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كثٍشج نًا ذًرهكّ ْزِ انًٕاد يٍ خصائص  ٕز فً يجال انًٕاد انُإٌَح اًٍْحاخزخ انثح

فٍزٌائٍح ٔ كًٍائٍح ٔتصشٌح فشٌذج يقاسَح تانًادج انجسًٍح نٓزِ انًٕاد. نزنك سكزخ 

انذساساخ انحذٌصح عهً انثٍُح انرشكٍثح انُإٌَح يرعذدج الاتعاد نكفاذٓا انعانٍح فً الاجٓزِ 

ُإٌَح . ٔ يٍ ْزِ انًٕاد اكسٍذ انزَك انزي اكرسة اًٍْح خاصح جعهرّ يُّ قٕج جارتح فً ان

ٔ طاقح ستط فً حذٔد   6.3   انرطثٍقاخ الانكرشٍَٔح انثصشٌح  ذًرهك طاقح فجٕج يقذاسْا 

يًا  2.1   عُذ دسجح حشاسج انغشفح. تانًصم اكسٍذ انُحاس نّ طاقح حاجز 36    

ٍزا كثٍشا فً يجال انثحٕز انُإٌَح ٔذطثٍقاذٓا. تالاضافح انًشكة انُاذرج يٍ جعهٓا ذاخز ح

 ٔجذخ ذطثٍقاذد فً يجال الانكرشَٔاخ انثصشٌح. p-nْزٌٍ الاكسٍذٌٍ كٕصهح شُائٍح 

نذساسح تعض          فً ْزا انثحس ذى ذحضٍش شًاٍَح عٍُاخ يٍ انٕصهح انصُائٍح 

  Coٍح ٔانُفارٌح  طاقح انحاجز  ترغٍش دسجح انحشاسج يٍانخصائص انفٍزٌائٍح كالايرصاص

130Coإنى  36
( ٔرنك تررغٍش I-V Characteristic (. كًا دسسد انخصائص انكٓشتٍح 

دسجح انحشاسج ذحد انضٕء انًثاشش فً انظلاو حٍس اظٓشخ يُحى شثّ نٕغاسٌصًً  كًا ذى 

 حساب فجٕج انطاقح .

 ( ٔرنك تررغٍش دسجح انحشاسجSEMَٕي اسخذيد ذقٍُح )ٔنًعشفح انشكم انثهٕسي ٔانحجى انُا

اٌ  حٍس ٔجذ  (                                           )

انقطش كذانح فً دسجح انحشاسج ٌرشأح 

(94.69nm.92nm.109nm.130nm.169nm.222nm.561nm.1.5μm)   عهى

 انرٕانً.
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Abstract 

       Research on nanomaterials has become increasingly popular because of their 

unique physical, chemical, optical and catalytic properties compared to their bulk 

counterparts. Therefore, many efforts have been made to synthesize 

multidimensional nanostructures for new and efficient nanodevices. Among 

those materials, zinc oxide (   ), has gained substantial attention owing to 

many outstanding properties.     besides its wide band gap of 3.34    exhibits 

a relatively large excitons binding energy (60   ) at room temperature which is 

attractive for optoelectronic applications. Likewise, cupric oxide (   ), having a 

narrow band gap of 1.2    and a variety of chemo-physical properties that are 

attractive in many fields. Moreover, composite nanostructures of these two 

oxides (CuO/ZnO) may pave the way for various new applications. So in this 

thesis eight samples of         junction were synthesized and exposed to 

temperatures 60, 70 80 90, 100, 110, 120 and 130. The electrical properties of 

Schottky diode junctions were analyzed by I–V measurements under the 

influence of direct solar radiation and, lag of radiation (darkness) which shows 

the semi–logarithmic  –   characteristic curve of the fabricated photodiodes.  

      Also those samples (           diodes) were exposed to temperatures 60, 

70 80. 90, 100, 110, 120 and 130 to study the absorption, transmittance 

absorption coefficients and energy gap change with temperature it was found that 

the absorption coefficient increases while the energy gap decreases upon 

increasing temperature  

            The morphology and particle sizes of the prepared samples were 

determined by SEM. The SEM images of          sample films were heated 

at (60, 70 80 90, 100, 110, 120 and 130 C
o
) temperatures are showed sphere-like 

       O sample films uniform in both morphology and particle size, but 

have agglomeration to some extent. The average size was calculated to be (1.5 
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μm. 561 nm. 222 nm. 169 nm. 130 nm. 109 nm. 92 nm. 94.69 nm. respectively). 

Corresponding histograms, showing the particle size distribution, are also 

presented. The mean particle size which estimated from SEM is in close 

agreement with the average crystallite size as calculated from histograms line 

broadening. The microstructure and chemical composition of the film surface 

were analyzed using a scanning electron microscope (SEM, Tuscan Vega LMU). 

Their sizes are found to range from 109 to 124 nm. 
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        Chapter one 

1.1Introduction       

 

The little word "nano" with huge potential has been rapidly indicating itself into 

the world's map and has an enormous influence in every aspect of science and 

engineering fields. The idea of nanotechnology was introduced by Richard 

Feynman in his talk “There is a plenty of room at the bottom”, in 1959. Though 

he never explicitly mentioned "nanotechnology," 

Feynman suggested that it will eventually be possible to precisely manipulate 

atoms and molecules. In general, nanotechnology consists of materials with 

Nanoscale dimensions, remarkable properties, and great potential. 

1.2 Background 

During the last few decades, nanomaterials have been the subject of extensive 

interest because of their potential use in a wide range of fields like, 

optoelectronics, Catalysis and sensing applications etc . The physical and 

chemical properties of 

nanomaterials can differ significantly from their bulk counterpart because of 

their small size. In general, nanomaterials comprised novel properties that are 

typically not observed in their conventional, bulk counterparts. Nanomaterials 

have a much larger surface area to volume ratio than their bulk counterparts, 

which is one of the basis of their novel physical and/or chemical properties. 

Nanomaterials are classified into one-dimensional (1D), two-dimensional (2D) 

and three-dimensional 

(3D). at present, research on nanomaterials is intensified and is expanding 

rapidly. 

In addition, metal oxide nanomaterials have drawn a particular attention because 

of their excellent structural flexibility combined with other attractive properties. 

These metal oxides nanostructures not only inherit the fascinating properties 
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from their bulk form such as piezoelectricity, chemical sensing, and photo 

detection, but also possess unique properties associated with their highly 

anisotropic geometry and size confinement [1]. The combinations of the new and 

the conventional properties with the unique effects of nanostructures make the 

investigation of novel metal oxide nanostructures a very important issue in 

research and development both from fundamental and industrial standpoints. 

Among the various metal oxides, zinc oxide (ZnO) possessed a considerable 

attention due to its unique properties and applications. In particular, ZnO 

nanostructures (NSs) are of intense interest since they can be grown by a variety 

of methods with different morphologies. Among the different growth methods, 

the chemical bath deposition method is low temperature, simple, inexpensive and 

environment friendly method. These are all factors which further contribute to 

the resurgent attention in ZnO. Specifically, one-dimensional ZnO nanorods 

(NRs) amongst other nanostructures are attractive components for manufacturing 

nanoscale electronics and photonic devices as well as their biomedical 

applications because of their interesting chemical and physical properties [2, 3]. 

Also ZnO NRs can easily be grown on a variety of substrates like metal surface, 

semiconductors, glass, plastic and disposable paper substrates etc. [4-7]. 

Furthermore, a direct wide band gap ~ 3.37 eV and relatively large excitonic 

binding energy ~ 60 meV of ZnO along with many radiative deep level defects, 

makes ZnO attractive for its emission tendency in blue/ultraviolet and full colour 

lighting [8, 9]. To utilize theses properties of ZnO in LEDs application, another 

p-type material is necessary as ZnO NRs is unintentionally n-type material. 

Since mostly polymers are p-type and their special properties like low cost, low 

power consumption, flexible and easy manufacturing all makes polymers a better 

choice to use with ZnO NRs to fabricate a flexible device that utilizes the 

properties of both materials for large area lighting and display application [10, 

11]. 
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On the other hand, natural abundance of copper (II) oxide (CuO) as well as its 

low production cost, good electrochemical and catalytic properties makes the 

copper  oxide to be one of the best materials for various applications. CuO also 

has a variety of nanostructures and can be grown using the low temperature 

aqueous chemical method. It is one of the most important catalysts and is widely 

used in environmental catalyst. 

One-dimensional (1-D) metal oxide (MO) nanostructures have attracted much 

attention in fabricating unique optoelectronic, electronic, and electrochemical 

devices such as UV sensors 1, solar cells 2, and gas sensors 3. It pertains to those 

applications that nanorods possess relatively large aspect ratio and relatively 

large surface area to volume ratio ensuring high efficiency and sensitivity. As for 

materials of choice, zinc oxide (ZnO) is an environmentally friendly n-type 

semiconductor that has better electron mobility compared to other wide band gap 

oxides including TiO2 [4]. Therefore, ZnO is expected to exhibits faster electron 

transport with reduced recombination loss. Different types of ZnO 

nanostructures have been used as gas sensors to detect gases, vapors, and metal 

ions, such as ethanol [ 3, 5], NH3  [6], O2 [ 7], and Ca
+ 8

. Likewise, CuO is an 

important p-type semiconductor with a narrow band gap (1.2 eV). CuO has been 

intensively studied for sensing devices due to its rich family of nanostructures 

and promising electrochemical and catalytic properties [8-11]. Previously 

reported CuO nanostructures are grown on Cu substrate using thermal oxidation 

process or synthesized through wet chemical routes on other supporting 

substrates like glass. However , CuO nanostructures (NS) grown by the later 

method showed poor adhesion to the substrates [11]. In recent years, the simple 

and cost effective hydrothermal method has proven to be successful for the 

synthesis of nanostructures of CuO or ZnO[ 12, 13]. By combining the 

advantages of both nanostructures in a composite simple, reliable and cost 

effective synthesis route might be realized. Many combinations of CuO and ZnO 
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nanostructures have been demonstrated, but involve high temperature (>500 oC) 

to oxidize a Cu foil into CuO followed by the deposition of ZnO [14]. 

Furthermore, Jung, S. et al [15] recently demonstrated the fabrication of flower-

like CuO ZnO nanowire Heterostructures by photochemical deposition, which is 

a slow and rather expensive process. 

1.3 The Problem of the study 

There has been much debate on the future implications of nanotechnology. 

Nanotechnology has the potential to create many new material and devices with 

a vast range of application, such as medicine,, electronics and energy production. 

On the other hand, nanotechnology raises many of the same issues as with any 

introduction of new technology, including concerns about toxicity and 

environmental impact of nanomaterials [16]. And their potential; effects on 

global economics, as well as speculation about various doomsday scenarios. 

These concerns have led to a debate among advocacy and governments on 

whether special regulation of nanotechnology is warranted. 

1.4 The Objective of the study 

The objective of this thesis is  

1. To synthesize metal oxide semiconductor nanostructures and utilize them for 

light emitting diodes, catalytic and sensing applications 

2. To study the effect of temperature on their optical properties 

3. To study I-V characteristics under the influence of temperature variation  

4. To study of the morphology and particle size using the SEM under 

temperature variation 

1.5 The Method of study 

For the ease of gathering all presented work, the thesis is divided into 

Parts: 

i) Synthesis of ZnO and CuO nanostructures. The morphology, crystal structure 
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and crystallinity of the nanostructures were monitored by using scanning 

electron 

microscope  (SEM) and x-ray diffraction. 

ii) Fabrication of a solution-process able hybrid ZnO NRs/polymer light emitting 

diodes (LEDs) on flexible substrates. N-type ZnO NRs. Along with the 

properties of the ZnO NRs, choice of the polymer is also crucial for tuning the 

emission of fabricated LEDs. The emission colour of the hybrid LEDs can be 

tuned by blending different polymers or by changing the polymer concentrations. 

iii) Utilization of the CuO nanostructures to develop a pH sensor and exploit 

these NSs as a catalyst to degrade organic dyes. Owing to its good 

electrochemical activity, CuO is a promising candidate for sensing applications. 

Thus, CuO based pH sensor was developed to check the sensitivity and response 

over a wide pH range. Moreover, CuO is known to be a good catalyst and 

morphology of the CuO affects the properties of the catalyst in general. 

Therefore CuO NSs having different morphology were investigated to boost the 

degradation of the organic dyes. 

iv) Finally, extend the growth of ZnO and CuO to achieve their composite 

CuO/ZnO nanostructure. The growth kinetics of composite NSs was studied and 

found that it depends on the nature and the pH value of the nutrient solution. The 

CuO/ZnO nanocomposite exhibited a broad and extended light absorption 

covering the whole visible range. 

1.6 Thesis Scope 

     The general introduction and the objective of the thesis are presented in 

chapter one. Some basic properties of ZnO, CuO and polymers are studied in 

chapter two. The theoretical back ground discussed on chapter three. 

The literature review is the subject of chapter four. The material and method in 

addition to conclusion of whole work and possible future prospects were 

demonstrated in chapter five. 
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Chapter two 

. Some basic properties of ZnO, CuO 

 

2.1 Back ground  

The little word "nano" with huge potential has been rapidly indicating itself into 

the world's map and has an enormous influence in every aspect of science and 

engineering fields. The idea of nanotechnology was introduced by Richard 

Feynman in his talk “There is a plenty of room at the bottom”, in 1959. Though 

he never explicitly mentioned "nanotechnology," Feynman suggested that it will 

eventually be possible to precisely manipulate atoms and molecules. In general, 

nanotechnology consists of materials with nanoscale dimensions, remarkable 

properties, and great potential. 

During the last few decades, nanomaterials have been the subject of extensive 

interest because of their potential use in a wide range of fields like, 

optoelectronics, 

catalysis and sensing applications etc. The physical and chemical properties of 

nanomaterials can differ significantly from their bulk counterpart because of 

their small size. In general, nanomaterials comprised novel properties that are 

typically not observed in their conventional, bulk counterparts. Nanomaterials 

have a much larger surface area to volume ratio than their bulk counterparts, 

which is one of the basis of their novel physical and/or chemical properties. 

Nanomaterials are 

classified into one-dimensional (1D), two-dimensional (2D) and three-

dimensional (3D). At present, research on nanomaterials is intensified and is 

expanding rapidly. 

In addition, metal oxide nanomaterials have drawn a particular attention because 

of their excellent structural flexibility combined with other attractive properties. 

These metal oxides nanostructures not only inherit the fascinating properties 
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from their bulk form such as piezoelectricity, chemical sensing, and 

photodetection, but also possess unique properties associated with their highly 

anisotropic geometry and size confinement [17]. The combinations of the new 

and the conventional properties with the unique effects of nanostructures make 

the investigation of novel metal oxide nanostructures a very important issue in 

research and development both from fundamental and industrial standpoints. 

Among the various metal oxides, zinc oxide (ZnO) possessed a considerable 

attention due to its unique properties and applications. In particular, ZnO 

nanostructures (NSs) are of intense interest since they can be grown by a variety 

of methods with different morphologies. Among the different growth methods, 

the chemical bath deposition method is low temperature, simple, inexpensive and 

environment friendly method. These are all factors which further contribute to 

the resurgent attention in ZnO. Specifically, one-dimensional ZnO nanorods 

(NRs) amongst other nanostructures are attractive components for manufacturing 

nanoscale electronics and photonic devices as well as their biomedical 

applications because of their interesting chemical and physical properties [18, 

19]. Also ZnO NRs can easily be grown on a variety of substrates like metal 

surface, semiconductors, glass, plastic and disposable paper substrates etc. [20-

21]. Furthermore, a direct wide band gap ~ 3.37 eV and relatively large excitonic 

binding energy ~ 60 meV of ZnO along with many radiative deep level defects, 

makes ZnO attractive for its emission tendency in blue/ultraviolet and full colour 

lighting [22, 23]. To utilize theses properties of ZnO in LEDs application, 

another p-type material is necessary as ZnO NRs is unintentionally n-type 

material. Since mostly polymers are p-type and their special properties like low 

cost, low power consumption, flexible and easy manufacturing all makes 

polymers a better choice to use with ZnO NRs to fabricate a flexible device that 

utilizes the properties of both materials for large area lighting and display 

application [24, 25]. 
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On the other hand, natural abundance of copper (II) oxide (CuO) as well as its 

low production cost, good electrochemical and catalytic properties makes the 

copper oxide to be one of the best materials for various applications. CuO also 

has a variety of nanostructures and can be grown using the low temperature 

aqueous chemical method. It is one of the most important catalysts and is widely 

used in environmental catalyst. 

2.2 Materials and properties 

ZnO is a wide band gap material possessing many interesting properties and 

probably the richest family of nanostructures. Moreover, CuO is a narrow band 

gap material and has been studied extensively. In this chapter we aim to narrate 

some properties of ZnO and CuO in a comprehensive manner, as well as discuss 

the polymers which are used in this work.  

2.2.1 Zinc Oxide 

Zinc oxide (ZnO) is a metal oxide semiconductor with wurtzite structure under 

ambient condition. The wurtzite structure has hexagonal unit cell as shown in 

figure (2.1). In this crystal structure, two interpenetrating hexagonal-close-pack 

(hcp) sub lattices are alternatively stacks along the c-axis. One sub lattice 

consists of four Zn atoms and the other sub lattice consists of four Oxygen O 

atoms in one unit cell; every atom of one kind is surrounded by four atoms of the 

other kind and forms a tetrahedron structure [26]. 

 

Figure (2.1) the hexagonal wurtzite structure of ZnO [reproduced from 

[Wikipedia]. 
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ZnO commonly consists of polar (0001) and non-polar (10-10), (11-20) surfaces. 

The surface energy of the polar surface is higher than the non-polar surfaces and 

Therefore the preferential growth direction of ZnO NR is along the <0001> [27]. 

Figure (2.2) shows the schematic diagram of a ZnO NR growing along the 

<0001> direction or along the c-axis. 

Figure (2.2), Schematic diagram of ZnO NR showing the growth direction. 

