor. Many authors suggest that only a kind of 

chemical vapor deposition (CVD) process gives high 

quality films by spray pyrolysis. Viguie and Spitz 

proposed the following processes that occur with 

increasing substrate temperature 
[142]

. In the lowest 

temperature regime (process A) the droplet splashes onto 

the substrate and decomposes [Fig.(1.6)]. At higher 

temperatures (process B) the solvent evaporates 

completely during the flight of the droplet and dry 

precipitate hits the substrate, where decomposition occurs. 

At even higher temperatures (process C) the solvent also 

evaporates before the droplet reaches the substrate. Then 

the solid precipitate melts and vaporizes without 

decomposition and the vapor diffuses to the substrate to 

undergo a CVD process. At the highest temperature 

(process D) the precursor vaporizes before it reaches the 
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Fig.(1. 6) Description of the deposition processes initiated with increasing 

substrate temperature
 
 
[10]

 

substrate, and consequently the solid particles are formed 

after the chemical reaction in the vapor phase. It is 

believed that processes A and D lead to rough or non-

adherent films. Adherent films were obtained by CVD at 

low temperature (process C). However, type A or B 

allows formation of high quality adherent films too. 

Moreover, process C can rarely occur in most spray 

pyrolysis depositions, because either the deposition 

temperature is too low for the vaporization of a precursor 

or the precursor salt decomposes without melting and 

vaporization
 [10]

. 

Temperature 
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Chapter 2  

Experimental Techniques 

and Measurements 



   

2-1. Thin film preparation:  

Pure and doped Zinc oxide thin films had been 

prepared by spray-pyrolysis technique. 

2-1-1. Spray System: 

The used equipment for pure and doped Zinc oxide 

thin films deposition in this work is simple and 

inexpensive. Typical spray pyrolysis equipment consists 

of an atomizer, precursor solution pump, substrate heater, 

and temperature controller. This system is almost totally 

computerized, to control all the experimental parameters 

and to ensure the reproducibility. Additionally, the 

attached PC-controlled x–y table provides the basis to 

fabricate homogeneous and large area films. The method 

involves spraying of the precursor solution through an 

atomizer onto preheated substrates maintained at suitable 

temperature
 [143]

. 
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Fig. (2.1) The movable and computerized spray pyrolysis system 

with x–y table
 [144]

 

Our spray system consists of the following 

components: 

(a)The spraying nozzle: 

It is the most important part in spray system 

because it controls the spray droplet size. It is different 

from laboratory to another and has a different shape and 

size. In this work the nozzle has fixed dimensions to give 

fine droplets and high homogenous sprayed solution. This 

nozzle consists of two co-axial glass tubes having nearly 

the same end. The spray solution is fed through an inner 
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capillary tube of diameter 0.1 mm surrounded by a second 

one of diameter 0.5 mm (at the end), while the carrier gas 

flows through the gap between them and produces the 

spray spectrum (mist).  

(b) The Heater:  

It is an electrically heated block of stainless-steel 

cube with a ceramic surface. Below the surface of the 

heater, there is one pinhole ~ 0.1cm to insert the 

thermocouple in order to insure the temperature stability 

of the heater. The used heater temperature ranged from 

350 ̊C to 500 ̊C, and was measured using K-type 

thermocouple. The heater is controlled by a digital 

temperature controller type Eliwell, EWTR 910, to avoid 

the sudden drop of the heater temperature at the spray 

start. The actual temperature difference between the 

substrate surface and the heater was about 5  ̊C. 

(c) The Compressor: 

Its job is to generate compressed air which is 

considered as a carrier gas. The carrier gas pressure is 

controlled by BRONKHORST, Hi - TEC digital gas flow 

meter. 
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d) The digital solution Pump: 

Feeding the nozzle by the spray solution with the 

required constant flow rate was achieved by using a 

SHIMADZU LIQUID CHROMATOGRAPH pump, 

model LC-10AT VP. 

(e) PC-controlled x–y table: 

With the x–y table, homogeneous and large area 

films up to about 30 cm Χ 40 cm can be fabricated. 

Most of these components are working alone with 

built-in processors, and/or are controlled by PC.  

