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Abstract 

 

Pure and  Cu doped  ZnO nanoparticles, with different doping ratio (0, 2, 4, 6 

and 8) at%, were prepared by hydro thermal method at 90 ᵒC from zinc nitrate 

Zn(NO3)H2O and sodium hydroxide NaOH as precursors, and with substitution 

additive of CuO as a dopant at the selected ratio. 

The effect of Cu doping ratio on structural and optical properties for 

synthesized nanoparticles were studied by X-ray diffraction, UV-visible absorbance 

and Fourier transform infrared spectroscopy to find the optimum conditions for use 

the produced nanoparticles with iodine dye in solar cell application 

X-ray diffraction measurements show polycrystalline structure for all samples 

identical with ZnO standard peaks. The crystallinety decrease with increasing doping 

ratio. 

The non-uniform strain (ε), calculated by Williamson-Hall plot shows that the 

ε increase with increasing Cu ratio specially at 8%. The maximum value for 

crystalline size at 2% Cu then decreases with increasing doping ratio. 

Optical properties showed that the transmittance increases with increasing 

doping ratio to 8% reaching values higher than 90% in the visible region. The energy 

gap was direct transition, and increasing of Cu content from 0 to 2% leads to decrease 

the optical band gap from 3.20 to 3.14 eV and then increase to 3.26 eV at 8% Cu due 

to decreasing the nanosize. 

FTIR patterns show small peaks located in the range from 420 to 620 cm-1 

corresponding to Zn-O vibrations, indicate on ZnO formation.  

The I-V characteristics for DSSC under illumination , for samples based on Cu 

doped ZnO NPs with different ratio, show that the efficiency increase with increasing  

the Cu dopant ratio reach to 0.0439 at 8% Cu content. 
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 الخلاصة

 

  و  2 و 0) مختلفة وبنسب ذرية والمشوبة بالنحاس النقية النانوية اوكسيد الخارصين  جسيمات  تحضير تم

٪  8  و  6  و   4  وهيدروكسيد   O2(ZnNO3) H   الزنك  نترات   من  ᵒC  90عند    المائية  الحرارية  بالطريقة( 

 . المحددة النسب وب CuO تعويضية من اضافة مع كمواد اولية،  NaOH الصوديوم

بالنحاس  نسبة  تأثير  دراسة  تم   النانوية   للجسيمات   والبصرية  الهيكلية  الخصائص   على  التشويب 

 للتحليل   فورييه  وتحويل  المرئية  البنفسجية  فوق  الأشعة  وامتصاص   السينية  الأشعة  حيود   بواسطة  المحضرة،

  في   اليود   صبغةمع    المنتجة  النانو  جزيئات   لاستخدام  المثلى  الظروف  على  للعثور  الحمراء  تحت   للأشعة  الطيفي

 الشمسية  الخلايا تطبيقات 

قياسات  التبلور   السينية  الأشعة  حيود   أظهرت  متعدد   القياسية   قمم  مع  متطابقة  العينات   لجميع  تركيب 

 . التشويب  نسبة  زيادة مع درجة التبلور  و انخفاض . الزنك لأوكسيد 

 ε  زيادة  على  يدل  هول-ويليامسون  باستخدام معادلة  و المحسوب   ،(ε)  الاجهاد الغير منتظم في الشبيكة

قيمة ٪.  8  في  خاصة  النحاس  نسبة  زيادة  مع اكبر  كانت   مع   تنخفض   ثم٪  2  النحاس  عند   البلوري  للحجم  بينما 

 .التشويب  نسبة زيادة

  من   أعلى  قيم  إلى  تصل٪  8  إلى  التشويب   نسبة  زيادة  مع  تزداد   النفاذية  أن  البصرية  الخصائص   أظهرت 

  يؤدي ٪  2  إلى  0  من  النحاس  محتوى  وزيادة  مباشر،  انتقال  الطاقة ذات   فجوة   وكانت .  المرئية  المنطقة   في٪  90

 بسبب   النحاس٪  8  عند   فولت  3.26  إلى  زيادة  ثم  ومن  فولت   3.14  إلى  3.20 من  الطاقة البصرية  فجوة  تقليل  إلى

 . الحجم النانوي انخفاض 

و    ،O-Zn  للاهتزازات   المقابلـــة  1-  سم  620-420  نطاق  في  تقع  صغيرة  قمم    FTIRبينت منحنيات  