The enormous interest of using ZnO in optoelectronic devices is due to its 

excellent optical properties. The direct wide band gap of ZnO ~ 3.4eV is suitable 

for short wavelength optoelectronic applications, while the high excitons binding 

energy ~ 60 meV allows efficient excitonic emission at room temperature [28]. 

Moreover ZnO, in addition to the ultraviolet (UV) emission, emits covering the 

whole visible region i.e. containing green, yellow and red emission peaks [29-

30]. The emission in the visible region is associated with deep level defects. 

Generally oxygen vacancies (VO), zinc vacancies (VZn), zinc interstitials (Zni), 

and the incorporation of hydroxyl (OH) groups in the crystal lattice during the 

growth of ZnO are most common sources of the defects related emission [31-32]. 

ZnO naturally exhibits n-type semiconductor polarity due to native defects such 

as oxygen vacancies and zinc interstitials. P-type doping of ZnO is still a 

challenging problem that is hindering the possibility of a p-n homojunction ZnO 

devices. Furthermore, the remarkable properties of ZnO like being bio-safe, bio-

compatible, having high-electron transfer rates and enhanced analytical 

performance are suitable for intra/extra-cellular sensing applications [33, 34]. 

Some basic physical parameters of ZnO at the room temperature are presented in 

the table (2.1). 
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Table (2.1) some basic properties of wurtzite ZnO. 

Property Value Reference 

Lattice Parameters a= b=3.25 Å 

c=5.21 Å 

[12, 22] 

Stable crystal structure Wurtzite [10] 

Density 5.606 gm/cm
3 

[25] 

Melting point 1975 C
o 

[26] 

Dielectric constant 8.66 [10] 

Refractive index 2.008 [10, 27] 

Energy gap 3.4 eV, direct [28] 

Exaction binding energy 60 meV [27] 

Effective mass 

Electron/Hole 

0.24 mo/0.59 mo [25] 

Electron mobility 100-200 cm
2
/VS [29] 

Hole mobility 5-50 cm
2
/VS [29] 

Bulk young modulus 111.2±4.7 GPa [28] 

 

2.2.2 Copper (II) Oxide 

Copper (II) oxide (CuO) is another metal oxide semiconductor having narrow 

band gap ~ 1.2 eV in bulk. CuO has monoclinic crystal structure as shown in 

figure 2.3, and belongs to the space group 2/m. The copper atom is coordinated 

by four oxygen atom in a square planer configuration [30]. It is intrinsically p-

type semiconductor. CuO draw much attention since the starting growth material 

is inexpensive and easy to get, and the methods to prepare these materials are of 

low cost [31]. 
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Figure (2.2) the monoclinic crystal structure of CuO [reproduced from 

Wikipedia]. 

CuO nanostructures (NSs) have stimulated intensive research due to their high 

surface area to volume ratio. CuO NSs are a good candidate for sensing owing to 

its exceptional electrochemical activity and the possibility of promoting electron 

transfer at a low potentials [30]. Due to the photoconductive and photochemical 

properties, CuO NSs are also promising materials for the fabrication of solar 

cells [31, 32]. CuO based materials are well known with regard to their high 

temperature superconductivity and the relatively huge magneto resistance [33, 

34]. Additionally, This compound is well-known for its excellent performance as 

a sensing material for hazardous gas detection and as negative electrode in 

lithium ions batteries [35-37]. CuO is very important from the standpoint of the 

catalytic usage and the morphology affects the properties of a catalyst in general 

[38]. It is therefore significant to synthesize novel sizes and shapes of the CuO 

NSs and to further improve its application as a catalyst. Some of the physical 

features of CuO are summarized in table (2.2). 
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Table (2.2) some basic properties of CuO at room temperature. 

Property Value Reference 

Lattice Parameters a= b=3.25 Å 

c=5.21 Å 

[10 22] 

Stable crystal structure wurtzite [10] 

Density 5.606 gm/cm
3 

[23] 

Melting point 1975 C
o 

[24] 

Dielectric constant 8.66 [10] 

Refractive index 2.008 [10, 25] 

Energy gap 3.4 eV, direct [26] 

Exaction binding energy 60 meV [25] 

Effective mass 

Electron/Hole 

0.24 mo/0.59 mo [23] 

Electron mobility 100-200 cm
2
/VS [27] 

Hole mobility 5-50 cm
2
/VS [27] 

Bulk young modulus 111.2±4.7 GPa [26] 

 

2.3 Synthesis and characterization of nanomaterials 

The growth procedure of the ZnO and CuO nanostructures are described in this 

chapter. The low temperature chemical bath deposition method was chosen for 

the growth of ZnO, CuO and their composite nanostructures. After the growth, 

diverse characterization techniques were used to probe the morphology and 

structural aspects of the as grown nanomaterials. The techniques used during this 

work are: scanning electron microscope (SEM), transmission electron 

microscope (TEM) and x-ray diffraction analysis. The working principles of 

these techniques are appended in [39-55]. 
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2.3.1 Synthesis of ZnO 

In recent years, with the increasing awareness of both environmental safety and 

the need for optimal energy utilization, there is a case for the development of 

nonhazardous materials. These materials should not only be compatible with 

human life but also with other living forms or species. Moreover, processing 

methods such as fabrication, manipulation, treatment, reuse, and recycling of 

waste  materials should be environmentally friendly. In this respect, the 

hydrothermal technique occupies a unique place in modern science and 

technology. 

The hydrothermal growth technique is promising for low cost and for scaling 

up the synthesis of nanostructures. This technique is not only useful to grow 

single material but can also be useful to synthesize nano-hybrid or nano-

composite materials [56,-66]. Moreover, the hydrothermal growth occurs at low 

temperature and therefore has great pledge for nanostructures to be synthesized 

on various flexible plastic and paper substrates. This low temperature growth 

also makes it easier to integrate nanomaterials with organic optoelectronic 

material. The chemical bath deposition (CBD) method is an example of the 

hydrothermal method which was used for the synthesis of ZnO NRs and CuO 

NSs presented in this thesis. 

2.3.2 Chemical bath deposition growth of ZnO NRs 

The chemical bath deposition is a two step growth technique for ZnO NRs 

growth. Figure (3.1)  is the schematic illustration of the CBD growth of ZnO 

NRs. First step is to cover the substrate with a seed layer of ZnO nanoparticles 

which serve as a nucleation sites for the growth of the NRs. The seed layer is 

beneficial for the growth of aligned NRs and it can also control the density of the 

grown NRs [67]. The seed layer that is used in our work is prepared as follow: 5 

mM of zinc acetate (Zn(CH3COO)2) and 2 mM of KOH were dissolved in 
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methanol separately and then under continuous stirring both solutions were 

mixed. 

Prior to the start of the growth of ZnO NRs substrate cleaning is a necessary 

step. Acetone, isopropanol and de-ionized (DI) water were separately used under 

ultrasonication bath to clean the substrates. Then spin coating of the seed layer 

on the substrate (plastic, paper and metal coated glass) at a speed of 3000 rpm 

for 30 seconds. The thickness of the seed layer is controlled by adjusting the 

speed of the spin coater which can control the density and alignment of the ZnO 

NRs. 

The aqueous solution of zinc nitrate (Zn(NO3)2. 6H2O) and 

hexamethylenetetramine (HMT) in equimolar amount of 0.1 M was prepared in a 

reaction vessel. The pre-seeded substrate was then immersed in the precursor 

solution and loaded in a laboratory oven at 50 oC for several hours (h). After the 

growth process the samples were soaked in DI water to remove the residuals and 

dried with N2 blow. The ZnO NRs density, morphology and aspect ratio can be 

controlled by adjusting the reaction parameters like e.g. precursor concentration, 

pH value, growth temperature and growth time [68]. 

 

Figure (2.3) Schematic diagram of the CBD growth of ZnO NRs. 

2.3.3 Characterization of ZnO NRs  

The morphology of the ZnO NRs was investigated by using SEM which is an 

important technique to study the surface morphology at the nanoscale. The SEM 

image of the ZnO NRs grown on various substrates e.g. plastic, metals and 
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semiconductors are demonstrated in figure 3.2. It is seen that ZnO NRs covered 

the substrates uniformly and grow perpendicular to the substrates. ZnO NRs with 

well identified hexagonal facet are obtained shown in the high magnification 

image (inset of figure (3.2). This shows that the ZnO NRs can easily be grown 

on any amorphous and crystalline substrate morphology at low temperature ~ 50 

o
C. 
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Chapter three 

Theoretical back ground 

 

3.1 Preface 

A pn junction at equilibrium is characterized by a depletion region where there 

are no charge carriers (except for those created and annihilated dynamically) and 

a contact potential. The contact potential is related to the doping concentration in 

the p and n sides with higher concentrations leading to larger contact potentials. 

This, in turn, is related to the position of the Fermi levels in the p and n sides 

since a higher do pant concentration pushes the Fermi level closer to the valence 

or conduction band. The pn junction can be biased by connecting to an external 

circuit and there are two types of biasing (similar to the arguments for the metal-

semiconductor Schottky junction) 

 

Figure (3.1) shows Energy band diagrams showing the intrinsic Fermi level , 

the quasi-Fermi levels for electrons n and holes p , and the carrier distributions 

for forward (a) and reverse bias conditions (b). 
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3.2 formation of depletion layer in PN junction  

Electrons and holes diffuse into regions with lower concentrations of electrons 

and holes, much as ink diffuses into water until it is uniformly distributed. By 

definition, N-type semiconductor has an excess of free electrons compared to the 

P-type region, and P-type has an excess of holes compared to the N-type region. 

Therefore when N-doped and P-doped pieces of semiconductor are placed 

together to form a junction, electrons migrate into the P-side and holes migrate 

into the N-side. Departure of an electron from the N-side to the P-side leaves a 

positive donor ion behind on the N-side, and likewise the hole leaves a negative 

acceptor ion on the P-side. 

 

Figure (3.2) shows formation of depletion layer in PN junction 

 The diffused electrons come into contact with holes on the P-side and are 

eliminated by recombination. Likewise for the diffused holes on the N-side. The 

net result is the diffused electrons and holes are gone, leaving behind the charged 

ions adjacent to the interface in a region with no mobile carriers (called the 

depletion region). The uncompensated ions are positive on the N side and 

negative on the P side. This creates an electric field that provides a force 

opposing the continued exchange of charge carriers. When the electric field is 

sufficient to arrest further transfer of holes and electrons, the depletion region 

has reached its equilibrium dimensions. Integrating the electric field across the 
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depletion region determines what is called the built-in voltage (also called the 

junction voltage or barrier voltage or contact potential 

3.3 Forward bias 

Consider a pn junction under forward bias. This is achieved by connecting the p 

side to the positive terminal of an external power source and the n side to the 

negative terminal. In reverse bias, the connections are interchanged. Equilibrium, 

forward, and reverse bias connections are shown in figure 1. In the forward bias 

the external potential (V) opposes the contact potential, V0, that develops in 

equilibrium. The effect of this is that the net potential at the junction is lowered. 

In the presence of an external potential the Fermi levels no longer line up but are 

shifted. This shift can be seen in the band diagram, summarized in figure (3.2. 

The application of the external potential, in forward bias, shifts the n side up 

with respect to the p side, see figure (3.2). 

This leads to a lowering of the barrier for injection of electrons from the n to the 

p side (there is a similar lowering of the barrier for holes to be injected from p to 

n side) and leads to a current in the circuit. This current is due to the injection of 

minority carriers in the pn junction. In forward bias, the p-type is connected 

with the positive terminal and the n-type is connected with the negative 

terminal. i
th

 a battery connected this way, the holes in the P-type region and the 

electrons in the N-type region are pushed toward the junction. This reduces the 

width of the depletion zone. 
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Figure (3.3) Band diagram of pn junction under reverse bias.  

The Fermi level on the positive potential applied to the P-type material repels the 

holes, while the negative potential applied to the N-type material repels the 

electrons. As electrons and holes are pushed toward the junction, the distance 

between them decreases. This lowers the barrier in potential. With increasing 

forward-bias voltage, the depletion zone eventually becomes thin enough that the 

zone's electric field cannot counteract charge carrier motion across the p–n 

junction, as a consequence reducing electrical resistance. The electrons that cross 

the p–n junction into the P-type material (or holes that cross into the N-type 

material) will diffuse in the near-neutral region. Therefore, the amount of 

minority diffusion in the near-neutral zones determines the amount of current 

that may flow through the diode. 

3.3.1 Forward bias current 

Consider the pn junction schematic shown in figure (3.3).The excess electron 

concentration at the interface between the depletion width and the p side is np(0) 

and similarly the excess hole concentration on the n side is pn(0). 
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These excess carriers are replenished by the applied voltage of the external 

circuit so that a current owes through the entire circuit. 

Consider the n side of the junction, where the excess minority carriers are 

holes. When the length of the n region is longer than the diffusion length, 

the hole concentration at a distance x from the depletion region, marked in 

figure (3.3) is given by 

 

Figure (3.4) Current in a pn junction is due to injection of minority carriers in 

forward bias. These excess carriers can diffuse before recombining with the 

majority carriers. Adapted from Principles of Electronic Materials - S.O. 

Kasap. 

The excess holes is above the base hole concentration in the n side, which 

is very small. The hole diffusion current (  ; hole) is then defined by the 

diffusion coefficient and concentration gradient 

3.3.2 Band gap dependence 

Consider the reverse saturation current (   ) shown in equation 11. This contains 

the term   , which is the intrinsic carrier concentration. This is a material 

property, for a given temperature, and depends on the band gap. Vg here 

represents the band gap   converted into a potential (dividing by e). The 

diffusion current then depends on a temperature dependent constant multiplied 
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by a term that depends on the band gap. The forward bias I-V characteristics for 

different semiconductors are plotted in figure (3.6). For a given current value, the 

voltage required is higher with higher Vg (higher band gap). 

3.4 Reverse bias 

In forward bias the current increases exponentially with the applied voltage. 

The external potential opposes the in-built potential and has the effect of 

lowering the barrier for the electrons and holes. In reverse bias, the applied 

external potential is in the same direction as the contact potential. This is shown 

schematically in figure (3.7). The p side is connected to the negative potential 

and the n side is connected to the positive potential. The effect of the reverse bias 

on depletion width is shown schematically in figure (3.1). The reverse bias 

causes the depletion region width to increase since the majority carriers are 

attracted to the external potential. In the energy band diagram 

 

 

Figure  (3.5) Reverse bias configuration for a pn junction. The total potential at 

the depletion region is increases. This has the effect of increasing the depletion 

width making it harder for carriers to cross the junction. Adapted from Principles 

of Electronic Materials - S.O. Kasap. 
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Figure  (3.6) Band diagram of pn junction under reverse bias. The Fermi level on 

the n side shifts down leading to a overall increase in the junction potential. 

Adapted from Semiconductor device physics and design - Umesh Mishra and 

Jasprit Singh. 

 

 

Figure (3.7) Band diagram of pn junction under (a) equilibrium and (b) forward 

bias. While Fermi levels line up in equilibrium in the presence of an external 

potential the levels shift by an amount proportional to the applied potential. 

Adapted from Semiconductor device physics and design - Umesh Mishra and 

Jasprit Singh. 

The Fermi levels are shifted, as shown in figure (3.5). This is opposite to the 

direction of forward bias, shown in figure (3.2). Because of the higher barrier, 

diffusion current is negligible in reverse bias. There is however a small current 

that owns through the pn junction, called the reverse saturation current. 

This current is a constant (independent of reverse bias voltage) and is generated 

by drift of the thermally generated carriers in the depletion region. 
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Electron and holes dynamically generated in the depletion region get accelerated 

towards the n and p side due to the applied voltage and this leads to a small 

reverse saturation current, also called drift current. This is given by Js0,.  

Connecting the P-type region to the negative terminal of the battery and the N-

type region to the positive terminal corresponds to reverse bias. If a diode is 

reverse-biased, the voltage at the cathode is comparatively higher than the anode. 

Therefore, no current will flow until the diode breaks down. The connections are 

illustrated in the diagram to the right. 

 

Figure (3.8) p-n type  

 Because the p-type material is now connected to the negative terminal of the 

power supply, the 'holes' in the P-type material are pulled away from the 

junction, causing the width of the depletion zone to increase. Likewise, because 

the N-type region is connected to the positive terminal, the electrons will also be 

pulled away from the junction. Therefore, the depletion region widens, and does 

so increasingly with increasing reverse-bias voltage. This increases the voltage 

barrier causing a high resistance to the flow of charge carriers, thus allowing 

minimal electric current to cross the p–n junction. The increase in resistance of 

the p–n junction results in the junction behaving as an insulator. 

3.5 Depletion Region  

•As electrons diffuse from the n region into the p region and holes diffuse from 

the p region into the n region, the ionized donors and acceptors that created the 
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electrons and holes are left behind as the donors and acceptors are bound in place 

by their bonds with the Si atoms in the crystal.  

These fixed charges induce an electric field in the semiconductor, which 

produces a drift currents that counters the diffusion currents.  

▫The depletion region is the distance over which the electric field is induced.  

 

Figure (3.9) Depletion Region 

The number of ionized acceptors in the depletion region is equal to the number 

of ionized donors.  

▫In the diagram below, the n-type region is more lightly doped (has fewer donors 

per cubic centimeter) and the p-type region. 

▫Therefore, the depletion width extends deeper into the n-region and the p 

region.  

x = 0 is the metallurgical interface between the p-type material and the n-type 

material. -xp and xn are the edges of the depletion region in the p-type and n-

type material, respectively. 

3.6 Operating principle and characteristics of a p-n junction diode  

A p-n junction diode is formed by placing p and n type semiconductor materials 

in intimate contact on an atomic scale. This may be achieved by diffusing 

acceptor impurities in to an n type silicon crystal or by the opposite sequence. 
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A junction is characterized by the doping level (impurity atom density). In a step 

junction accepter atom density has a high constant value in the p region and a 

very low value in the n region. The opposite holds true for the donor atom 

density. In a graded junction impurity density changes more gradually across the 

junction. Figure (3.1) shows a typical plot of impurity densities for both types of 

junction. 