2-1-2. Cleaning procedure: 

To remove any organic and inorganic materials 

which could affect nucleation and growth of the films, all 

substrates (glass slides) were cleaned using scouring 

powder and water with a cleaning brush. Then, slides 

were further cleaned with ethanol. After that, it was 

cleaned ultrasonically. Finally, slides were allowed to dry 

on paper towels. The spray system was cleaned before and 

after each preparation process. The solution pump, the 

heater and the nozzle were cleaned by distilled water to 

eliminate any residuals and to avoid chemical corrosion of 
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the solution pump. Diluted Hydrochloric acid is often 

used to clean the nozzle. Gaseous H2O is eliminated from 

the compressor by air filter. The spray system is then 

ready to be used. 

In order to obtain good films the spray parameters 

should be optimized.   

2-1-3. Spray parameters  

The choice of a salt is the most important decision 

to be made before parameter optimization can be 

undertaken. The type of salt directly influences three 

spray parameters
 [145]

: 

 Temperature (should be sufficiently high to decompose 

the salt). 

 Salt concentration (limits the maximal concentration in 

the solution). 

 Type of solvent (restricts the choice of salts due to 

their insolubility in some solvents). 

Therefore, the optimal spray parameters usually 

differ considerably for each type of salt. 
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(a) Substrate surface temperature: 

The substrate surface temperature is the main 

parameter that determines the film morphology and 

properties. By increasing the temperature, the film 

morphology can change from a cracked to a porous 

microstructure. In many studies the deposition 

temperature was reported indeed as the most important 

spray pyrolysis parameter. The properties of deposited 

films can be varied and thus controlled by changing the 

deposition temperature 
[10]

. For instance, it influences 

structural and optical properties of zinc oxide films. Films 

with improved crystallinity and high transmission (>87%) 

in the visible range were deposited using an aqueous 

solution of zinc acetate at temperatures (>450◦C). This 

was attributed to a decrease of the film thickness and an 

increase in the structural homogeneity. 

(b) Solution flow rate: 

The solution flow rate may not exceed a certain 

value, at which film cracking can occur. The maximum 

value depends on the type of the atomizer, deposition 

temperature, and nozzle to substrate distance
 [145]

. In our 
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work, 0.2 ml/min was the used solution flow rate 

value. 

(c)Type of salt: 

The extremely large choice of precursors is one of 

the advantages of the spray pyrolysis technique. The main 

requirements for the precursor salt are: 

- A salt must be soluble in an alcoholic solvent or water. 

-  It must decompose into an oxide, nitride, etc. at the 

deposition temperature. Chlorides, nitrates and metal-

organic salts are examples of precursors.  

Chlorides 

Chlorides are characterized by: high solubility in 

ethanol (more than 0.5 mol/l) and low price. 

Unfortunately they are chemically aggressive (especially 

zirconium chloride), and cause corrosion of the 

experimental setup. Also, part of the chlorine ions can 

remain in the deposited film, causing changes in the 

material properties. The chlorine impurities also hinder 

the crystallization of the initially amorphous thin film. 

Beside all of that, chlorides are now forbidden in many 
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countries due to the serious problems that they cause in 

the environment.  

Nitrates 

The main drawback of the chloride precursor was 

its corrosive action. Nitrates appear to be possible 

substitutes for the chlorides.  

Metal organic salts 

The other substitutes for Chlorides are the metal 

organic salts. However, the higher cost of metal-organic 

salts is their main drawback. On the other hand, metal-

organic salts have higher solubility in organic solvents 

[145]
. In our work, we used Zinc acetate as a source 

material for the preparation of ZnO thin films.  

(d) Solvent:  

By changing the solvent, physical properties of the 

solution such as boiling point, solubility of salts, 

spreading behavior of droplets on the substrate will 

change. Therefore, the type of solvent influences not only 

the maximum salt concentration, but also the deposition 

temperature, the optimal solution flow rate, and as a 

consequence the deposition rate. The boiling point of the 

solvent influences the lowest possible deposition 
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temperature of the dense, crack free films. The lower the 

boiling point of the solvent, the lower the optimal 

deposition temperature will be 
[145]

. Our solvent was a 

mixture of distilled water and methanol.   

(e) Nozzle to substrate distance:  

Each nozzle has a spraying angle. Therefore, the 

nozzle to substrate distance determines the coated area 

and the deposition rate. The smaller the distance of the 

atomizer to the substrate, the higher the deposition rate is 

and the smaller the coated area. However, every 

experimental spray pyrolysis setup has an upper and lower 

limit for the distance to the substrate.  