 .الزنك أكسيد  تشكيل التي تدل على

  ZnOعينات    المحضرة باستخدام  للعينات   الإضاءة،  تحت   DSSCلخلايا الصبغة    I-V  بينت خصائص 

بالنحاس  في  0.0439%   إلى  تصل  التشويب   نسبة  زيادة  مع  الكفاءة  زيادة  على  يدل  مختلفة،  نسبة  مع  المشوب 

 ٪ 8  النحاس محتوى
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1-1 Introduction 

Zinc oxide is a very promising material in many applications because it 

possesses a wide range of useful properties. It is widely used as an 

additive to many products including plastics, ceramics, glass, cement, 

rubber, coatings, ointments, food, etc. Due its high transparency, 

recently ZnO has drown significant attention in the field of Dye 

Sensitized Solar Cell fabrication. Where, many researchers suggested 

that the ZnO is very promising when used as electrode.   

ZnO is inherently n-type semiconductor ,howevere, p-type ZnO is 

rather difficult to be achieved . therefore, major efforts have been 

focused to overcame this problem . many dopant has been suggested to 

modulate the conductivity type in ZnO. One of these is the copper 

where the previous work showed that the cu – doped ZnO emits  green 

light with very high intensity compared to the other regions in the 

visible spectrum these results motivate us to fabricate DSSC based CU- 

Doped ZnO. 

The use of ZnO in DSSC is promising due to the electronic properties 

of this oxide. Electron mobility and diffusion coefficient in ZnO is 

much higher than that in TiO2. These properties are profitable for 

DSSCs application because they support fast charge transport and 

electron recombination reduction. Moreover, the crystallization and 

anisotropic growth of ZnO crystal is relatively easy and allows the 

preparation of structures with various structural shapes  

1-5 Aim of the Work 
 

Synthesis pure and Cu doped ZnO nanoparticles with different doping 

ratio and characterized their structural and optical properties to use these 
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nanoparticles, with iodine, to fabricate dye-sensitized solar cell with good 

parameters.  

1-3Thesis structure 

 This work consist of five chapters, the first chapter covers the general 

introduction and guide for the research. The second chapter presents the basic 

concepts of ZnO properties and the basic concepts of DSSC. The materials 

synthesis methods is introduced in the third chapter. Also the principles of the 

characterization techniques is covered briefly. The results and the discussion 

are presented in chapter four. Finally, the important achievements were 

summarized in the conclusion part  
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2-1 Introduction 

The high attention for renewable energy sources and the increases in 

the cost of oil have compelled many countries to search for low cost energy 

sources and technologies, such as solar cells [1]. 

A dye-sensitized solar cell (DSSC) is a low-cost solar cell belonging to 

the group of thin film solar cells [2]. It is based on a semiconductor formed 

between a photo-sensitized anode and an electrolyte. It was originally 

invented in 1988 by Brian O'Regan and Michael Grätzel at UC Berkeley, and 

this work was later developed by them until the publication of the first high 

efficiency DSSC in 1991 [3].  

Dye sensitized solar cell (DSSC) is the only solar cell that can offer 

both the flexibility and transparency. Its efficiency is comparable to 

amorphous silicon solar cells but with a much lower cost [4]. It is simple to 

make using printing techniques [5].  

Although its conversion efficiency is less than the best thin-film cells, 

in theory its price/performance ratio should be good enough to allow them to 

compete with fossil fuel electrical generation [6].  

In a traditional solid-state semiconductor, a solar cell is made from two 

doped crystals, one doped with n-type impurities, and the other doped with p-

type impurities. When placed in contact, some of the electrons in the n-type 

portion flow into the p-type to fill in the holes, and align the Fermi levels of 

the two materials, cause depleted region. This transfer of electrons produces a 

potential barrier [1]. 

Photons of the sunlight can excite electrons on the p-type side by 

provide enough energy to push an electron out of the lower-energy valence 
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band into the higher-energy conduction band. Electrons in the conduction 

band are free to move out of the p-type side into the n-type side, and flow 

throw the load and then flow back into the p-type material where they 

recombine with the valence-band holes [7] 

Illuminated organic dyes can generate electricity at oxide electrodes in 

electrochemical cells [8]. The main challenge in dye solar cell its instability 

and its efficiency.  The efficiency improved by optimizing the porosity of the 

electrode prepared from nanoparticles oxide powder. A modern DSSC is 

composed of a porous layer of metal oxide nanoparticles, covered with a 

molecular dye that absorbs sunlight. The metal oxide is immersed under an 

electrolyte solution, above which is a platinum-based catalyst [9]. 