 

Figure (3.10) Schematic diagram and impurity atom densities in a p-n junction 

(a) Schematic diagram, (b) Impurity density in a step junction, (c) Impurity 

density in a graded junction. 

For the rest of the discussion a step p-n junction will be assumed. In an open 

circuit p-n junction majority carriers from either side with defuse across the 

junction to the opposite side where they are in minority. These diffusing carriers 

will leave behind a region of ionized atoms at the immediate vicinity of the 

metallurgical junction. This region of immobile ionized atoms is called the 

“space charge region”. Accumulated space charges give rise to an electric field 

and potential barrier at the junction which opposes the diffusion of carriers. Once 
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the electric field and the potential barrier develop to sufficient level, migration of 

carriers across the junction stops. At this point the p-n junction is said to have 

attained “thermal equilibrium”. A somewhat idealized plot of the variation of the 

space charge density, the electric field and the electric potential along the device 

is shown in Figure (3.2). 

 

 

Figure (3.11) Space charge density, electric field and electric potential inside a p-

n junction in thermal equilibrium; (a) schematic diagram; (b) space charge 

density; (c) electric field; (d) electric potential. 

 

The space charge densities in this idealized representation are assumed to be step 

functions of magnitudes –Na and Nd on the p are n sides respectively over the 

space charge regions (-Wpo in the p side and Wno in the n side). 

Under this assumption the electric field strength is obtained by solving the one 

dimensional Poisson‟s equation. 
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From (3.2)   Emax = E(0) = 
a po-qN W

  

From (3.4)   Emax = E(0) = 
d no-qN W

  

Since E(x) is continuous at x=0, from (3.5) and (3.6)  

  a po d noN W  = N W  

Now   
 no

po

2 2
W a po d no

c
-W

q N W + N W
 = - E x dx = 

2


  

Using (3.7) in (3.8)  

  
   a po po no d no po no

c

qN W W + W qN W W + W
 =  = 

2 2


 
 

Substituting Wpo + Wno = Wo = Zero bias space charge layer width 

c c
po no

o a o d

2 21 1
W  =     ;  W  =   

qW N qW N

 

 

(3.1) 

(3.2) 

(3.3) 

(3.4) 

(3.5) 

(3.6) 

(3.7) 

(3.8) 

(3.9) 

(3.10

) 
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From (3.7) & (3.10)  
c

max
o

2
E  = 

W


 

In all these equations q is the charge of an electron and  is the dielectric 

constant of the semiconductor material. 

When an external voltage V is applied across the p and n sides, it adds or 

subtracts with the contact potential c . If the p side is made more positive with 

respect to the n side (assumed positive convention of V) it subtracts from c . 

Since the potential barrier reduces, the width of the space charge layer and the 

maximum electric field strength at the junction also reduce. The p-n junction is 

said to be forward biased under this condition. Reversing the polarity of V (i.e 

reverse biasing the p-n junction) has the opposite effect. 

Application of an external voltage does not qualitatively change the shapes of the 

space charge density, electric field or the electric potential distribution. 

Therefore, all the relationships given so far hold good with suitable 

modifications. In particular  

W(v) = Width of the space charge region with applied external voltage V 

         
 

 
 a d c a d

c

a d a d c

2 N + N 2 N + N V
 - V   =   1-

qN N qN N
 

   
   

 
 

  o
c

vor  W(v) = W 1-  
    

(3.11) 

(3.12) 

(3.13) 
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3.7 Calculation of Reverse Break down Voltage  

Equation (3.14) indicates that the maximum field strength at the metallurgical 

junction increases with the reverse bias voltage (V negative). At some critical 

value of V = -VB MaxE reaches impact ionization value EB. At this electric field 

strength free electrons gain sufficient kinetic energy to break other electrons free 

from the valance bonds. This impact ionization field strength (EB) depends on 

the magnitude of the energy band gap (between conduction and valance bands) 

of the semiconductor material and has a typical value of 2 x 10
5
 V/cm for silicon. 

If the reverse bias voltage exceeds VB impact ionization will release a large 

number of free carriers by avalanche multiplication process and the p-n junction 

will undergo “reverse break down” characterized by a large reverse current (from 

n to p side) flowing across the junction. Such large current quickly destroys the 

junction by over heating. Therefore, a p-n junction should never be operated at 

reverse break down voltage. The reverse break down voltage can be calculated as 

follows. 

From (3.14) putting  Max B B BE V  = E   and  V = - V  

  

c B
B

co

2 V
E = 1+

W



  

(3.14) 
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Substituting the expression of WO from (11) in to the above equation  

 a d 2

B B

a d

N + N
V  =  E

2qN N



 

3.8 Calculation of the Forward and Reverse Current Densities    

3.8.1 Forward biased p-n junction equation 

Application of external voltage not only changes the width of the space charge 

region (also called “depletion region”) but also have very prominent effect on the 

excess minority carrier density distribution as shown in Figure ( 3.1) 

 

 

 

Figure (3.12) Excess minority carrier density distribution in a p-n junction (a) 

under forward bias condition; (b) under reverse bias condition. 

A forward bias voltage lowers the potential barrier and allows a large number of 

carriers to change sides. It is known from the “law of the junction” that the 

(3.15) 

file:///C:/Users/Ali%20Suliman/AppData/Local/Lesson-3/L-3(DK)(PE)%20((EE)NPTEL).doc%23back_to_forward_biased_p_n_junction
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minority carrier density at the edge of the depletion region of a forward biased p-

n junction is given by  

 
qv

KT
n nop o  = p  e  

 
qv

KT
p pon o  = n  e  

Where    and     are thermal equilibrium minority carrier densities in the p 

side and the n side respectively and V is the applied voltage. 

From basic semiconductor physics relationship 

2 2

i i
no po

d a

n n
 =   & n  = 

N N
p  

Where   is the intrinsic carrier density in the semiconductor material .  

Injected minority carriers recombine with majority carriers as they defuse further 

in the electrically neutral region of the semiconductor body. In steady state 

minority carrier density is exponentially distributed in distance from the junction 

on either side. i.e. 

    n

- x
L

p pn x  = n o e                                                         (3.19) 

    p

- x
L

n np x  = p o e                                                          (3.20) 

Where   and   are diffusion lengths of n and p type carriers in the p and then 

type regions respectively. 

Hatched portions of Figure (3.3) (a) represent stored excess minority carriers in 

the p and the n type regions respectively. 

(3.16) 

(3.17) 

(3.18

) 
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 n p po nQ  = q n o - n L                                                     (3.21) 

 p n no pQ  = q p o - p L                                                     (3.22) 

Now in steady state forward bias condition excess minority carrier distributions 

shown in Figure (3.3) (a) remain stationary which implies that the carriers lost 

per unit time by recombination must be replaced by forward current IF  

p n
F

dQ dQ
i.e.      J  =  + 

dt dt                                                       

(3.23) 

From basic semiconductor physics the recombination dynamics is given by  

p pn n

n p

dQ QdQ Q
 = -   and   = - 

dt τ dt τ   

Where τn an τp  area  carrier lifetimes of n and p type carriers in the p and the n 

type regions respectively. 

Combining (3.23) and (3.24)  

qv
p pn 2 n KT

F i

p n a n d p

Q LQ L
J  =  +  = q n +  e -1

τ τ N τ N τ

   
   
    

 

Equation (3.25) also holds for reverse bias condition i.e. when v is negative. For 

sufficient reverse bias the reverse saturation current density is given by. 

p2 n
s i

a n d p

LL
J  = q n  + 

N τ N τ

 
 
  

      

qv
KT

F s   J  = J e -1
 

  
   

(3.24) 

(3.25) 

(3.26) 

(3.27) 
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Equations (3.26) and (3.27) define the i-v characteristics of a junction diode 

under reverse and forward bias conditions respectively. 

3.9 Turn on Behavior of a Power Diode  

 

Figure (3.13) forward current and voltage waveforms of a Power Diode during 

Turn ON. Several physical mechanism as explained below takes place during 

Turn ON of a diode. 

From time 0 to to growing forward current charges the depletion layer 

capacitance formed by the space charge of the drift region. The diode voltage 

increases gradually to the forward bias junction voltage VF at which point the 

metallurgical junction p
+
 n

-
 becomes forward biased. Minority carrier densities in 

all the sections of the diode just reach their respective thermal equilibrium levels 

at this point. 

Although the diode is forward biased after to, the forward voltage drop across the 

device keeps on increasing with the forward current for same more time. During 

this period the drift region offers significant resistance due to insufficient carrier 

injection. Stray inductance of the wafer and bonding wires, coupled with the 

forward      ⁄ , also contributes to the increase in the forward voltage drop. 
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Finally after time to+t1 resistance of the drift region starts decreasing due to 

conductivity modulation. Forward current also reaches its steady state value “IF” 

and       ⁄  becomes zero. As a result, the waveform of the forward voltage 

drop turns over and starts decreasing, reaching steady state value “  ” in time t2. 

The peak voltage drop across the diode is called the forward recovery voltage 

and is a strong function of the forward       ⁄ , the time interval t1 is a function 

of the forward       ⁄ with typical values in hundreds of nanoseconds. However, 

t2 is more or less constant for a given diode with typical values less than 10 us. 

The time period t1 + t2 is often called the forward recover time (   ). 

The next diagram explains the diode Turn on process. 

3.10 Reverse Recovery characteristics of a power Diode        

 

Figure (3.14) Reverse Recovery characteristics of a power Diode. 

Conceptually the Turn off process of a diode can be through of as the reverse of 

the Turn on process. Excess minority carriers injected into the drift region during 

Turn on have to be removed before the diode can start blocking reverse voltage. 

The reverse recovery current sweeps out excess carriers from the drift region. At 

the end of time period t3 minority carrier density in the p
+
 and n

+
 regions are 

already at their thermal equilibrium level. However, there is still a large amount 
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of excess carriers trapped in the drift region which is then removed by the 

reverse recovery current during time period t4. During this period minority 

carrier densities in the p
+
 and n

+
 regions do not change very much. At the end of 

t4 too few carriers exist in the n
-
 drift region to support the reverse recovery 

current demanded by the stray circuit inductance.  

Recovery current starts falling sharply while the reverse voltage across the 

device starts growing. Stay circuit inductance, coupled with large falling rate of 

the recovery current, can give rise to a peak reverse voltage (   ) far in excess of 

the steady state blocking voltage (   ). 

With increase in the reverse voltage across the diode, the depletion layer starts 

spreading into the drift region. Minority carrier densities quickly attain their 

respective reverse bias profile in the p
+ 

and n
+
 regions. 

Even at the end of t5 some trapped charges exist inside the drift regions which 

disappear by the process of recombination. Therefore, reverse recovery charge 

(   ) is always less than the total amount of excess carriers stored in the drift 

region during Turn on. Next figure explains the carrier density variation with 

time during the Turn off process.  

With reference ro Figure (3.5)                                                                                                                                                   

I rr
 =  

dt

diF

t 4
=  

dt

diF
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                                              (3.28) 
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Now if the total charge stored in the drift region is QF
 at a steady forward 

current  I F  then 

I F
  = 

dt

d Q
F =    



Q
F      OR    FQ  =  I

F
                          (3.32) 

Where    is the excess carrier life time in the drift region. 

Now it has been argued earlier that  Q
rr

  ≤    Q
F

 always. 

Therefore for S 1  

dt

diF

F

rr

I
t

2
       (3.33) 

And  
dt

diF

Frr II 2         (3.34) 

Equations (3.33) and (3.34) indicate that both  I rr
 and  t rr

increases with I rr
.  

increases with I F
 and  

dt

diF
 while t rr

 increases with I F
 but decreases with 

.
dt

diF
 

3.11 Power loss due to reverse recovery:  

With reference to Figure (3.4) energy loss per reverse recovery is given 

approximately by.  

 E rr
 =  VtI Frr 42

1
 + Vt R

rrI
52

1
  

=  SVV
QSVV

tI RF

rrRF

rrrr SS





















112

1
    (3.35) 

If the switching frequency is f
sw

 then reverse recovery power loss is  

 
1




S
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swrrswrrrr
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3.12 Schottky Diodes        

3.12.1 Construction and Operating Principle 

A Schottky diode is formed by placing a thin film of metal, usually Aluminum in 

direct contact with a n type epitaxial layer grown  on a n

type substrate. The 

metal film acts as the positive electrode (anode) while the n

 substrate acts as 

the cathode. Another metal contact is placed on the n

 cathode side for current 

collection. Fig. 2 shows the schematic structure of a Schottky diode. 

 

Figure (3.15) Schematic structure of a Schottky diode. 

The insulating sio2
 layer helps reduce the surface electric field and improves 

reverse characteristics. 

The metal semiconductor junction on the anode side has a rectifying property 

because the electrons in the semiconductor have higher absolute potential energy 

compared to the metal. So there will be a large flux of electrons flowing from the 

semiconductor to the metal across this interface. Consequently the metal will 

become negatively charged while the semiconductor positively charged and a 

depletion region similar to a p-n junction will be formed at this interface. 

However, the negative space charge in the metal comes from free electrons and 

not from movement of holes. This flow of electron will continue till the 
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electrostatic potential associated with the space charge stops further movement 

of electrons. 

When a forward bias voltage (i.e, anode positive with respect to cathode) across 

this structure, it reduces the potential barrier and makes it easier  

for electrons to cross over. Biasing the metal negative with respect to the 

semiconductor has the opposite effect. Thus, the metal semiconductor interface 

exhibits a rectifying properly. 

The same rectifying properly is not observed at the cathode metal interface. The 

cathode has a much larger doping density. Thus the depletion region that is 

formed is very narrow and the electric field very large. Under these 

circumstances, the electrons move very easily across the interface using a 

quantum mechanical effect called “Tunneling” under the influence of small 

applied voltage. That is why the cathode-metal interface is an ohmic contact and 

not a rectifying contact. 

3.12.2 Characteristics of Schottky diodes 

 

Figure (3.16) I- V characteristic of a Schottky diode. 

The Forward bias i-v characteristic of a Schottky diode is similar to that of a p-n 

junction diode. However, these diodes are designed to have lower forward 

voltage drop, the difference being 0.3-04V for the same forward current density. 
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In the reverse direction, a Schottky diode has much larger reverse leakage 

current compared to a p-n junction diode. The break down voltage is also 

considerably lower (<200v). After break down it exhibits resistance like 

characteristics. 

Schottky diodes have much shorter switching times. Being a majority carrier 

device, no stored charge needs to be removed during Turn off. Consequently, 

there will be no reverse current corresponding to removal of minority carriers. 

Reverse current associated with the growth of the depletion layer charge in 

reverse bias will flow. But this is much smaller compared to a p-n junction diode 

(< 5%). Reverse recovery time (a few hundreds of nano seconds) and energy loss 

are also much smaller. During Turn on forward recovery voltage V fr
   is 

negligible due to much larger doping density and smaller width of the n type 

epitaxial layer. Voltage overshoot due to parasitic inductance may, however, be 

observed at large     ⁄ . 

3.13 solar cells  

Solar cells are photovoltaic (PV) device that convert the electromagnetic 

radiation (i.e. light, including infrared, visible, and ultraviolet) from the sun in to 

utilizable electrical energy. The conversion process can be considered as a 

sequence of the four basic steps. The first step is the light absorption, which 

causes a transition from a ground state to an excited state in a material (the 

absorber of light). The second steps the conversion of the excited state in to at 

least one free electron, hole pair (photo generation). The third step is the 

presence of a force such that the produced free electrons travel in one direction 

and the produced free hole travel in the opposite direction. This causes charge 

separation. Then it is important the last step requires completion of an external 

circuit by the combination of returning electrons with hole to return the absorber 

to the ground state (non-equilibrium open system).  



40 
 

3.13.1 The Efficiency of a solar cell 

 Figure (3.13) shows a plot of the possible J-V operating points, called the 

“light” J-V characteristic of the PV cell. The points labeled Jsc and Voc represent, 

respectively the extreme cases of no voltage produced between the opposite ends 

of the device (i-e. the illuminated the cell is at short – circuit condition) and of no 

current flowing between the two ends (i-e- illuminated cell is open – circuit 

condition). 

 

Figure (3.17) typical (I-V characteristic of photovoltaic structure under 

illumination) 

 It must be noted that the power output (defined) as J.V product at any 

point) has its highest value at the maximum power point corresponding to the 

values of Jmp and Vmp . 

 The definition of these quantities helps define the thermodynamic 

efficiency   (eta) of the PV conversion process in terms of the input power Pinput 

as:  

Maximum power point  

With                  

Voltage developed 

Voc 

Jsc 
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                                                                                               (     ) 

 It can be seen from figure (3.3) that‟s an ideal shaped J-V curve would be 

rectangular and would deliver a constant current density Isc up to the open – 

circuit voltage Voc.  

 A term called the fill factor FF is hence used to measure how close a given 

characteristic is to conforming to this ideal rectangular J-V shape the fill factor, 

by definition, is   1.  

 The efficiency of a PV device can now be defined in terms of the fill 

factor as:  

                                                                                          (    ) 

 It is evident that the two major parameters governing efficiencies in solar 

cells are short – circuit current density Jsc and open – circuit Voc. Consequently, 

improvements to PV conversion efficiencies involve increasing Jsc of Voc values 

or both [68]. 

3.14 Photovoltaic characterizations 

3.14.1 Real Solar Cells 

 For a real solar cell, the effect of parallel resistance Rsh (shunt resistance 

due to leakage current, e.g. by local shorts of the solar cell) and serial resistance 

Rs (due to ohmic loss) must be considered.  

  (
    

  
 

     

     
  )  

 

  
(     )                    (     ) 

 The serial resistance affects the filling factor more strongly than the shunt 

resistance (Fig (3.14).  
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    [   (
 (     

  
)   ]                                             (    ) 

 In the example of Fig 3.14, a serial resistance of 5 reduces the filling 

factor by a factor of about four [69]. 

 

Fig (3.18)  I-V characteristics of a solar cell considering shunt and series 

resistances R and Rh, respectively. The efficiency of the real cell (shaded power 

rectangle) is less than 30% of that of the ideal cell. 