The minimal nozzle to substrate distance is limited 

by the cooling effect of the air flow. At small distances 

pronounced cooling of the substrate occurs. 

Simultaneously, more heat is required from the heating 

plate, because the droplet mass flow density increases 

with decreasing distance. Consequently, at a critical 

distance of spray gun to substrate surface it will be 

impossible to reach the optimal deposition temperature. 

The upper limit is determined by the distance at which the 

spray pattern collapses. Generally, the maximum distance 

71 



   

depends on spray gun parameters such as the geometry of 

the atomizer and air pressure 
[145]

. In our work, the nozzle 

to substrate distance 25 cm is the optimal distance. 

(f) Deposition rate: 

The film deposition rate of 30nm/min was obtained 

by the used spray system. The relatively low deposition 

rate is attributed to the exhaustion of the precursor 

solution during aerosol transport. Only a small fraction of 

the aerosol reaches the substrate because many droplets 

are blown away from the substrate surface by the reflected 

air flow. 

The details of the used procedures are given as 

follows: 

2-1-4. Solution Preparation: 

The chemicals used for preparation of the solution 

must satisfy the following requirements: 

(1) The chemicals in solution form must provide the 

species/ complexes that will undergo thermally 

activated chemical reactions to yield the desired thin 

film material.  
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(2) The remainder of the constituents of the chemicals, 

including the solvent, should be volatile at the spray 

temperature. 

There are different chemical compounds that could 

be used as a source to prepare Zinc oxide thin films by 

spray pyrolysis. These materials are Zinc acetate, and 

Zinc chloride.  

In our work, we use Zinc acetate as a source 

material for the preparation of ZnO thin film. This is 

because it has higher solubility in organic solvents. 

For Zn1-xMgxO thin film preparation, 0.2M of 

Magnesium acetate powder in 50 ml of solvent is 

calculated. Then, the desired ratio (x) of Mg to be 

incorporated in the film was added to a ratio 1-x of 0.2M 

of Zinc acetate powder, where: (x) takes the values 0.05, 

0.1, 0.15, 0.2, 0.25, and 0.3. The mixture of both 1-x Zinc 

acetate and x Magnesium acetate was dissolved in 

distilled water then methanol was added (20% of the 

solution volume) so as to constitute 50ml of the precursor 

solution. 
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2-1-5. Spray Process: 

 The used substrate and the spray system were 

systematically cleaned before starting any spray process. 

The nozzle was fixed at 25 cm distance over the substrate. 

Measuring flask was filled by spray solution, a peristaltic 

pump was used to control the solution flow rate though 

the nozzle. The solution flow rate was fixed at 0.2 ml/min 

by the peristaltic pump. Air flow rate was also fixed at 10 

L/min. The substrate temperature attains its constant 

temperature during the air flow to prevent the high sudden 

decrease at the spray process start. After nearly 10min of 

substrate temperature stability, the spray solution feeds 

the nozzle through the peristaltic pump with required flow 

rate. 

2-2. Structure Diagnosis: 

To elucidate the prepared film structure, X-ray 

diffractometer was used to obtain its diffraction pattern. 

Phillips diffractometer model PW/ 1710, with Ni filter and 

Cu K radiation of wavelength 1.5418 Å at 40 KV and 30 

mA was used. The recorded X-ray diffraction pattern 

chart including the intensity of diffraction beam versus the 
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diffraction angle 2  ) was obtained. The diffraction 

patterns were recorded automatically with a scanning 

speed ~ 0.9º per minute and scanning angular range (2 = 

5º to 70º). The d-spacing values for each obtained peak 

can be calculated from Bragg's law 
[146]

: 

n=2dsin                                                (2.1) 

where: λ is the used x-ray wavelength, n is the order of 

diffraction, and θ is the diffraction angle for diffraction 

line in degrees.  

The relative intensity (I/Io) could also be calculated 

from the chart. Comparison of the calculated d-values and 

(I/Io) intensity with that of the powder material in ASTM 

card was used to find the crystal structure type and crystal 

planes (hkl) corresponding to each obtained peak. The 

lattice constants (a, c) for hexagonal structure are 

calculated using the following formula and compared with 

the ASTM card 
[146]

: 

1/d
2
 = 4/3. (h

2
 +hk+k

2
)/a

2
 + l

2
/c

2
                        (2.2) 

The mean crystallite size of the films was 

calculated using Scherrer's formula 
[127]

:  
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                                            (2.3)                           

Where: D is the mean crystallite size, (2) is the full 

width at half maximum of the diffraction line in radians,  

is the diffraction angle for diffraction line and  is the 

wavelength of X-ray. The mean grain size is defined as 

the mean dimension of the crystallite prependicular to the 

diffracting plane. According to this definition, the 

constant factor in Scherrer's formula is taken as 0.94. 