Sunlight passes through the transparent electrode top contact into the 

dye layer on the surface of the ZnO with enough energy, from which an 

electron can be injected directly into the conduction band of the ZnO. The 

electrons flow toward the transparent electrode where they are collected for 

powering a load. After flowing through the external circuit, they are re-

introduced into the cell on a metal electrode on the back, flowing into the 

electrolyte. The electrolyte then transports the electrons back to the dye 

molecules. 

1-4 Literature survey 

M. Mukhtar et al.,(2012) [10] have synthesized nanocrystalline Cu-

doped ZnO particles by co- precipitation method. The composition, structural, 

optical and magnetic characterizations were performed by EDX, XRD and 

UV-Visible spectrometer. The results confirmed that nanocrystalline Cu-

doped ZnO particles have a hexagonal wurtzite structure with a high degree of 

crystallization and a crystallite size of 10 - 16 nm. For Cu above 11 at%, the 
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X-Ray diffraction pattern possessed CuO secondary phase which shows the 

solubility limit of Cu in the ZnO lattice. 

C. Bhakat et al.,(2012) [11] have synthesized hexagonal shape zinc 

oxide nanorods by thermal decomposition process by wet chemical method, 

using zinc chloride (ZnCl2) as precursor with sodium hydroxide (NaOH) in 

1:2 molar ratios by the. The sample was characterized by UV-Vis 

spectrophotometer, XRD and SEM. Further its application in solar cell. The 

results indicate that the as-prepared ZnO Nano-rods are uniform with 

diameters of 100–200 nm and lengths of about 1μm. 

C. Justin et al.,(2013) [12] have synthesized Mg doped ZnO like root 

for used in photo anode with high electron transport and improved light 

efficiency of dye-sensitized solar cells (DSSC). DSSC based on a 5 mol % 

Mg-doped ZnO electrode of low thickness ∼4 μm, gained an improved short-

circuit current density of 9.98 mAcm−2, open-circuit photo voltage of 0.71 V, 

fill factor of 0.58, and overall conversion efficiency of 4.11% under 1 sun 

illumination. 

C. Hsu et al.,(2014) [13] have studied the characteristics of dye-

sensitized solar cells (DSSCs) with graphene/ZnO nanoparticle bilayer 

structure. The enhancement of the performance of DSSCs achieved using 

graphene/ZnO nanoparticle films is attributable to the introduction of an 

electron-extraction layer and absorption of light in the visible range and 

especially in the range 300–420 nm. DSSC that was fabricated with 

graphene/ZnO nanoparticle film composite photoanodes exhibited a 𝑉oc of 

0.5V, a 𝐽sc of 17.5 mA/cm2, an FF of 0.456, and a calculated 𝜂 of 3.98%. 

J. Tamil et al.,(2014) [14]have synthesized Zinc oxide nanoparticles by 

wet chemical method using Zinc acetate dihydrate and potassium hydroxide 
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as a precursor materials. Ethanol was used as a solvent at room. The sample 

were characterized by field emission scanning electron microscopy (FE-

SEM), transmission electron microscopy (TEM), X-ray diffraction (XRD), 

ultraviolet visible spectroscopy (UV-Vis) and photoluminescence 

spectroscopy (PL). The TEM images showed that the average size of the 

nanoparticles was calculated to be ~33nm. Photoluminescence (PL) studies 

show bright luminescence with peak maximum at 540nm and 563nm. The 

optical transmission spectrum of colloidal nanoparticles of ZnO shows sharp 

absorption at 4.2eV which is blue shifted as compared to bulk ZnO (3.36eV). 

M. Jyoti et al.,(2015) [15] have synthesized zinc oxide nanostructures, 

for Biomedical application, by using zinc chloride and sodium hydroxide as 

the precursors at different temperatures. The ZnO nanostructures obtained 

were characterized by XRD, SEM and EDX. The ZnO powders have 

hexagonal wurtzite structure and nanometric-sized crystallites. The size of the 

particle increases as the reaction temperature is increased.  

D. Ahmed et al.,(2015) [16]  have prepared zinc oxide nanoparticles via 

hydrothermal growth using zinc acetate dihydrate and sodium hydroxide. 