3.14.2 Ideal conversion Efficiency  

The conventional solar cells, typically a p-n Junction, have a single band 

gap  . When the cell is exposed to the solar spectrum, a photon with energy 

greater than   makes no contribution to the cell output (neglecting phonon 

assisted absorption). A photon with energy with energy greater than 

  contributes an electric charge to the cell output, and the excess energy over 

  is wasted as heat. To derive the ideal conversion efficiency. 

We shall consider the energy band of the semiconductor used. The solar 

cell is assumed to have ideal diode I-V characteristics. The equivalent circuit is 

shown in fig (3.15) 
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Figure (3.19) Idealized equivalent circuit of solar cell under illumination. 

Where a constant – current source of photo current is in parallel with the 

Junction. The source IL results from the excitation of excess carriers by solar 

radiation, Is is the diode saturation current and Rs is the load resistance. To obtain 

the photocurrent IL, need to integrate the total area under the graph shown figure 

(3.16) 

 

Fig (3.20) I-V Characteristics of solar cell under illumination. Determination of 

illuminated power output is indicated 

            (  )       ∫
      

   

 

     

 (  )             (     ) 

h  

RL  

Is [ exp 
  

  
 - 1] RL 

  



44 
 

The result is show in fig (3.17) as a function of the band gap of the 

semiconductor. For the photo current consideration, the smaller band gap the 

better because more photons are collected. 

 

Fig (3.21) Total number of photons in the solar spectrum (of AMI-5) above an 

energy value. Contributing to the maximum photo current for a solar cell made 

with specific   . 

The total I-V characteristics of such a device under illumination is simply 

a summation of the dark current and the photocurrent, given as 

       [   (
  

  
)   ]                                                   (    ) 

From equation (3.42) one obtains the open – circuit voltage by setting I= 0: 
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Hence for a given IL, the open-circuit voltage increases logarithmically 

with decreasing saturation current Is. For a regular p-n Junction, the ideal 

saturation current is given by: 

            [
 

  
 √

  

  
 

 

  
 √

  

  
]    [

   

  
]                           (     ) 

As seen, IS decreases exponentially with  . So the obtain a large Voc
,
 a 

large  . Is required. 

Qualitatively, we know the maximum Voc is the built – in potential of the 

Junction, and the maximum built- in potential is close to the energy gap. A plot 

of equation (3.42) is given in  figure (3.18). 

 

Fig (3.22) I-V Characteristics of solar cell under illumination. Determination of 

illuminated power output is indicated 

Vm 
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The curve passes through the fourth guardant and, therefore, power can be 

extracted from the device to a load. By properly choosing a load, close to 80% of 

the product Isc Voc can be extracted. 

Here Isc is the short- circuit current which is equal to the photocurrent 

derived. The shaded area is the maximum power output. We also define in Fig 

(3,19) the quantities   and   that correspond to the current and voltage. For the 

maximum power output(       ) 

To derive the maximum-power operating point, the output power is given by: 

            (
  

  
)                                                             (    ) 

The condition for maximum power can be obtained when 

  
  

⁄    

Or : 

           (   )    (  
 

   
)                                               (    ) 
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  (     )                                 (     ) 

 

Where β=    ⁄ .the maximum power output Pm is then 

                        
 

 
  (     )                       (    ) 

Where the full factor FF measures the sharpness of the curve and is defined as:   
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                                                                                           (     ) 

In practice a good fill factor as around 0.8.  

The ideal conversion efficiency is the ratio of the maximum power output to the 

incident power Pin 

  
  

   
 

    
   

 
  

   (
 

  )    (      )

   
                               (    ) 

Theoretically, the ideal efficiency can be calculated. We have shown that the 

photocurrent increases with smaller Eg. On the other hand, the voltage increases 

with Eg. By having a small saturation current. So to maximize the power, there 

exists an optimum value for the band gap   . Furthermore, by using the ideal 

saturation current of    (3.43) in relation to   , the theoretical maximum 

conversion efficiency can be calculated [67]. 
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Chapter four 

Literature Review 

In this chapter some attempts to fabricate ZnO and CuO a P-N junction 

and their performance are investigated. The purpose of the present works to 

fabricate ZnO/CuO thin film diode by electrodepositing, and to investigate the 

effect of CuO and ZnO layers on their optical properties. In addition to I-V 

characteristics, Structural, morphological and absorption measurement of 

CuO/ZnO heterojunction were studied by using x-ray diffraction, SEM.. In the 

other hand CuO and ZnO films were deposited using a galvanostatic method. 

4.1 Fabrication and characterization of copper oxide –zinc oxide solar cells 

prepared by electrodeposition [69]. 

 In this paper the Cu2O and CuO layers were prepared on pre-cleaned 

indium tin oxide (ITO) glass plate by electro deposition using platinum counter 

electrode, Copper (11) sulfate (CuSO4,0.4 mol L
-1

 ,Wako 97.5%) and L-lactic 

acid (3 mol L
-1

 ,Wako) were dissolved into distilled water. Electrolyte pH was 

adjusted to 12.5 by adding NaOH. The electrolyte temperature was kept at 65 
0
C 

during electrodepositing. Preparation of Cu2O layers were carried out at current 

density at 1.5 mA cm
-2

 and quantity of electric charge of 4.0 C cm
-2

. ZnO layers 

were also galvanostatically pared at current density at 5 and 10 mAcm
-2

 from 

8mM aqueous solution of Zn (NO3)2 on Cu2O layers. Electric charge was 

adjusted 1.5 C cm
-2 

.Gold (Au) metal contacts were vacuum deposited as top 

electrodes. Structures were denoted as ITO or FTO/ZnO/Cu2O or Cu2O/Au. 

Current density-voltage (J-V) characteristics (Hokuto Denko, HSV-110) 

 Of the solar cells were measured both in the dark and under illumination at 

100mW cm
-2

 by using an AM1.5 solar simulator (San-ei Electric, XES-301S). 

The solar cells were illuminated through the side of the ITO substrates, and the 
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illuminated area was 0.16 cm
2
.Optical absorption of the solar cells was 

investigated by means of UV visible spectroscopy (Jasco, V-670). The incident 

photon to current conversion efficiency (IPCE) of solar cells of investigated 

(Peccell technologies, PEC-S20). The microstructures of the copper oxide were 

investigated by  X-ray diffract meter (XRD, Philips,  Xʼ  Pert-MPD System) 

with CuKα radiation operating at40KVand 40 mA, and scanning electron 

microscope (SEM) operating at 15KV (Jeol, JEM-6380).   

4.1.1 Results and Discussion 

J-V characteristics of ZnO/Cu2O structure under illumination at 100mW cm
-2

 by 

using an AM 1.5 solar simulator. The photocurrent was observed under 

illumination and the CuO/ZnO structure shoed characteristic curves with short-

circuits current and open-circuit voltage. A solar cell with FTO/ZnO/Cu2O 

structure provided power conversion efficiency ( ) of 0.25%, fill factor (FF) of 

0.33, and short-circuit current density (Jsc) of 2.7 mA cm
-2

 and open-circuit 

voltage (Voc) of 0.28V. Solar cells with ITO/ZnO (mA cm
-2

) /Cu2O structure 

provided power conversion efficiency ( ) 7.3×10
-3

%, fill factor (FF) 0.26, and 

short-circuit current density (Jsc) of 0.45mAcm
-2

and open-circuit voltage (0.063) 

V. Solar cell with ITO/ZnO(5mAcm
-2

) /Cu2O also provided power conversion 

efficiency ( ) 6.9×10
-2

 %, fill factor (FF) 0.26, and (Jsc) 1.38mAcm
-2

, and (Voc) 

0.20V. Solar cell with ITO/ZnO (5mAcm
-2

) also provided power conversion 

efficiency( )        ,fill factor (FF) of 0.25, and (Jsc) of 2.4×10
-3

 mAcm
-2

, 

and open-circuit voltage (Voc) 0.017 [70]. 

4.1.2 Fabrication and Evaluation of CuO/ZnO Heterostructures for 

Photoelectric Conversion 

 Solar cell with cuprous oxide (CuO) and zinc oxide (ZnO) heterojuntion 

fabricated on indium tin oxide –glass were studied. CuO and ZnO films were 
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deposited using a galvanostatic method. Structural, morphological and 

optoelectronic properties of the CuO/ZnO heterojuntion were studied by using 

X-ray diffraction, atomic force microscopy and light current-voltage 

characteristics. 

 Silicon is used as the semiconductor material for conventional solar cells, 

but silicon is expensive and cost reduction of the solar cells is one of the most 

important issues. Oxide semiconductors are one of the alternatives to silicon 

solar cells, and copper oxide such as CuO and Cu2O are one of the candidate 

materials. The features of copper oxide semiconductors are relatively higher 

optical absorption, low cost of raw materials and non-toxic. CuO and Cu2O are 

p-type semiconductors with band gap energies of 1.5 eV and 2.0 eV, 

respectively, which are close to the ideal energy gap of 1.4 eV for solar cells and 

allows for good solar spectral absorption. Zinc oxide (ZnO) is an n-type 

semiconductor with a wide band gap of ~3.37 eV, which can be applied to solar 

cells .The highest efficiency of ~2% for Cu2O solar cells has been obtained by 

using the high temperature annealing method. 

4.1.3 Experimental Procedures 

 The purpose of the present work is to fabricate and characterize solar cells 

with CuO/ZnO structures. CuO layer were prepared on pre-cleaned indium tin 

oxide (ITO) glass plate by electro deposition using platinum as counter 

electrode. Copper (11) sulfate (CuSO4, 0.4 mol/L, Wako97.5%) and l-lactic acid 

(3 mol/L, wako) were dissolved into distilled water. PH of the electrolyte 

solution was adjusted to 12.5 by adding NaHO. The temperature of electrolyte 

solution was kept at 65
0
C during electro deposition. Preparation of CuO layers 

were carried out at voltage of +0.70Vand quantity of electric charge of 2.2C cm
-

2
. After the deposition, the sample was rinsed with water and transferred in to the 

ZnO electro deposition bath. ZnO layers were galvanostatically electro-deposited 
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from 0.025 M aqueous solution of Zn (NO3) on the ITO/CuO substrate. The 

sample thickness ranged between 1and 2µm depending on the deposition time 

and current. Finally, the substrates were rinsed with water, dried with air and 

quickly transferred into a thermal evaporator for the vacuum deposition of the 

aluminum (Al) back contact, Structure of heterojunction solar cells were denoted 

as ITO/CuO/ZnO/Al,  

 Current density- voltage (J-V) characteristics (Hokuto Denko Corp., HSV-

100) of the solar cells were measured using potentiostat (Hokuto Denko,HSV-

100) in the dark and under illumination at 100 mW/cm
2
 by using an AM 1.5 

solar simulator(San-ei Electric, XES-301S). The solar cells were illuminated 

through the side of the ITO substrate, and the illuminated area was 0.16 cm
2
. 

Optical absorption of the solar cells was investigated by means of UV visible 

spectroscopy (Hitachi, Ltd., U-4100). Microstructures of the copper oxide were 

investigated by X-ray diffractometer (XRD, PHILIPS X
ʼ
 Pert-MPD System) 

with CuKα radiation operating at 40 KV and 40mA. Transmission electron 

microscopy (TEM, Hitachi H-8100, 200 kV operating voltage) was also carried 

out for nanostructure analysis. 

4.1.4 Results and Discussion 

Thicknesses of CuO were ~1µm and ~2µm for 5 min and 10min, 

respectively. A solar cell with a CuO/ZnO structure provided power conversion 

efficiency ( ) of 1.1×10
-4

 %, fill factor (FF) of 0.25, and short-circuit current 

density (Jsc) of 1.9mAcm
-2

 and open-circuit voltage (Voc) of 2.8×10
-4

. 

Thicknesses of CuO   m for 10min, solar cell structure provided power 

conversion efficiency ( ) 1.1x10
-7

, fill factor (FF) 0.25, and short-circuit current 

(Jsc) 0.017 mA/cm
-2

 and open –circuit voltage (Voc) of 1.8 ×10
-4

 V. The 

ZnO/CuO (5 min) structure provided power conversion efficiency 9.9×10 
-5 

 ,  

fill factor (FF) of 0.28, and short-circuit current density (Jsc) 0.43, and open-
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circuit voltage (Voc) 8.2×10
-4

V. The photocurrent was observed under 

illumination and CuO/ZnO structure showed characteristic curves with short-

circuits current and open-circuit voltage. The CuO and ZnO thin films show high 

optical absorption in the range of 400nm and 700nm.  

 Transmittance spectrum of 100nm thick CuO film, deposited on ITO, the 

optical absorption coefficients (α) of this film was determined from the spectral 

transmittance using the next equation α =
 

 
 .ln(

 

 
). Where d is the film thickness 

and T is the transmittance. For determination of the optical band gap energy (Eg), 

the method based on the relation of  αh  = A (h -Eg)
n/2 

  was used, where n is a 

number that depends on the nature of the transition. In this case, its value was 

found to be 1, which corresponds to direct band to band transition. 

 In this research we use a tauc plot, which shows (α  )
2
 versus h  for the 

CuO film. The intersection of the straight line with h -exis determines the 

optical band gap energy Eg. It was found to be   2.1eV which is lower than the 

ideal band gap of the CuO crystal. Because of the small band gap energy, the 

open-circuit voltage would be low [71].
 

4.2 Current-Voltage Characteristics of P-CuO/n-ZnO  Sn Solar Cell 

In this study p-CuO/n-ZnO Sn heterojunction solar cell has been 

fabricated on glass substrate in steps using Edwards AUTO 306vacuum coater 

system. Copper oxide has energy band gap of the range 1.21-2.1eV while tin 

doped zinc oxide (TZO) has good transmittance properties. A solar cell with 

thickness of 250nm of p-type copper oxide and thickness of 140nm of n-type 

TZO with 2% tin doping has been made. Current-Voltage (I-V) measurement has 

been done on the solar cell using Keithley 2400sourcemeter interfaced with the 

computer running labview program. Diode properties determined from I-V 

measurements are open circuit voltage (Voc), short circuit current (Isc), fill factor 
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(FF), maximum current output (Im), and maximum voltage output (Vm), and 

conversion efficiency ( ). The solar cell had Voc of 480 mV, Isc of 326.8mA, 

FF=0.63 and  =0.232%. 

4.2.1 Experimental Procedure 

The process of fabrication the solar cell was done in stages using Edwards 

AUTO 306 vacuum coater system. Silver paste   acting as the back contact 

electrode was applies on a clean glass substrate measuring 70mm 27mm. The 

glass slide was wrapped with strips of aluminum foil 20mm from both ends so as 

to mask the edges and parts of silver layer film deposition. The glass slide was 

mounted on revolving substrate holder of the vacuum coater. Then 250nm thick 

CuO was deposited on the glass slide at room temperature by reactive dc 

magnetron sputtering method at oxygen flow of 5sccm. Argon was used as the 

sputtering gas and oxygen as the reacting gas. CuO film was deposited at 

chamber pressure of 9 10
-3

 mbars, argon flow of 20sccm and power of 200W.                                                         

 Then a 140 nm thick TZO was deposited on CuO layer by reactive 

evaporation technique at temperature of 750
0
C, oxygen flow of 20sccm and base 

pressure of 3 10
-5

mbars. Current supplied to the molybdenum boat was 

3.5A.The film deposited was doped at 2% tin concentration. Temperature was 

monitored using digital thermometer attached to the backside of molybdenum 

boat. A P-N junction of CuO-ZnO Sn was denoted as Glass Substrate/Ag back 

contact/CuO/ZnO Sn Solar Cell.       

4.2.2 The Result and Discussion 

 The Diode characteristics investigated for the fabricated solar cell are open 

–circuit voltage (Voc), short-circuit current (Isc), fill factor (FF), maximum-

current output (Im), maximum-voltage output (Vm), and conversion (η). Fill 
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factor and conversion efficiency are obtained using the diode parameters as 

shown in equations 1and 2 below. 

   
    
      

                                                                                                         (   ) 

  
    
   

                                                                                                  (   ) 

 Where Voc is open-circuit voltage, Isc short circuit-current, FF is fill factor, 

Im maximum current output, Vm maximum voltage output,  η conversion 

efficiency and Pin is power of photons incident on solar cell.                                                             

 Diode properties of the solar cells were determined from measurements of 

current and voltage generated across the solar cell using four point probe system 

by use of Keithley 2400sourcemeter interfaced with a computer running labview 

program. The measurement was done with 100W bulb radiating light at power of 

640W/m
2
 and temperature of 25

0
C. The power of light from the bulb was 

measured by a pyranometer.  The bulb-solar cell separation distance was 

15cm.The lab view program was such that a voltage of 0.8Vwas sourced from 

Keithley source meter to the solar cell and then current across it measured. The 

appropriate formulas were fitted into the program enabling it to automatically 

plot current versus voltage graph and determine Voc ,Isc ,Im ,Vm and η for the 

solar cell.        

4.2.3 Conclusion 

A solar cell with silver back contact, n-type TZO window layer and p-type 

CuO absorber layer was fabricated in stages using Edwards  AUTO306 vacuum 

coater system. I-V characteristics were measured using Keithley 

2400sourcemeter interfaced with computer running lab view program. The solar 

cell had Voc of 480mV, Isc of 0.182mA, FF of 0.63 and efficiency of 0.232%.  
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 The values of Voc and fill factor obtained are higher than those of other 

solar cells like CuSe2, CIGS and SIGS/ZnO whose values of Voc and fill factor 

are 450mV and 0.62 respectively but with higher efficiency of 11%. The low 

efficiency may be attributed to surface reflections of incident photons leaving 

less radiation for conversion to electricity. Heating also decreases efficiency 

because at higher temperatures, conductivity decreases. More so series resistance 

of the cell due to non-ohmic contacts inhibits the flow of electrons. This 

decreases Voc and makes current of the I-V curve fall slowly. Even though the 

efficiency of the solar cell fabricated was low, the availability and low cost of the 

materials makes it relatively affordable as compared to other cell devices like 

CIGS based cells whose materials are very expensive and not easily available 

[72].                     