2-3. Compositional analysis and film morphology: 

Scanning electron microscopy (SEM) is a non 

contact, non destructive technique for imaging surface 

topography. In the primary mode “secondary electron 

imaging” an electron beam is rastered across the surface 

of the sample. The emission of secondary electrons 

produced by inelastic scattering of the incident electrons 

is detected. The image is formed from a two dimensional 

density distribution of detected electrons. This technique 

is useful for producing relatively quick qualitative 

impressions of the surface 
[147]

. 
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JEOL SEM model JXA-840A Electron Probe 

Microanalyzer was used to give a visualization of the film 

morphology. EDXs (Energy Dispersive X-rays 

spectroscopy) method is used to give a compositional 

analysis of the films using the same instrument. 

2-4. Optical Measurements: 

Jasco (V-570) UV-vis-NIR spectrophotometer was 

used to obtain the optical transmission and reflection. The 

absorption coefficient (α) and the optical constants (n, k) 

are calculated from the transmission (T) and reflection (R) 

spectrum based on the following relations 
[148]

:                                                                                 

 
)t2exp(R1

)texp(R1
T

2

2




                                      (2.4) 

Where:  t is the film thickness. 

For high transparent materials, the absorption 

coefficient of the film was calculated using the following 

expression 
[127]

: 

α = - (1/t) ln (T)                                                 (2.5) 

Where: T is the normalized transmittance, t is the film 

thickness in cm.  
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The absorption coefficient values were used to 

determine the optical band gap. Since ZnO is a direct band 

gap semiconductor, so the optical band gap (Eg) was 

estimated from the expression 
[127]

: 

αhν = K( hν – Eg)
1 / 2

                                           (2.6) 

where: K is a constant, hν is the energy of the optical 

beam. 

(αhν)
2 

 versus hν  was plotted and  Eg was 

determined by extrapolating the straight line portion of the 

spectrum to αhν=0. 

The absorption coefficient (α) is related to the 

extinction coefficient k by 
[148]

:                         

k = αλ / 4π                                                    (2.7) 

The refractive index has been calculated using the 

following relation 
[149]

: 

  























 2

2
k

R1

R4

R1

R1
n        (2.8) 

Where:  k is the extinction coefficient and R is the optical 

reflectance.  
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2-5. Film Thickness Measurement: 

The film thickness is one of the most significant 

film parameters. After the film preparation, two methods 

were used to measure the film thickness, namely:  

 The mechanical method: 

Thin film and surface profile measurement (alpha-

step), Tencor instrument was used to measure the thin 

film thickness mechanically.  

 Cross-section visualization of the thin film with 

(SEM). 

2-6.  Photocatalytic activity: 

The used UV photo reactor was a laboratory-built 

system consisting of Hg light source. The light source 

emits light just above the sample. The intensity level of 

UV light is controlled by fixing the distance between the 

source of light and the specimen (~5.5 cm), which is 

optimized to ensure that UV light arrives at the specimen 

before being dissipated in air. 100 ml of the dye solution 

(prepared using distilled water with the solid dye) and a 

thin film of ZnO pure and ZnO doped Mg was used in this 
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method. A concentration of   5 x10
-5

 M
 
of Crystal Violet 

dye was used. 

 

Fig. (2.2) The UV photo - reactor 

Firstly, we have measured the effect of the samples 

only on the degradation of Crystal Violet dye. Then, the 

effect of UV light without sample on CV degradation has 

been measured. After these two measurements we start to 

collect our data of Crystal Violet degradation in the 

presence of both the sample and UV light.  