Crystal structure and morphological features of the obtained ZnO 

nanoparticles were characterized by XRD and SEM. The results obtained 

show that this hydrothermal synthetic method can produce good quality ZnO 

nanoparticles. 

N. Salahuddin et al.,(2015) [17] studied the effects of annealing 

temperatures on zinc oxide nanoparticle size synthesized via precipitation 

method. The structure and composition of the precursor and prepared ZnO 

NPs were studied using XRD, UV-visible spectroscopy, SEM, TEM and 

FTIR. The XRD results revealed that the ZnO NPs are highly crystalline, 



Chapter two Theoretical Part 

  

10 

 

having the hexagonal wurtzite crystal structure. The SEM images showed that 

ZnO nanoparticles prepared in this study were spherical in shape. The results 

of the UV-Vis studies showed that the optical properties of the ZnO NPs 

depended on the annealing temperature. The size of ZnO NPs increased with 

an increase in annealing temperature. 

R. Sadraei (2016) [18] have synthesized ZnO nanoparticles by simple 

method of precipitation sounds using ZnSO4 and NH4OH as precursors. The 

synthesized ZnO NPs were characterized by XRD, SEM and EDX. According 

William-Hal method, the mean size of particles was achieved equal to 30 nm. 

SEM analysis revealed that the morphology of ZnO nanoparticles to be flake 

like shapes with the mean particle size of 30 nm. Finally, the analysis of the 

synthesized nano sample by using EDX has indicated that the purity of ZnO 

was quite high. 

2-2 Some of ZnO Chemical and physical properties  

Zinc (ZnO) is white solid powder. It is one of (II-VI) semiconductor 

compounds, do not dissolve in water,  81.38 g /mole molecular weight and 

5.607 gm/cm3 density ]19[ sublimate by heating without dissociation  [20]. 

The zinc blend and the Wurtzite Structure are formed. The crystalline network 

of zinc oxide (ZnO) consists of oxygen and zinc atoms with tetrahedral (for 

zinc blend) or hexagonal structure (Wurtzite), the second structure is more 

stable which shown in Fig. (2-1) with crystal dimensions a = 3.2490 Ǻ c = 

5.2070 Ǻ [21] . Table (2.1) shows some physical properties of zinc oxide with 

crystalline formation 



Chapter two Theoretical Part 

  

11 

 

  

Fig. 2-1: Crystalline structure of zinc oxides (Wurtzite and zincblend) [22 ]  

Table (2-1) Characteristics of ZnO Zinc Oxide [23] (Wurtzite) 

Value Property  

a=3.2495 Ǻ ; c=5.2069 Ǻ 

5.6073gm/cm  

C◦1975 

100 mW/cm K at 27˚C 

8.656 

2.008 

3.4 eV(direct) 
3-cm20 < n<103-cm6 10 

60 meV 

0.24 

/Vs2200 cm 

 

Lattice parameters at 27˚C 

Density 

Melting point 

Thermal Conductivity 

Static dielectric constant 

Refractive index 

Energy gap 

Intrinsic carrier Concentration 

Exciton binding energy 

Electron effective mass 

Electron Hall mobility at 27˚C 

 

 

2-3 Some applications of zinc oxide 

Zinc oxide is a very promising material in many applications because it 

possesses a wide range of useful properties. It is widely used as an additive to 

many products including plastics, ceramics, glass, cement, rubber, coatings, 

ointments, food, etc. . 
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ZnO has a wide power gap of up to 3.2-3.3VV electron-volt at room 

temperature [19]  and high transparency in the visible area, which can be used 

in some photovoltaic applications such as light emitting diodes, laser diodes, 

optical sensors and solar cell. It is an alternative to ITO as a transparent 

conductive oxide. Zinc oxide also has significant piezoelectric  properties that 

make it suitable for acoustic wave devices [24]  . Zinc oxide has recently been 

used in ultraviolet lamps [25] . In addition, zinc oxide is a vital safety that 

attracts to use it for chemical sensing, especially in medical applications [26 ]  

and as antimicrobial agents [27] . Moreover, doping with many transitional 

metals can alter its properties. 

Zinc oxide can be formed to be nanoparticles and in various forms such 

as nano-rods, nanowires, nano-belts and nano-tetrapods which depend on the 

method of preparation   ]28[thus enabling it to be used in many applications in 

many industrial, military and medical fields ]29[. 