4.3 Fabrication and Characterization of CuO/ZnO Solar Cells                                                                    

 In this study cuprous oxide (CuO) and zinc oxide (ZnO) heterojunction 

solar cells fabricated on indium tin oxide –coated glass were studied. CuO and 

ZnO films were deposited using a galvanostatic method. The purpose of the 

present work is to fabricate and characterize solar cells with CuO/ZnO 

structures. The band gab energy of CuO is ~1.5eV, which is closer to the ideal 

band gap of 1.4eV. Zinc oxide (ZnO) is an n-type semiconductor with a wide 

band gap of  3.37eV, which can be applied to solar cells. Structural, 

morphological and optoelectronic properties of the CuO/ZnO heterojunction 

were studied by using X-ray diffraction, atomic force microscopy and light 

current-voltage characteristics.                                           

4. 3.1Experimental Procedures  

CuO layers were prepared on per-cleaned indium tin oxide (ITO) glass 

plate by electro deposition using platinum as counter electrode. Copper (II) 
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sulfate (CuSO4, 0.4 mol /L, Wako 97.5%) and 1-lactic acid (3mol/, Wako) were 

dissolved into distilled water. pH of the electrolyte solution was adjusted to 12.5 

by adding NaOH. The temperature of electrolyte solution was kept at 65
0
C 

during electro deposition. Preparation of CuO layers were carried out at voltages 

of +0.70V and quantity of electric charge of 2.2C cm
-2

. After the deposition, the 

sample was rinsed with water and transferred into the ZnO electro deposition 

bath. ZnO layers were galvanostatically electro-deposited from 0.025 M aqueous 

solution of Zn (NO3) on the ITO/CuO substrate. The sample thickness ranged 

between 1and 2 µm depending on the deposition time and current. Finally, the 

substrates were rinsed with water, dried with air and quickly transferred into a 

thermal evaporator for the vacuum deposition of the aluminum (Al) back 

contact. Structure of heterojunction solar cells were denoted as 

ITO/CuO/ZnO/Al,                         

 Current density- voltage (J-V) characteristics (Hokuto Denko Corp, HSV-

100) of the solar cells were measured both in the dark and under illumination at 

100 mW/cm
2
 by using an AM 1.5 solar simulator (San-ei Electric, XES-301S). 

The solar cells were illuminated through the side of the ITO substrate, and 

illuminated area was 0.16cm
2
. Optical absorption of the solar cells was 

investigated by means of U V visible spectroscopy (Hitachi, Ltd; U-4100). 

Microstructures of the copper oxides were investigated by X-Ray diffractometer 

(XRD, PHILIPS X
, 
P    Pert-MPD System) with CuKα radiation operating at 

40KV and 40mA.                                                                            

4.3.2 Results and Discussion  

Thicknesses of CuO were ~1µm and~2µm for 5min and10 min, 

respectively. A solar cell with a CuO/ZnO structure provided power conversion 

efficiency (η) of 1.1×10
-4

%, fill factor (FF) of 0.25, short-circuit current density 

(Jsc) of 1.6 mAcm
-2

 and open-circuit voltage (Voc) of 2.8×10
-4

V. The 
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photocurrent was observed under illumination, and the CuO/ZnO structures 

showed characteristic curves with short-circuit current and open-circuit voltage. 

The CuO and ZnO thin films show high optical absorption in the range of 400nm 

and 800nm.  Also Thicknesses of ~2µm for 10 min (η) 1.1×10
-7

%, fill factor 

(FF) 0.25, short-circuit current density (Jsc) 0.017mAcm
2
, and open-circuit 

voltage (Voc) of 0.18mV.Transmittance spectrum of 100nm of thick CuO film, 

deposited on ITO, is presented from this spectrum, the optical absorption 

coefficients (α) of this film was determined from the spectral transmittance using 

the next equation α=1/d.ln (1/T). Where d is the film thickness and T is 

transmittance. For determination of the optical band gap energy (Eg), the method 

based on the relation of α υ=A (hν  Eg)
n/2

 was used, where n is a number that 

depends on the nature of the transition. In this case, its value was found to be 1, 

which corresponds to direct band to band transition.                             

  Use   a Tauc plot, which shows (αhν)
2
 versus hνfor the CuO film. The 

intersection of the straight line with the hν-axis determines the optical band gap 

energy Eg. It was found to be ~2.1eV which is lower than the ideal band gap of 

the CuO crystal. Because of the small band gap energy, the open-circuit voltage 

would be low. Diffraction peaks corresponding to CuO and ZnO are observed in 

thin film, which consisted of cupric phase with monoclinic system (space group 

of C2/c and lattice parameter of a=0.4653 nm, b=0.3410 nm, c=0.5018 nm, 

β=99.481
0
). The particle size was estimated using Scherer‟s equation; 

D=0.9λ/Bcosθ  where                                  

 Wavelength of the X-ray source, the full width at half maximum 

(FWHM), and the Bragg angle, respectively. The crystallite size of CuO and 

ZnO were determined to be 49.0nm and 82.0nm, respectively. Lattice constant of 

CuO and ZnO were obtains and comparing with reported value. From the lattice 

constant, the crystal structures of CuO and ZnO have some crystal distortions. 
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To increase the efficiency of the CuO/ZnO solar cells, small grain size of ZnO 

and higher crystalline of CuO would be necessary [73].                                                        

 Energy level diagram of the CuO/ZnO solar cell was showed. Previously 

reported values were used for the energy levels. It has been reported that Voc is 

nearly proportional to the band gap of the semiconductors, and control of the 

energy level is important to increase efficiency. Compared to silicon with an 

indirect transition band structure, CuO with a direct transition band structure is 

more suitable for the optical absorption property. In addition, the ultrathin film 

of the CuO layers could provide efficient charge injection because of the optical 

absorption. In the present work, microstructures of CuO and ZnO thin film were 

found to have some crystal distortion, which would result in the reduction of 

electrical transport. If the crystal qualities of the CuO and ZnO thin films are 

increased, Voc would be improved.                   

4.3.3 Conclusion 

ITO/CuO/ZnO/Al solar cells were produced and characterized which 

provided ηof 1.1 10
-4

%, FF of 0.25, Jsc of 1.6 mAcm
-2

 and Voc of 2.8 10
-4

 V. 

The CuO/ZnO structure showed high optical absorption in the range of 400 nm 

and 800 nm, and the Eg of CuO was found to be  1.2 eV from the Tauc plot 

which is smaller than that of the ideal band gap of the CuO crystal and the open-

circuit voltage would be decreased. A crystallite size of CuO was determined to 

be 49.0 nm, and higher crystalline of CuO would increase the efficiency of the 

CuO/ZnO solar cells. The energy level of the present solar cell was proposed, 

and separated holes could transfer from the valence band of the CuO to the ITO, 

and separated electrons could transfer from the conduction band of the CuO to 

the Al electrode, respectively. Formation of the CuO/ZnO active layer with 

homogeneous distributed CuO nanoparticles would improve the efficiencies of 

the solar cells.        
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4.4 Current Transport Mechanisms of n-ZnO/p-CuO Heterojunction  

 In this study n – ZnO/p –CuO heterojunction have been fabricated by sol – 

gel dip – coating technique which is simple and inexpensive. The structure of the 

p-CuO/n –ZnO was analyzed by x-ray diffraction spectroscopy and UV-VIS 

spectroscopy. The electrical junction properties were characterized by 

temperature dependent current-voltage (I-V) characteristics and at high 

frequency capacitance – voltage (C-V) characteristic at room temperature. The 

structure showed non – ideal behavior of I-V characteristics with an ideality 

factor of 3.5 at room temperature. Temperature dependent forward current-

voltage measurements suggest that trap-assisted multi-step tunneling is the 

dominant current mechanism in this structure. 

4.4.1 Experiments 

 In order to prepare ZnO solution, firstly, zinc acetate 2-hydrate [Zn 

(CH3COO)2 2H2O] was dissolved in ethanol (CH3COCH3 , 99.9%, Merck) and 

then lactic acid was added as hydrolysis  catalyst in drops. Afterwards solution 

was thoroughly mixed by a magnetic stirs for 2 hours, and homogeneous 

transparent solution was obtained which had a concentration of 0.4M. Each 

coating on the ATO (Antimony Tin Oxide) substrate was first dried at 250
0
 C for 

5min. This process of coating was repeated for 10 times and then the final film 

was annealed at 250
0 
C for 15 min. 

CuO layer was deposited on ZnO. The CuO sol was prepared by adding 

copper 11 acetate ((CH3 COO)2 Cu, H2O) to ethanol and mixing the both 

components. While sol was mixing, the triethylamine was added in the sol. After 

the sol prepared, the CuO film was deposited on the ZnO film dried at 250
0
 C for 

5 min. This process of coating was repeated for 10 times and then the p – n 

junction was annealed at 250
0
 C for 30 min. 
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After 10 coating for the ZnO film, thickness of the film was calculated 

      and after 10 coating for the CuO film, it was calculated      . 

After ZnO/CuO heterojunction was prepared, the contact was composed 

between the coated film and Cu wire. To insure good contact between the film 

and Cu wire.  Ag paste was used. The crystal structure of the n- ZnO/p- CuO 

heterojunction was determined by XRD using Rikagu D-max 2200 X-Ray 

diffract meter system with CuK  radiation (         )A0
 and by the UV – 

VIS spectroscopy (350 – 1100nm) using Perkin Elmer UV – VIS Spectrometer 

Lambda 2S. The current – voltage characteristics of the heterojunctions were 

measured with a system which consists of a DC voltage –current source Keithley 

2420, a specially designed sample holder computer. Thin films samples were 

mounted in the sample holder. To control the temperature of the samples. Lake 

Shore 330 auto tuning temperature controller is used. 

4.4.2 Results and discussion 

The lattice constants of ZnO calculated from the present data are a=3.300 

A
0
 and c=5.131 A

0
 which are agreement with a=3.253 A

0
 and c=5.209 A

0
 of 

ZnO known from the literature (JCPDS Card No. 80-00075) and the lattice 

constants of CuO calculated from the present data are a= 4.774 A
0
, b= 3.434 A

0
 

and c=5.131 A
0 

which are in agreement with the values a= 4.68 A
0
, b=3.42 A

0
 

and c=5.129 A
0
 of CuO obtained by kimura et al. 

The band gab of ZnO and CuO were determined from measured 

transmittance spectra. We shows plot of the square of the absorption coefficient 

(  ) of ZnO and CuO films fabricated onto glass substrate as a function of the 

energy of incident radiation. For this, the fundamental absorption coefficient   

was evaluated using        /d where d is the film thickness and T is the 

transmittance. The optical band gap, Eg of the film was calculated using the Tauc 
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relation, which is given as      (h    )
n
 where h  is the photon energy.    

is a constant and n=0.5, 1.5, 2 or 3for allowed direct, forbidden direct, allowed 

indirect and forbidden indirect electronic transitions, respectively. In the present 

case the band -gap energy gap (  ) has been estimated by assuming an allowed 

direct transition (n=1/2). The factor (  ) varies linearly with h  in the high- 

energy region. In the low – energy region, the absorption spectrum deviates from 

the straight line. The band gap was obtained by extrapolating the linear portion 

of the plot of ( )
2
 against h  to ( )

2
 =0. The intercept on energy axis gives the 

value of the band gap energy (  ) for the film. The band gap energy (  ) values 

of ZnO and CuO are 3.3 and 1.8 eV respectively, which are in agreement with 

what have been reported previously. 

XRD and UV- VIS measurements showed that ZnO films consisted of 

hexagonal wurtzite crystal grains with energy band gap of 3.3eV.  At ambient 

conditions. The thermodynamically stable phase is hexagonal wurtzite, the cubic 

zinc blended ZnO structure can be stabilized only by layer growth on cubic 

substrates, and the cubic rock salt structure may be obtained at relatively high 

pressures. In our heterojunctions, the ZnO films were deposited onto the ATO 

substrates. The ATO films are a tetragonal system because tin oxide is a 

tetragonal system and the lattice parameters are not affected much the 

incorporation of the dopants in the films, is hexagonal wurtzite system. The CuO 

layer is monoclinic system. Since all layers at our heterojunction are different 

crystal systems, the lattice mismatch occur. To confirm the presence of the 

interface state. We calculate the lattice mismatch given by the relation: 

  

 
 

     

  
                                                                                                        (   ) 

Where a1 and a2 are the lattice constant of the ZnO and CuO respectively. 

The lattice mismatch between CuO and ZnO calculated to be 32%, which is 
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higher than the Cu2O/ZnO heterojunction with mismatch of 7.1%, and 

Cu2O/ZnO/ITO p-i-n heterojunction with the mismatch 27.1%. So the lattice 

mismatch leads to an interface defect states. In order to determine the dominant 

current transport mechanism through n-ZnO/p-CuO heterojunctions, we 

measured the I-V characteristics at various temperatures. The forward and 

reverse bias I-V graphics of ZnO/CuO heterojunction samples at different 

temperature in the range of 300-360 K. The sample was kept in the dark 

condition during the measurement. It is obvious that the heterojunction are 

rectifying in the nature with a turn on voltage of  0.5Vand under reverse 

voltage. The breakdown voltage for the sample is  0.6 V which is same as that 

of ZnO/Cu2O heterojunction prepared by RF-magnetron sputtering and 

Cu2O/ZnO/ITO p-i-n heterojunction prepared by electrochemical deposition 

method. The current at real diode were given at equation (3-5): 

        (
  

   
) [     ( 

  

  
)]                                                                     (   ) 

Where q is electronic charge,    is the reverse saturation current, V is the 

applied voltage, n is ideality, k is Boltzmann constant and T is temperature. For 

V       .Eq. (2-5) can also be shown as 

        (
  

   
)                                                                                                        (   ) 

The ideality factor (n) is obtained from the slope of the plot In I versus V. 

The forward bias ln ( )-V characteristics of the samples at different temperature 

in the range of 300-360 K. The forward current can be classified into two 

regions. In the region 11, the forward currents behave linearly due to the serial 

resistance effect on the system. In region 1, the forward current can be 

expressed: 

       (  )                                                                                                      (    ) 
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There are three models for explaining the current through heterojunctions: 

A is independent of the measuring temperature T for a tunneling model, (2) A is 

temperature, n=1, A=q/KT for the diffusion model, (3) A is temperature 

dependent, n=2, A=q/2KT for the recombination model. The ideality factor (n), 

the reverse saturation current    which is a function of temperature, depending 

on the nature of dominant carrier transport mechanisms in the heterojunction and 

the slope of ln ( )-V graphics A(is independent of the voltage ) of the samples are 

calculated from the graphics. In table 1, the slope A of the ln ( )-V 

graphicstemperature insensitive. Therefore, the data are consistent with Eq. (4.7). 

The ideality factor n is larger than 2.  

Table (4.1).The   , A and n values for the sample of the n-ZnO/p-CuO 

heterojunction 

T (K) I0 (A) A (V
-1

) N 

300 1.36×10
-9 

11.0 3.5 

310 2.80×10
-9

 10.1 3.7 

320 2.80×10
-9

 10.6 3.4 

330 1.75×10
-9

 9.7 3.6 

340 1.26×10
-9

 10.1 3.4 

350 1.37×10
-9

 10.0 3.3 

360 1.84×10
-9

 10.1 3.2 

 

 

 



64 
 

The temperature dependence of saturation current   is expressed as: 

         ( 
   

  
)                                                                                              (   ) 

           Where    is the thermal activation energy of carrier conduction. Form 

the slope of ln (  ) versus T
-1

 graphics, the activation energy was calculated to be 

0.412eV. The data fits almost on straight lines, which agrees with multi-step 

tunneling model. The capacitance per unit area given by Anderson  

   {
         

 (         )
} (     ) 

 
                                                                (   ) 

 Where   ,    are the dielectric constant and       are ionized impurity 

density of ZnO and CuO respectively, Vbi is the built in potential and V is the 

applied voltage. The capacitance-voltage characteristics of n-ZnO/p-CuO 

heterojunction at MHz frequency in dark and at room temperature.  

4.4.3 Conclusion 

 n-ZnO/p-CuO heterojunction has been successfully fabricated onto ATO 

substrates using sol-gel dip coating method. The thickness of ZnO film prepared 

by 10-times coating is  70nm while that of CuO film coated 10-times is  212 

nm. At room temperature, the diode turn –on voltage is of  0.5V. The 

temperature dependent I-V characteristics of the n-ZnO/p-CuO heterojuncion 

showed that the forward current transport can be explained with a multi-step 

tunneling model between 300-360K. While the activation energy of the 

saturation current is about 0.412, the built-in potential is about 1.5eV [74]. 
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4.5 Characterization of Cu2O thin films prepared by evaporation of CuO 

powder 

 Among the potential photovoltaic devices based on semiconductor oxides 

as active layer is cuprous oxide (Cu2O). This oxide semiconductor shows many 

attractive characterizes useful for solar cells production such as low cost, 

nontoxicity, high mobility and diffusion length of minority carriers, high 

absorption coefficient and direct energy gap. In this work we report out results of 

optical and structural investigations of Cu2O thin films fabricated by thermal 

vacuum evaporation of CuO powder. The effects of the deposition velocity on 

structural and optical properties of Cu2O films were investigated. The X-ray 

investigations have shown that at low deposition velocity the films consist only 

of Cu2O phase without any interstitial phase and have a nano-grain structure. The 

grains have an average dimensions about (25-30) nm and all these grains showed 

(200) preferential crystallographic orientation. Optical investigations have shown 

that the absorption edge of prepared films is due to a direct allowed transition. 

The value of determined optical band gap is 2.05 eV which corresponds to band 

gap of bulk Cu2O. 

4.5.1 Experiments  

 Thin films of Cu2O were fabricated by continuous thermal evaporation of 

CuO small particles. Schematic view of vacuum evaporation setup presented in 

figure (3.1). CuO particles have different size from 100 to 500 micrometers. 

These particles were prepped by crush of pallet which was obtained by pressing 

commercially available CuO powder (99.9% purity) and sintering at 700C in air 

1 h. The vacuum chamber before evaporation was pumped to a base pressure of 

1.5×10
-5

 mm Hg. The thermal evaporation was carried out by dosed supply of 

CuO particles to the molybdenum boat heated to the temperature 1300C. 