The degraded solution was taken for spectra 

measurement at various time intervals (0 "absence of 

illumination", 30, 60, 90, 120 and 180 min). Temporal 

changes in the concentration of Crystal violet were 

monitored by examining the variation in the maximal 

absorption. At different time intervals, 2ml was taken out 

with the help of a syringe. Then, absorption spectra were 

recorded and the rate of decolorization was observed in 

terms of change in intensity at λmax of the dye. 
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Chapter 3  

Results and Discussion 



   

3-1. Structural properties: 

XRD measurements were made to elucidate the 

crystallite quality, orientation, crystalline planes and the 

presence of additional phases if present in the deposited 

Zinc oxide films. Typical XRD patterns for pure Zinc 

oxide deposited at different substrate temperatures 

ranging from 350 to 500 ̊C and constant spray time equal 

to 20 min are shown in Fig.(3.1). The intensities of the 

observed X-ray reflections in the XRD pattern are 

different from that present in the ASTM card for ZnO 

powder while there is no change in their positions. This 

could be explained by the existence of some kind of 

preferential orientation of crystallites or, in other words, 

by the formation of texture in the prepared films. The 

lattice parameters are calculated. The obtained values of 

interplaner spacing (d) and the calculated lattice 

parameters (a, c) indicate that the prepared ZnO films 

have a hexagonal structure. Polycrystalline films exhibit 

four main peaks, which correspond to (100), (002), (101), 

(110) planes of the hexagonal wurtzite structure of ZnO. 

The films deposited at lower temperature show poor 

crystallinity which improved with increasing the substrate 
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temperature as shown in Fig.(3.1). The diffraction peak of 

the (100) plane is highly dependent on the substrate 

temperatures while the other diffraction peaks of the 

(002), (101), and (110) planes have weak intensity and 

slight temperature dependence.  

Figure (3.2) shows the effect of Mg incorporation in 

ZnO films. We found that Mg incorporation has not 

changed the hexagonal phase of ZnO. And no other 

additional phases have been observed. The only effect that 

we observed is that the intensity of (100) peak becomes 

weaker as the Mg content increases. Which means that the 

greater the Mg ratio in the film, the greater the tendency 

of the film to be in the amorphous state. This is expected 

since MgO needs a temperature more than 700 ْ C to be 

deposited in the polycrystalline phase and the substrate 

temperature used for deposition   was 500 ْC. 

The grain size ranges from 27.43 nm (pure ZnO) to 

17.18 nm (Zn 0.85Mg 0.15O) as calculated using Scherrer's 

formula.
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Table (3.1) The lattice parameters, and the grain sizes of pure ZnO 

films deposited at spray time= 20 min and different deposition 

temperatures. 

Temperature 

( ̊C) 
a (Å) c (Å) c / a 

D (grain 

size) nm 

500 3.244163864 5.211629789 1.606463177 27.43889973 

450 3.242440901 5.234026614 1.614224214 22.95900642 

425 3.239765948 5.194820983 1.60345564 22.98740872 

400 3.241343208 5.349347644 1.650349038 19.88386125 

375 3.23165726 5.329919649 1.649283733 16.34538119 

350 3.230849698 5.209317255 1.612367563 11.21647314 
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Fig.(3.1) XRD patterns of ZnO films deposited at substrate 

temperatures 500, 450, 425, 400, 375 and 350Cْ and at the same 

spray time =20 min 
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Table (3.2) The lattice parameters and the grain sizes of Zn1-xMgxO 

thin films deposited at 500 ْ C and spray time= 20 min. 

X a (Å) c (Å) c / a 
D(grain size) 

nm 

0 3.244163864 5.211629789 1.606463177 27.43889973 

0.05 3.238320869 5.425267499 1.67533352 18.13760659 

0.1 3.248660866 5.163240123 1.589344144 13.11748050 

0.15 3.245434479 5.235796975 1.613280751 17.18454684 

 ــــ 1.535274742 4.995926806 3.25409301 0.2

 ــــ 1.597848247 5.177865057 3.240523665 0.25

 ــــ 1.572397831 5.109802335 3.249687983 0.3
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Fig.(3.2) XRD patterns of ZnxMg1-xO films: x = 0, 0.05, 0.1, 0.15, 

0.2, 0.25 and 0.3 deposited at substrate temperature 500 ْC and spray 

time = 20 min. 
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The chosen temperature for ZnxMg1-xO thin film 

deposition was 500 ْ C for two reasons. Firstly, the best 

deposited ZnO thin film was that deposited at 500Cْ. This 

is due to the increased crystallinity of the film at this 

temperature (fig. 3.1) and the complete decomposition of 

the precursor salt. Secondly, since MgO thin film needs 

high temperatures (~700  ̊C) to be deposited in the 

polycrystalline phase and we couldn't exceed the glass 

softening temperature (~550  ̊C), so the choice of 500 ْC is 

suitable. 