Process of CuO particles evaporation occurred as follows. After contact to boat 
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the particles of CuO in process of their heating at first convert to Cu2O by the 

reaction: 

4CuO   2Cu2O + O2                                                             (4. 

9) 

And then convert to Cu by the reaction: 

2Cu2O   4Cu + O2                                                                              

 (4.10) 

Since the temperature of boat was above the temperature of Cu evaporation 

(1260C) after thermal decomposition of Cu2O to Cu and O2 a full evaporation 

of Cu was occurred. This method of evaporation provides in average the same 

flows of copper and oxygen atoms due to different temperature of evaporating 

particles. 

 

Figure (4.1): schematic representation of the experimental setup 

 The films were deposited on sapphire substrate. The temperature of 

substrates was 700C. During the evaporation process the base pressure in 

vacuum chamber was changed from base pressure 1.5×10
-5

 mm Hg to the partial 

pressure of oxygen 1.10
-4

 mm Hg. After the film deposition the substrate was 

cooled to the room temperature during 1 hour with the chamber pressure 6.10
-6
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mm Hg. The film thickness and duration of deposition were typically 1-3 

micrometer and 3 hours.  

 The structural properties of samples were studied by X-ray diffract meter 

URD-6 in the 0-20 mode using Cu-K  radiation as well as by optical Olympus 

microscope with magnitude 500. Transmittance and reflectance, over the 

wavelength from 300 to 1000 nm was measured using double beam Spectra M-

50 Spectrophotometer. 

4.5.2 Results and discussion 

4.5.2.1 Phase formation 

 We have investigated the characteristics of films depend on the deposition 

velocity at the temperature of substrate 700C. Figure (3-2) shows the photo of 

surface morphology of two films series A and B which differ from each other by 

the velocity of deposition. For low deposition velocity less than 5 nm/min the 

films of series A consist of smaller size grains than the films of series B (figures 

(3-2) a and b). 

 

Figure (4.2): the photo of surface morphology of (a) films series A, and (b) films 

series B (500) 

4.5.2.2 Structural analysis (XRD) 

 Angler XRD patterns of films series A and B are shown figure (3-3 ) For 

films series A, there is one strong XRD peak at 20=42.4 corresponding to the 
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(200) crystal plane of Cu2O (figure (3-3a). This XRD pattern indicates that films 

series A is single phase Cu2O film with crystalline structure. These films consist 

of nano-size grains and all these grains have identical orientation. Full width of 

half maximum (FWHM) of the XRD peak was used to estimate the grain size of 

the films series A. The values of the grain size calculated using Scherer's 

formula: 

  
    

      
                                                                                                       (     ) 

Where   is the x-ray wavelength,   is the Bragg diffraction angle, and d is full- 

width at the half maximum (FWHM) of the peak corresponding to . 

 For the peak corresponding to the (200) plane of Cu2O, the resultant grain 

size is 25 nm. The XRD pattern for films series B presented in figure 3b contains 

one Cu2O – related diffraction (111) peak (20-36.38) and tow Cu- related 

diffraction peak (111) (2   =42.9) and (200) (2   = 49.8). 

 

 

Figure (4.3): XRD patterns of (a) films series A, and (b) films series B 

 The composition of deposited layer formed due to reaction between 

cupper and oxygen. Figure (3-4) shows the equilibrium phase diagram of the Cu-

O system. The partial pressure and temperature of substrate corresponding to the 
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films deposition conditions are shown in figure (3-4) (point A). At low velocity 

of deposition Cu atoms have enough time in order to completely react to oxygen. 

This time determined by the time of kinetic reaction for formation Cu2O phase. 

In this case the composition of deposited film determined by the equilibrium Cu-

O phase diagram. It is confirmed by XRD pattern of films series A where 

observe only Cu2O- related diffraction peaks. We believe that at high velocity of 

deposition Cu atoms have not enough time to completely convert in Cu2O phase 

(figure (3-3b).  

 

Figure (4.4): The cooper – oxygen equilibrium phase diagram 

4.5.2.3 Optical properties 

 The transmission and absorbance spectra were taken to obtain information 

on the optical properties of the copper oxide thin film. In the fundamental 

absorption region, the optical absorption coefficient ( ) can be calculated from 

the transmittance and reflectance data by the equation. 

  
 

 
  

(   )

 
                                                                                                   (    ) 
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Where d is the thickness of the film. 

 Above the fundamental absorption edge the dependence of the absorption 

coefficient on the incident photon energy is given by Taue‟s model: 

      (     )
 
                                                                                               (    ) 

Where h  is the photon energy, Eg is the optical band gap and B is a constant and 

n is an exponent that depends on the type of optical transitions. As shown in 

figure (3-5) the best linear relationship is obtained by plotting (    )
2
 against 

photon energy (h ), indicating that the absorption edge in this film is due to a 

direct allowed transition. The linear portion of the curve is fitted using linear 

regression analysis. The value of optical band gap was determined from the 

value of intercept of the straight line at     the value of determined optical 

band gap is 2.05 eV which corresponds to the band gap of bulk Cu2O. 

 

Figure (4.5): Variation of (   )
2
 as a function of photon energy 

4.5.3 Conclusion 

The films of copper oxide were deposited on sapphire substrate by the 

continuous thermal evaporation of CuO small particles. The effects of deposition 
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velocity on the structural and optical properties of Cu2O films were investigated. 

It was shown that at deposition velocity less than    nm/min the films deposited 

on the 700C substrate consist only of Cu2O phase. These films have n nano-

grain structure and all these nana-grains have (200) preferential crystallographic 

orientation with average dimensions about (25-30) nm. 

It was found that the optical band gap of fabricated Cu2O films is 2.05 eV 

which corresponds to the hand gap of bulk Cu2O[32]. 

4.6 Characterization of Dye-Sensitized solar cell with ZnO Nanorod 

multilayer electrode 

4.6.1 Introduction 

In this study, zinc oxide (ZnO) nonrods were synthesized on indium-tin-

oxide (ITO) glass substrates by a hydrothermal process. The growth process was 

carried out one to five times to obtain ZnO nanorods of different generations (1
st
 

to 5
th
 generation). Scanning electron microscopy (SEM), energy dispersive 

spectrometry (EDS). 

And x-ray diffraction (XRD) was used to obtain the surface morphology, 

chemical composition, and crystallographic structure of the synthesized ZnO 

nanorods. These ZnO nanorods were submerged in the dye solution and ware 

used as the working electrode (anode) of dye-sensitized solar cell (DSSC). I-V 

and optoelectronic characteristics of the DSSCs using ZnO nanorods of different 

generations as the electrodes were measured to obtain their fill factors and 

conversion efficiency. Experimental results reveal that the ZnO film of the 4
th
 

generation exhibits a uniform distribution of dense nanorods whose shape and 

microstructure are beneficial to dye adsorption and carrier transport. Therefore, 

the DSSC fabricated with the ZnO nanorods of the 4
th

 generation has an 

improved short-circuit current, fill factor, and conversion efficiency. 
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4.6.2 Experiments Details 

In this work, ZnO nanorods prepared by a simple hydrothermal process 

were used to fabricate the working electrodes for DSSC applications. First, 

indium-tin-oxide (ITO) glass substrate was cut into 2 cm × 2 cm pieces, and then 

rinsed with acetone, methanol and deionizer water. After cleaning, the ITO glass 

substrates were blown with nitrogen to dry. Transparent tapes were adhered 

along the peripheral of ITO glass substrate. Only the central area of 1 cm x 1 cm 

was reserved for the growth for ZnO nanorods. In addition to ITO substrates, 

ZnO nanorods were also synthesized on silicon substrates since they are more 

suitable for SEM and EDS measurements. Second, deionized water was added to 

zinc nitrate hexahydrate (Zn (NO3)2 6H2O) and methenamine (C6H12N4 , HMT) 

to obtain the reagents used for the growth of ZnO nanorods. These two solutions 

were mixed at the ratio of 1:1 to obtain a mixture of 0.1 M molar concentration. 

The mixed solution was vigorously stirred for 20 min at room temperature to 

ensure full and uniform mixing. The mixture was heated indirectly through water 

at 85°C. After the temperature of mixture was stabilized, ITO glass substrates 

were submerged in the mixture with ITO facing upwards. After 1 hr of high 

temperature process, samples were removed from the beaker and were rinsed 

with deionized water for 20 min to halt the growth process of ZnO nanorods. 

Finally, the synthesized ZnO samples were placed into a box for 5 hours so that 

they can dry by themselves.  

This completed the growth process of ZnO, and the ZnO nanorods of the 

1
st
 generation were achieved. The 2

nd
, 3

rd
 4

th
 and 5

th
  growth processes were then 

carried out sequentially to obtain the ZnO nanorods of 2
nd

, 3
rd

, 4
th
, and 5

th
 

generations. The ZnO nanorods synthesized in the previous growth process were 

used as the starting point of the next growth process and were covered by the 
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ZnO nanorods synthesized in the next growth process. The processing 

parameters (e.g. molar concentration of mixture, growth temperature, and growth 

time) in all subsequent growth processes of ZnO were the same as those used in 

the 1
st
 growth process. 

After the working electrodes using ZnO nanorods of different generations 

were fabricated, they were submerged in the dye solution for 8 hours so that the 

dye can be fully absorbed by ZnO nanorods. Subsequently, the working 

electrodes were assembled with the counter electrode of Pt film/ITO glass and 

electrolyte was injected to from DSSC. 

The purpose of this work is to study the surface morphology, chemical 

composition, and microstructure of the ZnO nanorods of different generations. 

Scanning electron microscopy (SEM), energy dispersive spectrometry (EDS) and 

(XRD) were used to obtain the surface morphology, chemical composition, and 

crystallographic structure of ZnO nanorods. Afterwards, I-V characteristics of 

the DSSCs using ZnO nanorods of different generations were measured, and 

open-circuit voltage, short-circuit current, fill factor, and conversion efficiency 

were determined. 

4.6.3. Results and Discussions: 

In this study, zinc nitrate hexahydrate (Zn (NO3)2, 6H2O) and 

hexamethylene tetramine (C6H12N4, HMT) were mixed at the ratio of 1:1 in 

water. The molar concentration ratio of Zn (NO3)2.6H2O and C6H12N4 was 1 : 1 

which was the optimum value determined from our previous experimental 

results. HMT is non-toxic and its water-soluble polymer ring dissolves in acidic 

solution into functional groups to form NH3. Zn(NO3)2 can react with HMT in 

water to synthesize ZnO nanorods. The chemical reactions involved in the 

growth of ZnO nanorods are:  
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C6H12N4+6H2O 6HCHO+4NH3                                                  

 (4.14) 

NH3+H2O NH4+OH
-       

                                                                     

 4.15) 

2OH
-
+Zn

2+ ZuO+H2O                                                           (4.16) 

 

Figure (4.6) The top-view SEM images of ZnO nanorods of the: (a) 1
st
 , 

(b) 2
nd

 , (c) 3
rd

  (d) 4
th
 , and (e) 5

th
 generations. The magnification factor is l × 

l0
3
. 

First, C6H12N4 is disintegrated into formaldehyde (HCHO) and ammonia 

(NH3) as shown in equation (3-6). Ammonia tends to disintegrate water to 

produce OH
-
 anions (equation 3-7). Finally, OH anions react with Zn

+2
 cations to 

form ZnO (equation 3-8).  In the growth process of ZnO nanorods, the 

concentration of OH
-
 anions is the dominant factor. Therefore, C6H12N4 that 

supplies OH
-
 anions play a key role in the growth of ZnO nanorods. 

The hydrolysis rate of C6H12N4 is low and thus can provide OH
-
 anions at 

a steady rate rendering a solution with a constant concentration of 0H anions. At 

low concentrations of C6H12N4 + Zn(NO3)26H2O, the reaction rate of OH
-
 anions 

is low: on the other hand, the reaction rate and the growth rate of ZnO nanorods 
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is high at high concentrations of C6H12N4 + Zn(NO3)26H2O. In this study, the 

molar concentration of mixture used in the growth process was 0.1M. Since our 

previous study has demonstrated that DSSC using ZnO nanorods electrode 

prepared with 0.1 M mixture, same concentration of mixture was used in this 

work to study the effect of ZnO nultilayer electrode on the operating 

characteristics of DSSC. 

 

Figure (4.7) The enlarged SEM images of ZnO nanorods of the: (a) 1
st
 , 

(b) 2
nd

 , (e) 3
rd

  (d) 4
th

 , and (e) 5
th
 generations. The magnification factor is 3 × 

10
4
. 

Table (4.2) Chemical composition for the ZnO nanorods of different 

generations. 

Chemical 

composition 

                  Atomic percentage (%) 

1
st
  2

nd
  3

rd
  4

th
  5

th
  

O 77.82 60.18 53.49 52.85 50.60 

Si 2.80 0 0 0 0 

Zn 19.37 39.82 46.51 47.15 49.40 

ZnO 1:4.02 1:1.51 1:1.15 1:1.12 1:1.02 

 

Figure (4.7) shows the top-view SEM images of ZnO nanorods of different 

generations, while the enlarged images arc shown in the Figure (4.2). The 
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magnification factor is 1×10
3
 for Figure (3.7), and is 3×10

3
 for Figure (4.8). The 

growth parameters are listed as follows: the growth temperature was 85°C, 

growth time was 1 hr, the molar concentrations of  

Zn(NO3)2.6H2O and C6H12N4 were 0.1M (the molar ratio was 1:1), and the 

growth process was repeated 1 to 5 times. 

From Figure (4.7)(a), (b), (c), (d), and (e), it is clearly seen that no obvious 

change in the surface morphology of ZnO nanorods of different generations can 

be observed. Figure (3-7)(a) shows the ZnO nanorods of the 1st generation 

which is obtained with a mixture solution of 0. 1M. the average diameter of ZnO 

nanorods is  420 nm. The average diameter of nanorods increases 

logarithmically from ~ 693 nm for the ZnO of the 1
st
 generation to 858 nm for 

the ZnO of the 5th generation. As shown in Figures (4.7) (d) and (e), the shape 

of nanorods tends to become short and wide. Since fresh mixture solution was 

added before every growth process in order to maintain a constant ion 

concentration of 0.1M in the solution, the ZnO nanorods that have been adhered 

to the substrate already will have the opportunity to replenish newly added 

anions. Since the growth rate on the six side walls is higher than that on the tip 

surface, it is reasonable for the shape of ZnO nanorods to become short and wide 

after multiple growth processes. 

 

Figure (4.8). XRD spectra for the ZnO nanorods of different generations. 
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Table (4.3)  Intensities of characteristic peaks in XRD spectra for the ZnO 

nanorods of different generations. 

Generation 

of ZnO 

           
   

⁄        

1
st
  602 511 893 1.18 1.74 

2
nd

  829 653 1169 1.27 1.79 

3
rd

  959 710 1292 1.35 1.82 

4
th
 1502 1058 2000 1.42 1.89 

5
th

  1669 1135 2290 1.47 2.02 

 

In this study, EDS used to measure the chemical composition of ZnO nanorods 

of different generations and is listed in Table (4.3). As observed in the EDS 

analysis, the atomic content of silicon in the ZnO nanorods of the 1
st
 generation 

is 2.8%. Since no silicon-containing reagent was used in the growth process. The 

detected silicon content is caused by silicon atoms on the substrate. Obviously, 

the ZnO nanorods were not dense enough to completely. Cover the entire 

substrate. As the ZnO nanorods evolve into the 2
nd

 generation. The atomic 

percentage of silicon drops to 0% indicating that the distribution of ZnO 

nanorods is uniform and dense. The silicon substrate is completely covered by 

ZnO nanorods. This is beneficial to the uniform adsorption of dye molecules. 

The chemical composition for ZnO nanorods of different generations can be 

clearly seen in table 1. It seems that the atomic ratio of zinc to oxygen decreases 

as the ZnO nanorods evolve. The atomic ratio of zinc to oxygen on the surfaces 

of nano rods is 1:4.02 for the ZnO nanorods of the 1
st
 generation. Whereas this 

atomic ratio decreased to 1:1.02 for the ZnO nanorods of the 5
th
 generation 

which is close to the theoretical value of 1 as is expected for ZnO. 
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Figure (4.9) I-V characteristics for the DSSC using ZnO nanorods of different 

generations as the working electrode. 

Figure (4.3) shows the XRD spectra for the ZnO nanorods of different 

generation. In figure ( 4.4), all spectra exhibit five peaks located at diffraction 

angles of 2seta=31.77
0
. 34.42

0
 and 36.25

0
 are most pronounced. These three 

peaks correspond to (100),(002), and (101) directions of crystallization of 

wurtzite ZnO nanorods, i.e the growth along the directions of a, b, and c axis of 

nanorod hexagonal structure, respectively. These intensities of characteristic 

peaks in XRD spectra for the ZnO nanorods of the different generation are 

summarized in Table 2. In the different spectra, the intensity ratio in the direction 

of axis and c axis (Ia/Ic) and the intensity ratio in the direction of axis and c axis 

(Ib/Ic) are useful. As ZnO nanorods evolve from the 1
st
 generation to the 5

th
 

generation, the values of Ia/Ic and Ib/Ic increase. The value of Ia/Ic increase from 

1.18 to 1.47. and Ib/Ic increases from 1.74 to 2.02. The aspect ratio of nanorod 

also increases with the evolution of ZnO nanorods. 

       This is because the increases in the growth rate on the (100) and (101) 

surfaces of ZnO nanorods are higher than that on the (002) surface. Hence, 

nanorods become short and wide. This assertion is verified by the SEM image in 

Figure (4.1) 
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     Figure ( 4.5) shows the I-V characteristics of the DSSCs fabricated with ZnO 

nanorods of different generations. The corresponding open-circuit voltage (Voc), 

short-circuit current (Isc), and fill-factor (FF) are tabulated in Table 3. For the 

DSSCs prepared with ZnO nanorods of the 4
th
 generation exhibits much 

improved short-circuit current and fill factor., and hence a much higher 

conversion efficiency. However, it is found that the DSSCs prepared with ZnO 

nanorods of the 5
th
 generation has a lower short-circuit current, open-circuit 

voltage, fill factor, and hence a lower conversion efficiency. Possible 

explanations are given s follows. For the ZnO nanorods of the 1
st
 generations, the 

distribution of nanorods on the ITO glass substrates is not uniform. Lots of voids 

and vacancies are found in the ZnO film so that dyes can not uniformly adsorbed 

in the film. Therefore, the DSSC prepared with the 1
st
 generation ZnO nanorods 

exhibit poor I-V characteristics. The distribution of ZnO nanorods of the 2
nd

 

generation is still non-uniform indicating that there are some voids and vacancies 

in the ZnO film. This can affect the adsorption of dye molecules so that only 

slight improvement in the I-V characteristics of DSSC can be achieved.For the 

DSSCs using ZnO nanorods of the 3
rd

 and 4
th

 generation. Substantial 

improvement in their I-V characteristics is evident. Compared with the DSSC 

prepared with ZnO nanorods of the 1
st
 generation, short-circuit current increases 

by a factor of 7 for the DSSC using ZnO nanorods of the 4
th

 generation, and a 

large increase in the conversion efficiency of DSSC is achieved. From the atomic 

ratio of zinc to oxygen in EDS analysis, the structure of the ZnO nanorods of the 

3
rd

 and 4
th
 generations is considerably better than that of the ZnO nanorods of the 

1
st
 and 2

nd
 generation. Much fewer bonding vacancies are present in the 

nanorods. Therefore, electron is easier to travel in these films and the conversion 

efficiency of DSSC is increased. 

      The reason for the degeneration in the I-V characteristics as found in the 

DSSC prepared with ZnO nanorods of the 5
th

 generation is presumably caused 
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by the larger thickness of ZnO film. The distance which electrons have to travel 

through the ZnO film is increased, thus electron-hole recombination is more 

likely to take place and photocurrent is decreased according. Furthermore, the 

average diameters of ZnO nanorods become larger for the ZnO nanorods of the 

5
th

 generation so that the aspect ratio of nanorods increases and nanorods become 

short and wide. The voids and vacancies lying between nanorods become larger 

and intimated contact between nanorods is unlikely now. This results in an 

increase in the internal resistance of working electrode. FF factor and conversion 

efficiency are decreased drastically and operating characteristics of DSSC are 

severely degraded. 

The diffraction characteristic peaks of these five peaks appears in : 

Figure (4. 3) shows the XRD spectra for the ZnO nanorods of different 

generation. In figure (4.3), all spectra exhibit five peaks located at diffraction 

angles of 2seta=31.77
0
. 34.42

0
 and 36.25

0
 are most pronounced. These three 

peaks correspond to (100),(002), and (101) directions of crystallization of 

wurtzite ZnO nanorods, i.e the growth along the directions of a, b, and c axis of 

nanorods hexagonal structure, respectively. These intensities of characteristic 

peaks in XRD spectra for the ZnO nanorods of the different generation are 

summarized in Table 2. In the different spectra, the intensity ratio in the direction 

of axis and c axis (Ia/Ic) and the intensity ratio in the direction of axis and c axis 

(Ib/Ic) are useful. As ZnO nanorods evolve from the 1
st
 generation to the 5

th
 

generation, the values of Ia/Ic and Ib/Ic increase. The value of Ia/Ic increase from 

1.18 to 1.47. and Ib/Ic increases from 1.74 to 2.02. The aspect ratio of nanorods 

also increases with the evolution of ZnO nanorods. 

       This is because the increases in the growth rate on the (100) and (101) 

surfaces of ZnO nanorods are higher than that on the (002) surface. Hence, 
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nanorods become short and wide. This assertion is verified by the SEM image in 

Figure 1(e. 

     Figure (4.4) shows the I-V characteristics of the DSSCs fabricated with ZnO 

nanorods of different generations. The corresponding open-circuit voltage (Voc), 

short-circuit current (Isc), and fill-factor (FF) are tabulated in Table 3. For the 

DSSCs prepared with ZnO nanorods of the 4
th
 generation exhibits much 

improved short-circuit current and fill factor., and hence a much higher 

conversion efficiency. However, it is found that the DSSCs prepared with ZnO 

nanorods of the 5
th
 generation has a lower short-circuit current, open-circuit 

voltage, fill factor, and hence a lower conversion efficiency. Possible 

explanations are given s follows. For the ZnO nanorods of the 1
st
 generations, the 

distribution of nanorods on the ITO glass substrates is not uniform. Lots of voids 

and vacancies are found in the ZnO film so that dyes can not uniformly adsorbed 

in the film. Therefore, the DSSC prepared with the 1
st
 generation ZnO nanorods 

exhibit poor I-V characteristics. The distribution of ZnO nanorods of the 2
nd

 

generation is still non-uniform indicating that there are some voids and vacancies 

in the ZnO film. This can affect the adsorption of dye molecules so that only 

slight improvement in the I-V characteristics of DSSC can be achieved. For the 

DSSCs using ZnO nanorods of the 3
rd

 and 4
th

 generation. Substantial 

improvement in their I-V characteristics is evident. Compared with the DSSC 

prepared with ZnO nanorods of the 1
st
 generation, short-circuit current increases 

by a factor of 7 for the DSSC using ZnO nanorods of the 4
th

 generation, and a 

large increase in the conversion efficiency of DSSC is achieved. From the atomic 

ratio of zinc to oxygen in EDS analysis, the structure of the ZnO nanorods of the 

3
rd

 and 4
th
 generations is considerably better than that of the ZnO nanorods of the 

1
st
 and 2

nd
 generation. Much fewer bonding vacancies are present in the 

nanorods. Therefore, electron is easier to travel in these films and the conversion 

efficiency of DSSC is increased. 
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      The reason for the degeneration in the I-V characteristics as found in the 

DSSC prepared with ZnO nanorods of the 5
th

 generation is presumably caused 

by the larger thickness of ZnO film. The distance which electrons have to travel 

through the ZnO film is increased, thus electron-hole recombination is more 

likely to take place and photocurrent is decreased according. Furthermore, the 

average diameters of ZnO nanorods become larger for the ZnO nanorods of the 

5
th

 generation so that the aspect ratio of nanorods increases and nanorods become 

short and wide. The voids and vacancies lying between nanorods become larger 

and intimated contact between nanorods is unlikely now. This results in an 

increase in the internal resistance of working electrode. FF factor and conversion 

efficiency are decreased drastically and operating characteristics of DSSC are 

severely degraded. 

Table (4.4) Open-circuit voltage (Voc), short-circuit current (Isc), and fill factor 

(FF) for the DSSCs using ZnO nanorods of different generations as the working 

electrode. 

Generation of 

ZnO 

Voc(V) Isc(A) FF(%) 

1
st
  0.44 9.812×10

-5 
53.101 

2
nd

  0.43 1.694×10
-4

 44.287 

3
rd

  0.43 4.477×10
-4

 44.050 

4
th
 0.42 7.074×10

-4
 41.979 

5
th

  0.37 2.348×10
-4

 40.745 
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4.6.4 Conclusions 

In this study, ZnO nanorods of different generations were used as the 

working electrodes for DSSCs. Experimental results reveal that the average 

diameter of ZnO nanorods increases with the evolution of ZnO nanorods.  

As the ZnO nanorods evolve, the shape of ZnO nanorods varies from long, 

slender hexagonal column to short, wide rods after multiple growth processes. 

As the ZnO nanorods evolve into the 4uh1 generation, substantial improvement 

in the open-circuit voltage, short-circuit current, and conversion efficiency of 

DSSC are achieved. As the ZnO nanorods evolve into the 515 generation, the 

average diameter of nanorods increases to lower the specific surface area. 

Less dye molecules are adsorbed which makes the photocurrent decrease. 

Another possible reason is the increase of internal resistance in the ZnO 

nanorods working electrode which can also lower fill factor and conversion 

efficiency[74]. 
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Chapter Five 

Material and Method 

5. 1 Introduction  

ZnO is an attractive compound semiconductor with a wide band gap                 

(           ) and a large excitons binding energy (      ) at room 

temperature. It is one of a few materials that are suitable for fabrication as 

optoelectronic devices in short wave length region [75] attributes to these unique 

properties. Furthermore,    can be used for various applications such as field 

effect transistor [76], solar cells [77] and surface acoustic wave devices [78].  

Various techniques have been used to grow ZnO thin film and nanostructures. 

For examples, Radio Frequency (RF) sputtering [79], Pulsed Laser Deposition 

(PLD) [80] and Metal Organic Chemical Vapour Deposition (MOCVD) [81] 

have been used to deposit ZnO film. On the other hand, Chemical Vapour 

Deposition (CVD) [82] and direct oxidation from Zn metal block [83] have been 

used to grow ZnO NWs. In order to realize the importance of using ZnO 

nanostructures in the above mentioned applications, it is necessary to produce 

ZnO nanostructures with good crystal quality at relatively low synthesis 

temperature.  

While CuO constitute the most diverse class of materials having properties 

covering almost all aspects of material science and physics. Among these 

materials, copper oxide CuO is very promising. It is a p-type semiconductor 

material with a band gap of about      . The growing interest granted to CuO is 

due to many potential applications that it offers in the conversion of solar energy, 

optoelectronics and photo catalytic degradation of organic pollutants. It is also 

used in consumer products such as pillowcases and socks because of its cosmetic 

and antimicrobial properties. 
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In this work, the structural and optical properties of ZnO and CuO films were 

studied. The ZnO/CuO films were deposited using chemical deposition 

techniques. 

Optical properties and processes in ZnO/CuO as well as its refractive index, 

absorbance, Transmittance reflectance, Absorption coefficient (α), Extinction 

coefficient (K) and the optical energy gap (  ) were extensively studied.  

As a consequence, ZnO is recognized as a promising photonic material in the 

blue- UV region. 

Optical transitions in ZnO have been studied by a variety of experimental 

techniques such as optical absorption, transmission, reflection, photo reflection, 

spectroscopic ellipsometry, photoluminescence, cathodoluminescence, 

calorimetric spectroscopy, etc. It is well known that at room temperature the PL 

spectrum from ZnO typically consists of a UV emission band and a broad 

emission band, The UV emission band is dominated by the free exciting (FE) 

emission. 

The broad emission band literally between 420 and 700nm observed nearly in all 

samples regardless of growth conditions is called deep level emission band 

(DLE). 

5.2 Materials and Methods 

5.2.1 Growth of CuO thin films 

 Copper oxide (CuO) thin films were prepared by dissolving 0.2 molar copper 

acetate and monoethanolamine in a 1:1 Molar ratio in 20 ml of 2-

methoxyethanol solvent. Acetic acid was added drop wise to achieve a 

homogeneous solution. The above stock solution was vigorously stirred at 80
O
 C 

for 120 min. The Cu aqueous solution was filtered through a 0.2  m poly- 

tetrafluoroethylene membrane and was aged for 24 h. The colour of the solvent 

became dark green. The precursor solution was uniformly deposited on cleaned 

ITO glass substrates by spin coating technique at a spin speed of 2000 rpm for 
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60 s. The coating process was repeated to attain the desired thickness. The films 

were annealed at 90 
O
 C for 5 min after each layer deposition. 

5.2.2 Growth of ZnO thin films 

 the precursor solution for fabricating zinc oxide thin films were prepared by 

dissolving 0.3 Molar zinc acetate and monoethanolamine (MEA) in a 1:1 Molar 

ratio in 20 ml of 2-methoxyethanol solvent. MEA was added as a stabilizer to 

ameliorate the solubility of the precursors. Acetic acid is then added to achieve a 

homogeneous solution. Above mixture was stirred at 70 
O
C for one hour. After 

stirring, the Zn aqueous solution was aged for 24 h. The colour of the solvent 

then became yellowish orange. The precursor solution was uniformly deposited 

on ITO cleaned glass substrates that coating in it CuO by spin coating technique 

at a spin speed of 2000 rpm for 60 s. The coatings were repeated to achieve the 

desired thickness of 561.56 nm. After each coating the films were baked at 70
O
C 

for 5 min. 

5.2.3 Samples of CuO and ZnO films annealed at various temperatures  

The 8 samples of CuO and ZnO films were finally air annealed at various 

temperatures ranging from (60, 70, 80, 90, 100, 110, 120 and 130) 
O
C for three 

hours. Each layer was characterized by studying structural, electrical and optical 

properties. Glancing angle X-ray diffraction analysis of the films was performed 

with (XRD) system. Surface morphology of the film was studied by (SEM). 

Optical absorbance measurements were performed with UV -Vis 

spectrophotometer 1240 was performed at room-temperature. Electrical 

characterization of the resistive thin films and current voltage characteristics   of 

p-n junction were performed at room temperature using Kiethley 4200-SCS 

semiconductor parameter analyzer equipped with. 

5.3 Theoretical Back ground 

Consider an electron affected by electric field of strength E and friction force of 

coefficient  .Itsequation of motion is given by: 
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As a result the electric dipole moment is given by 

      
            

  (  )     
                                                 (   ) 

Thus the electric field susceptibility is a complex quantity in the form 

      (      )  
             

  (  )     
 

   
    

  (  )     
           

    

  (  )     
                                  (   ) 

This susceptibility is related to the absorption coefficient   according to the 

expression of light intensity. 

  ⌊ ⌋  ⌈   
  (      )     ⌉

 
   

           
                    (   ) 

Where                                                                                                             (    ) 

But the complex wave number satisfies 
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  √     

        

  
    

            (       )                                                                   (   ) 

But 

                     

 (      )                                                   (   ) 

Thus 

{
     (    )    

    
 

             
                                                                                    (    ) 

From equation (5.10) and (5.7) 

      
    

  
                                                                                                    (    ) 

In view of eqn. (5.5) 

  
      

 ⌈(  )    ⌉
                                                                                       (    ) 

If the mass and frequency are large enough such that 

                                                                                                                   (    ) 

  Can be neglected one get 

 

α

 
      

    
                                                                                                                   (    ) 

Considering    behaves like viscosity    which depend on temperature T, it 

follows that  

          
 
                                                                                                (    ) 
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5.4 Results 

5.4.1 CHARACTERIZATION STUDIES 

5.4.1.1 Optical properties 

The figure from (1-6) exhibits the optical properties of CuO/ZnO thin films 

prepared by means of chemical deposition techniques. 

 

 

Figure (5.1) Relationship between absorbance and wavelength of ZnO/CuO p-n 

junction for 8 samples by heated at different temperatures in darkness 
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Figure (5.2) Relationship between transmittance and wavelength of ZnO/CuO p-

n junction for 8 samples heated at different temperatures in the darkness 
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Figure (5.3) relationship between reflectance and wavelength of ZnO/CuO p-n 

junction for 8 samples heated at different temperatures in the darkness 
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Figure (5.4) relationship between Absorbance coefficient (α) and wavelength of 

ZnO/CuO p-n junction for 8 samples heated at different temperatures in 

darkness. 
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Figure (5.5) relationship between Extinction coefficient (K) and wavelength of 

ZnO/CuO p-n junction for 8 samples heated at different temperatures in 

darkness. 
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Figure (5.6) the optical energy gap (  ) of ZnO/CuO p-n junction for 8 samples 

heated at different temperatures in darkness. 
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5.4.1.2 I-V Characteristic 

Table (5.1) The I-V riding of ZnO/CuO p-n junction for 8 samples by heated for 

different temperatures in the darkness (without exposed to direct light) 

Voltage 

( V ) 

I at60
o
C 

( mA ) 

I at 70
o
C 

( mA ) 

Iat80
o
C 

( mA) 

Iat90
o
C 

( mA ) 

I at 

100
o
C 

( mA ) 

I at 

110
o
C 

( mA ) 

I at 

120
o
C 

( mA ) 

I at 

130
o
C 

( mA ) 

-10 -0.01408 -0.01498 -0.01628 -0.01809 -0.02033 -0.02236 -0.02459 -0.02705 

-8.11712 -0.01359 -0.01445 -0.01571 -0.01746 -0.01962 -0.02158 -0.02373 -0.02611 

-6.21522 -0.01255 -0.01336 -0.01452 -0.01613 -0.01812 -0.01994 -0.02193 -0.02412 

-4.31331 -0.01042 -0.01108 -0.01205 -0.01339 -0.01504 -0.01654 -0.0182 -0.02002 

-2.41141 -0.00609 -0.00648 -0.00704 -0.00782 -0.00879 -0.00967 -0.01063 -0.0117 

-0.50951 0.00236 0.00251 0.00273 0.00303 0.0034 0.00374 0.00412 0.00453 

1.39239 0.01766 0.01879 0.02042 0.02269 0.0255 0.02805 0.03085 0.03394 

3.29429 0.04202 0.04471 0.04859 0.05399 0.06067 0.06673 0.07341 0.08075 

5.1962 0.07379 0.0785 0.08533 0.09481 0.10653 0.11718 0.1289 0.14179 

7.0981 0.10598 0.11274 0.12254 0.13616 0.15299 0.16829 0.18512 0.20363 
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Figure (5.7) The I-V curves of ZnO/CuO p-n junction for 8 samples by annealed 

different temperatures in the darkness  
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Table (5.2) The I-V riding of ZnO/CuO p-n junction for 8 samples by annealed 

different 

Voltage 

( V ) 

I at60
o
C 

( mA ) 

I at 70
o
C 

( mA ) 

Iat80
o
C 

( mA) 

Iat90
o
C 

( mA ) 

I at 

100
o
C 

( mA ) 

I at 

110
o
C 

( mA ) 

I at 120
o
C 

( mA ) 

Iat130
o
C 

( mA ) 