3-2. Compositional analysis: 

For quantitative analysis, we used Energy 

Dispersive X-ray spectroscopy (EDX). Figure (3.3) 

illustrates the spectra of both the pure ZnO and 

Zn0.7Mg0.3O thin films. The weight percent and atomic 

percent of Zn, O and Mg are also illustrated.  
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Element  Weight%  Atomic%   

O K  28.48  61.94  

Zn K  71.52  38.06  

Totals  100.00 100.00  

(a)   

 

 
Element  Weight%  Atomic%   

O K  24.88  47.61  

Mg K  21.75  27.39  

Zn K  53.36  24.99  

Totals  100.00 100.00  

 (b) 

Fig.(3.3). EDX spectra of the films with their atomic and weight 

percent. (a) pure ZnO and (b) Zn0.7Mg0.3O 
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For pure ZnO thin film, Zn and O elements have 

been appeared in the spectrum and the atomic percent and 

weight percent demonstrates its ratios. Also, the ratio of 

Mg to Zn in doped films is almost as we have used at 

preparation. 

3-3. Surface morphology and microstructure: 

Surface morphologies and microstructures of the 

Zn1-xMgxO samples were investigated by SEM. SEM 

photographs in figure (3.4) give a direct view of the 

morphologies of Zn1-xMgxO samples. Introduction of 

Mg
2+ 

into ZnO matrix has changed the surface 

morphology. This may be due to the decrease in grain size 

and the increase of porosity of the films and the 

corresponding increase of surface roughness. These 

observations are of great significance, since the 

morphology and size variations play the main role in the 

photocatalytic activity, which will be described later.  
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Fig. (3.4) SEM graphs for [a: x=0 and b: x=0.3] at magnification 

10000x and for [c: x=0.1, d: x= 0.15 and e: x= 0.2] at magnification 

1500x 

a b 

c d 

e 
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3-4. Film thickness: 
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Fig. (3.5) The effect of substrate temperature on the thickness of 

pure ZnO thin films. 

The thickness of the prepared thin films were 

measured using SEM by giving a cross sectional view of 

the films. Figure (3.5) illustrates the relation between the 

substrate temperature and the film thickness. Below the 

temperature of 450Cْ, the thickness decreases as the 

substrate temperature increases. Higher than 450Cْ, the 

film thickness is almost constant. This is expected since at 

high temperatures part of the sprayed solution vaporizes 

before it reaches the substrate 
[10]

.     
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The film thickness values of Zn1-xMgxO films 

which obtained from profilometer alpha-step are within 

the same order of that obtained from SEM (~ 600nm). We 

used the obtained thickness values to calculate the optical 

constants. 

3-5. Optical properties: 

Transmission and reflection of Zn1-xMgxO thin 

films were measured so as to calculate the optical 

parameters. 
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Fig.(3.6)  The transmission and reflection spectra for pure ZnO 

samples at different deposition temperatures. 
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Fig. (3.6) shows the transmission and reflection 

spectrum of pure ZnO samples at deposition temperatures 

500, 450, 425, 400, 375, 350 ̊C. The figure demonstrates 

that the transmission is higher than 75% at deposition 

temperatures ≥400. Also we find that as the deposition 

temperature decreases, the summation of Transmission 

and reflection becomes less than 100%. This means that 

the absorption increases as the deposition temperature 

decreases. The effect of Mg concentration on the 

transmission and reflection spectrum of doped ZnO 

samples (deposited at 500 ̊C) is shown in fig. (3.7).  

Zn1-xMgxO samples are transparent in the visible region, 

which however, shows an intense band-to-band absorption 

in the UV region as shown in   fig. (3.7). This absorption 

edge shifted towards higher energies as the Mg content 

increased. Fig.(3.7) also illustrates that the transparency 

and the reflection of the films decreases as the Mg content 

increases.  This is due to the increase in surface roughness 

which leads to more absorption at the surface and so to 

less transparency and less reflectivity.  
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Fig.(3.7) The transmission spectra for the samples (a) x = 0,  

(b) x = 0.05, (c) x = 0.1, (d) x = 0.3 

The absorbance coefficient (α) was calculated from 

the reflection and transmission data to obtain the optical 

band gap, Eg. The Eg values were thus determined by 

extrapolation of the linear portion of the (αhυ)
 2 

curve 

versus the photon energy hυ to (αhυ)
2
 = 0. As illustrated 

in figure (3.8), with increasing the Mg
2+

 content from  

x = 0 to 0.3, the band gap energies increased continuously 

from 3.26 to 3.48 eV. The observation of systematic blue 

shift in band gap implies that Mg
2+

 was successfully 

incorporated into the wurtzite ZnO lattices. 
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Fig.(3.8) (αhυ)
2 

versus photon energy of Zn1-xMgxO samples. 

Increasing the band gap by increasing the Mg ratio 

is suitable for long-term use in photo electrochemical cells 

because the photon-generated electrons and holes can 

react with the narrow band gap materials and corrode 

them 
[150]

.   

Table (3.3) Effect of Mg content on the energy gap  

X Eg(eV) 

0 3.26 

0.05 3.33 

0.1 3.44 

0.2 3.46 

0.3 3.48 
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Fig. (3.9) The refractive index versus Mg concentration in  

Zn1-xMgxO samples. 

Figure (3.9) shows the effect of Mg incorporation 

on the refractive index of ZnO films. As seen in the 

figure, the refractive index decreases as the Mg content 

increases. This is expected since the refractive index 

decreases as the surface roughness and porosity of the 

material increases 
[151, 152]

. The refractive index of pure 

ZnO film ~ 2.13 has the same value of that of bulk ZnO.  
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Fig. (3.10) The extinction coefficient versus Mg concentration in         

Zn1-xMgxO samples. 

Figure (3.10) illustrates the effect of Mg 

concentration on the extinction coefficient of ZnO thin 

films. The extinction coefficient of the prepared films 

increases as the Mg content increases. The explanation of 

this behavior is based on that (From XRD results) as the 

Mg content increases in the films, the films turns to be in 

the amorphous state. As a result, the grain size became 

smaller and smaller. The decrease in grain size has an 

important role in increasing the extinction coefficient 

since (as a result) extra absorption of light occurs at the 

grain boundaries 
[153]

.  Beside that, the increase of surface 
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roughness as the Mg content increases leads to an increase 

in the absorption at the surface of the films and so, an 

increase in the extinction coefficient.  

3-6. Photocatalytic effect: 

Crystal Violet (CV) degradation was used to 

evaluate the photocatalytic activity of the Zn1-xMgxO 

samples. The time dependent absorbance spectra of CV 

aqueous solution after the UV light irradiation in the 

presence of the samples Zn1-xMgxO at x=0 and x=0.3 are 

displayed in figure (3.11). It is seen that the characteristic 

absorbance peaks of CV at approximately 584 nm became 

weaker as the irradiation time increases. Further 

comparative studies of the concentration changes of CV 

with irradiation time for all Zn1-xMgxO samples are shown 

in figure (3.12). It is clear that all Mg-doped ZnO samples 

possessed higher photocatalytic activities than pure ZnO. 

The greater the Mg
2+

 ratio, the greater the photocatalytic 

activity of the film is. 
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(b) 

Figure (3.11) The effect of UV irradiation time on the absorbance 

intensity of Crystal Violet (a) ZnO and (b) Zn0.7Mg0.3O 
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In general, the photocatalytic activity of oxide 

semiconductors, is closely related to the particle sizes 
[154]

, 

morphologies [155, 156], surface properties 
[157, 158]

, and 

electronic structure 
[159]

. Firstly, since our thin film 

preparation temperature is 500 Cْ which is insufficient to 

prepare MgO either in the crystalline phase or in the 

polycrystalline phase, so the films tend to be amorphous 

as the Mg ratio increases (see XRD pattern in fig. 3.2). 

Based on Benmami et al researches, we can say that the 

amorphous state of the doped films is one reason of 

increasing the photocatalytic activity 
[160]

. Since the grain 

size is smaller in the amorphous phase than that in the 

polycrystalline phase, so this leads to the increase of the 

surface area. Secondly, as the ratio of Mg increases, the 

surface roughness increases (see SEM photographs in fig. 

3.4). Thirdly, as the band gap increases, the probability of 

electron-hole pairs‟ recombination decreases. 