-15.000 -1.00916 -1.13389 -1.21924 -1.32526 -1.45633 -1.60196 -1.60196 -1.93837 

-12.027 -0.8421 -0.94618 -1.01739 -1.10586 -1.21523 -1.33676 -1.33676 -1.61748 

-9.0240 -0.65522 -0.7362 -0.79162 -0.86045 -0.94555 -1.04011 -1.04011 -1.25853 

-6.0210 -0.44826 -0.50366 -0.54157 -0.58866 -0.64688 -0.71157 -0.71157 -0.861 

-3.0180 -0.21915 -0.24624 -0.26477 -0.2878 -0.31626 -0.34789 -0.34789 -0.42095 

-0.0150 0.03433 0.03857 0.04148 0.04508 0.04954 0.0545 0.0545 0.06594 

2.9879 0.31463 0.35352 0.38013 0.41318 0.45405 0.49945 0.49945 0.60434 

5.9909 0.6244 0.70157 0.75438 0.81998 0.90107 0.99118 0.99118 1.19933 

8.9939 0.96649 1.08594 1.16768 1.26922 1.39474 1.53422 1.53422 1.8564 

11.997 1.34399 1.5101 1.62376 1.76496 1.93951 2.13347 2.13347 2.58149 
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Fig (5.8) The I-V curves of ZnO/CuO p-n junction for 8 samples by annealed 

different temperatures under particular solar radiation. 
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5.4.1.3 XRD 

 

Fig (5.9) XRD patterns of the as prepared ZnO/CuO synthesized 8 samples at 

different annealed temperatures (60, 70, 80, 90, 100, 110, 120 and 130) 
O
C for 

three hours 
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Table (5.3) some parameters from   XRD patterns of the as prepared ZnO/CuO 

synthesized 8 samples at different annealed temperatures (60, 70, 80, 90, 100, 

110, 120 and 130) 
O
C for three hours 

d (nm)  Intensity    Phase 

ID 

d(nm)  I% h k l   2-Theta 

0.25852  467  ZnO 0.26033 44.0 0     0 2 34.421 

0.24591  589  CuO 0.24595 100.0 1 1 1 36.502 
0.16167 164 CuO 0.16179 0.6 0 2 1 56.862 
0.13752 122 CuO 0.13752 8.6 1 1 3 68.131 

 

An XRD pattern analysis of ZnO/CuO samples revealed phase purity and 

excellent crystallinity of ZnO. The phase separation between ZnO and CuO is 

visible, confirming the existence of both ZnO and CuO phases. All peaks are in 

good agreement with standard data Fig (5.9). More detailed analysis indicated 

the presence of a ZnO/CuO phase in table (5.3). In the XRD region from 30
O
 to 

70
O
, observed slightly amorphous background, probably related to the glass 

substrate of the sample. XRD analysis was used to obtain the phase and 

crystalline properties of the sample. Figure (5.9) shows the XRD patterns of the 

as collected samples of ZnO/CuO. The upper patterns correspond to the 

ZnO/CuO synthesized 8 samples at different annealed temperatures (60, 70, 80, 

90, 100, 110, 120 and 130) 
O
C for three hours. Apart from the most intense line 

obtained at 2  = 34.421
O
 corresponding to (002) plane of ZnO other lines 

appeared at 2  = 36.502
O
, 56.862

O
 and 68.131

O
 corresponding to the (h k l) 

planes of (111), (0 2 1) and (1 1 3), respectively planes of pure monoclinic 

structure of CuO. These were seen to closely resemble the data for spinel cubic 

structure confirming the formation of crystalline phase of ZnO/CuO. The 

absence of any additional lines, in any of the XRD patterns, confirms the purity 

of the ZnO/CuO phase in all the samples. The average crystallite size (t) of the 
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particles, in each case, was determined from the widths of the XRD lines using 

the Scherrer formula given by  

   
    

     
                                                                                                     (5.15) 

Where ( ) is the wavelength of X-rays, ( ) the Bragg angle and (β) the full width 

of the diffraction line at half of the maximum intensity. The average crystallite 

size was estimated to be around (1.51  m, 1.22  m, 561.4 nm, 223.3 nm, 170.5 

nm, 133.2 nm, 109 nm and 96.2 nm) among the different synthesized samples (at 

different annealed temperatures (60, 70, 80, 90, 100, 110, 120 and 130) 
O
C for 

three hours). This measurement points out towards the important information 

that the variation in the crystallite size is not very significant even though the 

reactor parameters are varied substantially. It may be, therefore, inferred that the 

crystallite size is less affected by the operating pressure and temperatures 

currents during the synthesis in a different annealed temperatures.  

5.4.1.4 Scanning Electron Microscopy (SEM) 

The morphology and particle sizes of the as-prepared sample were determined by 

SEM ((SEM, Tuscan Vega LMU).. The SEM images of ZnO+ CuO sample films 

were annealed at 60
O
C temperatures are shown in Fig (3). These indicate that 

sphere-like ZnO+ CuO sample films were annealed at 60
O
C temperatures  

nanostructures obtained by this method are uniform in both morphology and 

particle size, but have agglomeration to some extent. The average size was 

calculated to be 1.5 m from the measurements on the SEM micrographs. 

Corresponding histograms, showing the particle size distribution, are also 

presented in fig (2). The mean particle size 1.5  m estimated from SEM is in 

close agreement with the average crystallite size 1.514  m as calculated from 

histograms line broadening. The microstructure and chemical composition of the 
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film surface were analyzed using a scanning electron microscope (SEM, Tuscan 

Vega LMU). Their sizes are found to range from 1.5 to 1.514  m 

 

 

 

 

 

 

 

Figure (5.10) SEM images of the ZnO+ CuO sample films were annealed at 

60
O
C temperatures 

 

 

 

 

 

 

 

 

Figure (5.11) Particle diameter distribution of ZnO+ CuO sample films were 

annealed at 60
O
C temperatures 
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Fig (5.12) SEM images of the ZnO+ CuO sample films were annealed at 70
O
C         

temperatures 

 

 

 

 

 

 

 

 

Figure Figure (5.13) Particle diameter distribution of ZnO+ CuO sample films 

were annealed at 70
O
C temperature 
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Figure (514) SEM images of the ZnO+ CuO sample films were annealed at 80
O
C 

temperatures 

 

 

 

 

 

 

 

 

Figure (5.15) Particle diameter distribution of ZnO+ CuO sample films were 

annealed at 80
O
C temperatures 
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Figure (5.16) SEM images of the ZnO+ CuO sample films were annealed at 

90
O
C temperatures 

 

 

 

 

 

 

 

Figure (5.17) Particle diameter distribution of ZnO+ CuO sample films were 

annealed at 90
O
C temperatures 
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Figure (5.18) SEM images of the ZnO+ CuO sample films were annealed at 

100
O
C temperatures 

 

 

 

 

 

 

 

Figure (5.19) Particle diameter distribution of ZnO+ CuO sample films were 

annealed at 100
O
C temperatures 
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Figure (5.20) SEM images of the ZnO+ CuO sample films were annealed at 

110
O
C temperatures 

 

 

 

 

 

 

 

Figure (5.21) Particle diameter distribution of ZnO+ CuO sample films were 

annealed at 110
O
C temperatures 
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Figure (5.22) SEM images of the ZnO+ CuO sample films were annealed at 

120
O
C temperatures 

 

 

 

 

 

 

 

Fig (5.23) Particle diameter distribution of ZnO+ CuO sample films were 

annealed at 120
O
C Temperatures 
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Figure (5.24) SEM images of the images of the ZnO+ CuO sample films were 

annealed at 130
O
C temperatures 

 

 

 

 

 

 

Figure (5.25) Particle diameter distribution of ZnO+ CuO sample films were 

annealed at 130
O
C temperatures 

0.0 23.3 46.6 69.9 93.2 116.5 139.8 163.1 186.4 209.7

0

50

100

150

200

250

300

350

400

450

H
is

to
gr

am

  Particales Daimeeter ( nm )

 ZnO+CuO at 130
O

0 100 200
0

100

200

 

 

124.5

107.5

D = 94 nm

0
1
0
0
0
0

2
0
0
0
0

3
0
0
0
0

4
0
0
0
0

5
0
0
0
0

6
0
0
0
0

 

 P
ixe

l =
 1

0
10000
20000
30000
40000
50000
60000  Pixel = 1



110 
 

 The morphology and particle sizes of the as-prepared sample were 

determined by SEM. The SEM images of ZnO+ CuO sample films were 

annealed at 60
O
C temperatures are shown in Figure (5.10). These indicate 

that sphere-like ZnO+ CuO sample films were annealed at 60
O
C 

temperatures  nanostructures obtained by this method are uniform in both 

morphology and particle size, but have agglomeration to some extent. The 

average size was calculated to be 1.5 m from the measurements on the 

SEM micrographs. Corresponding histograms, showing the particle size 

distribution, are also presented in figure (5.11). The mean particle size 1.5 

 m estimated from SEM is in close agreement with the average crystallite 

size 1.514  m as calculated from histograms line broadening. The 

microstructure and chemical composition of the film surface were 

analyzed using a scanning electron microscope (SEM, Tuscan Vega 

LMU). Their sizes are found to range from 1.5 to 1.514  m. 

 The morphology and particle sizes of the as-prepared sample were 

determined by SEM. The SEM images of ZnO+ CuO sample films were 

annealed at 70
O
C temperatures are shown in Figure (5.12). These indicate 

that sphere-like ZnO+ CuO sample films were annealed at 70
O
C 

temperatures  nanostructures obtained by this method are uniform in both 

morphology and particle size, but have agglomeration to some extent. The 

average size was calculated to be 1.2 m from the measurements on the 

SEM micrographs. Corresponding histograms, showing the particle size 

distribution, are also presented in figure (5.13). The mean particle size 1.2 

 m estimated from SEM is in close agreement with the average crystallite 

size 1.216  m as calculated from histograms line broadening. The 

microstructure and chemical composition of the film surface were 

analyzed using a scanning electron microscope (SEM, Tuscan Vega 

LMU). Their sizes are found to range from 1.2 to 1.216  m. 
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 The morphology and particle sizes of the as-prepared sample were 

determined by SEM. The SEM images of ZnO+ CuO sample films were 

annealed at 80
O
C temperatures are shown in Figure (5.14). These indicate 

that sphere-like ZnO+ CuO sample films were annealed at 80
O
C 

temperatures  nanostructures obtained by this method are uniform in both 

morphology and particle size, but have agglomeration to some extent. The 

average size was calculated to be 561 nm from the measurements on the 

SEM micrographs. Corresponding histograms, showing the particle size 

distribution, are also presented in figure (5.15). The mean particle size 561 

nm estimated from SEM is in close agreement with the average crystallite 

size 561.56 nm as calculated from histograms line broadening. The 

microstructure and chemical composition of the film surface were 

analyzed using a scanning electron microscope (SEM, Tuscan Vega 

LMU). Their sizes are found to range from 561 to 561.56 nm. 

 The morphology and particle sizes of the as-prepared sample were 

determined by SEM. The SEM images of ZnO+ CuO sample films were 

annealed at 90
O
C temperatures are shown in Figure (5.16). These indicate 

that sphere-like ZnO+ CuO sample films were annealed at 90
O
C 

temperatures  nanostructures obtained by this method are uniform in both 

morphology and particle size, but have agglomeration to some extent. The 

average size was calculated to be 222 nm from the measurements on the 

SEM micrographs. Corresponding histograms, showing the particle size 

distribution, are also presented in figure (5.17). The mean particle size 222 

nm estimated from SEM is in close agreement with the average crystallite 

size 223.23 nm as calculated from histograms line broadening. The 

microstructure and chemical composition of the film surface were 

analyzed using a scanning electron microscope (SEM, Tuscan Vega 

LMU). Their sizes are found to range from 222 to 223.23 nm. 
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 The morphology and particle sizes of the as-prepared sample were 

determined by SEM. The SEM images of ZnO+ CuO sample films were 

annealed at 100
O
C temperatures are shown in Figure (5.18). These 

indicate that sphere-like ZnO+ CuO sample films were annealed at 100
O
C 

temperatures  nanostructures obtained by this method are uniform in both 

morphology and particle size, but have agglomeration to some extent. The 

average size was calculated to be 169 nm from the measurements on the 

SEM micrographs. Corresponding histograms, showing the particle size 

distribution, are also presented in figure (5.19). The mean particle size 169 

nm estimated from SEM is in close agreement with the average crystallite 

size 170.44 nm as calculated from histograms line broadening. The 

microstructure and chemical composition of the film surface were 

analyzed using a scanning electron microscope (SEM, Tuscan Vega 

LMU). Their sizes are found to range from 169 to 170.44 nm. 

 The morphology and particle sizes of the as-prepared sample were 

determined by SEM. The SEM images of ZnO+ CuO sample films were 

annealed at 110
O
C temperatures are shown in Figure (5.20). These 

indicate that sphere-like ZnO+ CuO sample films were annealed at 110
O
C 

temperatures  nanostructures obtained by this method are uniform in both 

morphology and particle size, but have agglomeration to some extent. The 

average size was calculated to be 134 nm from the measurements on the 

SEM micrographs. Corresponding histograms, showing the particle size 

distribution, are also presented in figure (5.21). The mean particle size 134 

nm estimated from SEM is in close agreement with the average crystallite 

size 130.4 nm as calculated from histograms line broadening. The 

microstructure and chemical composition of the film surface were 

analyzed using a scanning electron microscope (SEM, Tuscan Vega 

LMU). Their sizes are found to range from 130.4 to 134 nm. 
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 The morphology and particle sizes of the as-prepared sample were 

determined by SEM. The SEM images of ZnO+ CuO sample films were 

annealed at 120
O
C temperatures are shown in Figure (5.22). These 

indicate that sphere-like ZnO+ CuO sample films were annealed at 120
O
C 

temperatures  nanostructures obtained by this method are uniform in both 

morphology and particle size, but have agglomeration to some extent. The 

average size was calculated to be 124 nm from the measurements on the 

SEM micrographs. Corresponding histograms, showing the particle size 

distribution, are also presented in figure (5.23). The mean particle size 124 

nm estimated from SEM is in close agreement with the average crystallite 

size 109 nm as calculated from histograms line broadening. The 

microstructure and chemical composition of the film surface were 

analyzed using a scanning electron microscope (SEM, Tuscan Vega 

LMU). Their sizes are found to range from 109 to 124 nm. 

 The morphology and particle sizes of the as-prepared sample were 

determined by SEM. The SEM images of ZnO+ CuO sample films were 

annealed at 130
O
C temperatures are shown in Figure (5.24). These 

indicate that sphere-like ZnO+ CuO sample films were annealed at 130
O
C 

temperatures  nanostructures obtained by this method are uniform in both 

morphology and particle size, but have agglomeration to some extent. The 

average size was calculated to be 92 nm from the measurements on the 

SEM micrographs. Corresponding histograms, showing the particle size 

distribution, are also presented in figure (5.25). The mean particle size 92 

nm estimated from SEM is in close agreement with the average crystallite 

size 94.69 nm as calculated from histograms line broadening. The 

microstructure and chemical composition of the film surface were 

analyzed using a scanning electron microscope (SEM, Tuscan Vega 

LMU). Their sizes are found to range from 92 to 94.69 nm. 
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5.5 Discussion 

In this work the ZnO/CuO junction V-I characteristics was studied in two cases 

firstly exposed to light directly secondly when it was no light (in darkness). 

When no light is exposed (in darkness), it was observed that upon increasing the 

temperature from 600 to 130 in steps of 10 
0
C, the current increases with 

temperature when the voltage is fixed. This may be attributed to the fact that the 

increase of temperature gives more electrons to gain thermal energy to move 

from the valance band to conduction band thus increases the current. It is also 

interesting to note that the current is nearly vanishes at a negative voltage equal 

to about – 1.8 volt. This reflects the existance of reverse bias voltage and energy 

gap of order 1.8 eV. The existance of negative reverse current is clearly 

conforms to relation: 

    ( 
β   )                                               

With V and    standing for operating voltage and photon generates current. For 

reverse bias the voltage is negative, thus the photon generates current 

dominance, thus        this current is assumed to be generated by invisible 

infra red photons in darkness. These infra red photons generated by human 

surrounding bodies and the building that exists near the ZnO/CuO diodes. These 

photon generate currents are less than that generated in light as we will see later 

The V-I characteristics in figure (2) of ZnO/CuO unction in light shows again 

increase in current when temperature increases. This result again confirm the fact 

that, temperature increase, increases thermal energy, which in turn increases the 

number of electrons that absorb this energy and transfer to the conduction band. 

This causes electric current to increase. It is also very interesting to note that the 
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energy gap   , which correspond to zero current, increases with temperature, 

which agrees with theoretical relations, when 

     
 

  

                    
  

 
                    

Where the energy gap    is equal to the voltage that corresponding to zero 

current. 

The effect of light can be observed clearly when comparing the values of reverse 

current at a certain voltage say (2.2 volt), where I in darks is 0.01 mA, and light 

is about 0.7 mA. This is relates to the fact that reverse current I   . Thus in light 

current generated by visible photons is considerately large than that generated in 

dark by only free infra red photons.  

Figure (5.3) shows that the absorption coefficient   increases upon increasing 

temperature. This may be attributed to the fact that,, the thermal motion increases 

with temperature. This increase in thermal motion and vibrating frequency 

increases collision probability which in turn increases collision of molecules 

with proton thus decreasing intensity by Compton scattering or by direct proton 

absorption this agrees with the theoretical relation which shows that    
 

 . 

In view of figure (4) it is very interesting to note that the absorption has 

maximum value near the wave length near 540nm. This indicates the existance 

of energy gab, which agrees with the previous studies concerning ZnO/CuO pn 

unction the value of wave length at which the absorption is maximum is also 

with the range predicted by other studies [20].  

According to figure (5), the energy gab decreases upon increasing temperature. 

This conforms to the increase of absorption coefficient because decrease of 
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energy gab gives chances to more protons to be absorbed by electrons to bridge 

the gap, where photons of small frequency are absorbed. 

5.6 Conclusion 

The temperature affects the performance of ZnO/CuO pn junction. This is since 

temperature increase decreases the energy gab and increases the absorption 

coefficient. 

The ZnO/CuO diode energy gap and V-I characteristics are sensitive to 

temperature as well as light. This sensitivity can be theoretically explained. Also 

it was found that for different temperature (60 to 130) the average Particle 

diameter varied from 1.5 micrometer to 92 nm which indicates that the particle 

size decreases with raising annealing temperature 
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