As Mg content increases, the contribution of 3s like 

states becomes dominant at the bottom of the conduction 

band. Since 3s like states have higher energy than that for 

the Zn 4s level 
[161]

, the band gap of Zn1-xMgxO is broaden 

with increasing Mg concentration by heightening the bottom 

of the conduction band 
[159]

. This theoretical analysis is very 
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valuable to explore the correlation between the electronic 

structure and photocatalytic activity. The Mg 3s states 

occurring in the conduction band may provide a favorable 

channel for the photo-induced charge carrier transport 
[162]

. 

The band gap of Zn1-xMgxO shifts toward higher energies as 

Mg content increases. It is well-known that the reduction 

ability of the photo-induced electron is determined by the 

position of the conduction band relative to the Fermi level 

[163]
. Therefore, photocatalytic activity (or reduction ability) 

of photo-induced electrons should be increased with band 

gap energies. And this explains the role of electronic 

structure on the photocatalytic activities of Zn1-xMgxO 
[159]

. 

In figure (3.12) one would observe that as the Mg 

ratio(x) increases and the irradiation time increases the 

normalized photocatalytic activity increases. That is the 

normalized photocatalytic activity has been changed from 

0.21 (for pure ZnO) to 0.47 (for Zn0.7Mg0.3O) after an 

irradiation time of 180 min. we get these values by 

subtracting A (max)/A0 (max) value from one. Figure 

(3.13) shows the effect of Zn0.7Mg0.3O sample and UV 

irradiation on the degradation process. This figure says 

that the degradation occurs under UV irradiation but the 

presence of the sample increases it greatly.  
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Figure (3.12)  Photocatalytic activity for samples Zn1-xMgxO 

(a) x = 0, (b) x = 0.05, (c) x = 0.1, (d) x = 0.25, 

(e) x = 0.3 under UV light irradiation. 

The increase in the photocatalytic activity with 

increasing Mg ratio is due to the following reasons. 

Firstly, as the band gap increases, the probability of 

electron-hole pairs‟ recombination decreases. Secondly, as 

the ratio of Mg increases, the surface roughness increases 

(see the transmission and reflection spectrum in fig. 3.7). 

Thirdly, since the thin film preparation temperature is 

500Cْ which is insufficient to prepare MgO either in the 

crystalline phase or in the polycrystalline phase, hence the 
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films tends to be amorphous as the Mg ratio increases (see 

XRD pattern in fig. 3.2). Since the grain size is smaller in 

the amorphous phase than that in the polycrystalline 

phase, so this leads to increased surface area.   

 

Fig. (3.13) The effect of Zn 0.7 Mg 0.3 O sample and UV irradiation 

on the degradation process: (a) the sample without UV, (b) UV 

without the sample, and (c) the sample with UV. 

Therefore, we can state that decreasing the 

recombination probability, and increasing surface area via 

increasing surface roughness and decreasing grain size has 

improved the photocatalytic efficiency of ZnO thin films.  
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Conclusion 

 

 



   

To explore applications in photocatalysis, we 

prepared Zn1−xMgxO thin films using the spray pyrolysis 

method. We found the following: 

• Doping with Mg
2+

 affected the crystallinity of the 

films, so the grain sizes, morphologies, and surface 

area have been changed and, as a result, the absorption 

efficiency of the films has been affected.  

• Changing the electronic structure and increasing the 

band gap were other effects of doping ZnO with Mg
2+

 

which decreases the probability of electron-hole pairs' 

recombination and increases the reduction ability. 

• The photocatalytic activity of the prepared films has 

been increased with Mg
2+

 content as expected. That is 

the normalized photocatalytic activity has been 

changed from 0.21 (for pure ZnO) to 0.47 (for 

Zn0.7Mg0.3O) after irradiation time of 180 min.  
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 جاهعة األزهر

فرع البنات- كلية العلوم  

 قسن الفيسياء

 

دراسة تأثير أكسيذ الواغنسيوم على التحفيس الضوئي 

هن أكسيذ الخارصين  لشرائح رقيقة

 

 ريهام عبذ الفتاح إبراهين هحوذ زغلول

 

 

 

لبنى علي عبذ الوهاب/ د.انادية عبذ الوحسن هحوذ/ د.ا

  

 

هصطفى عبذ الوؤهن حسن بشتة/ م.اهحوذ أساهة حسن أبو هالل/ م.ا

 