 ZnO nano particles can be obtained with a variety of particle 

structures, which its use in a wide range of applications. Therefore the 

development of a method of synthesizing crystalline zinc oxide has become 

more interested in many researches [30].  

Technology for using nanoparticles of oxide materials are currently 

among the most developing scientific and technologies. The use of 

nanoparticles of oxide materials can used in ceramics, optical filters and 

ultraviolet radiation, and catalysts. These materials are also useful in 

biomedical researches [31]. 

Metal oxide nanoparticles, combined with other materials, provide 

possibilities for obtaining improved chemical, mechanical, optical or 

electrical properties.  
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Fig. (2-2) shows the schematic representation of the main application 

fields for zinc oxide. 

 

 

Fig. 2-2  :Schematic representation for  ZnO application [30]. 

 
 

The use of ZnO in DSSC is promising due to the electronic properties 

of this oxide. Electron mobility and diffusion coefficient in ZnO is much 

higher than that in TiO2. These properties are profitable for DSSCs 

application because they support fast charge transport and electron 

recombination reduction. Moreover, the crystallization and anisotropic growth 

of ZnO crystal is relatively easy and allows the preparation of structures with 

various structural shapes [32]. 

2-4 Nanotechnology  

Nanotechnology, is the development of materials or species with low 

scales between 1 to 100 nm and study the materials properties at the nano-

scale and their structures using special devices and systems.  It has been used 
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in many important scientific fields such as in electronic devices, biology and 

medicine. This technology, which is at the scale of the building blocks of the 

cell, permit to smaller and more efficient devices [33]. There are two distinct 

approaches to the fabrication of nanostructures: the top-down approach and 

the bottom-up approach [34]. 

2-4-1 Preparation of Nanoparticles 

Nanoparticles generation divided into four general methods:  

• Wet chemical synthesis route include: sol–gel process, hydrothermal 

techniques and precipitation methods.  

• Mechanical preparation techniques include grinding, ball milling and 

mechanical alloying techniques.  

• Form-in-place methods include lithography, vacuum deposition techniques 

like CVD, PVD and spray coatings.  

• Gas phase synthesis includes flame pyrolysis, electro-explosion, laser 

ablation, high temperature evaporation and plasma synthesis. 

 Wet chemical synthesis has been widely used in different theses due to its 

simplicity, low cost, large scale production at low temperature growth.  In order to 

get the product of oxides, this method involves precipitation of hydroxides, 

chlorides, sulfates, carbonates and oxalates by the addition of base solution to the 

raw material followed by calcination [35].  

In this experimental work, chemical precipitation method was adopted to 

synthesize Zinc Oxide and Copper doped Zinc Oxide. 

2-5 Structural properties 

The knowledge of Structural properties is very impotant to understand 

its crystallinety and phases, which effect on other physical properties. 

William Lawrence Bragg in 1913  show that the incident X-rays at 

certain specific wavelengths and incident angles on crystalline solids are 
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produced patterns with intense peaks of reflected radiation depend on inter-

atomic distances, i.e. it is a good probe for this length scale. According to 

deviation angle (2θ), the phase shift causes constructive interferences if the 

phase shift is a multiple of 2π (path difference equal to multiple of 

wavelength as shown in Fig. 2-3) this condition can be expressed by Bragg's 

law [36] 

m λ = 2 dhkl sin Ө                     ................................………………………(2-1) 

where λ, Ө and m represent  X-ray wavelength  (λ =1.5406 Å for Cu target), 

diffraction angle and diffraction order respectively.   

 
Fig. 2-3: Reflection of X-ray beam from a set of atomic planes separated by d [36]. 

The average nanocrystalline size was calculated using Debye-Scherrer’s 

formula[37]: 

𝐷 =
Kλ

βhklCosθ
                                                                   …………………..(2-2) 

where D = crystalline size, K = shape factor (0.9). 

The strain induced in powders due to crystal imperfection and distortion 

was calculated using the formula: 

ε =
βhkl

4 tanθ
                                                                 ………………………(2-3) 
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From equations (2-2 and 2-3), it was confirmed that the peak width from 

crystallite size varies as 1/cosθ, while the strain varies as tanθ. Assuming that 

the particle size and strain contributions to line broadening are independent to 

each other and both have a Cauchy-like profile, the observed line breadth is 

simply the sum of contribution of the two effects. 

βhkl =
Kλ

𝐷 Cosθ
+ 4ε tanθ                                                            …………(2-4) 

By rearranging the above equation, we get 

βhklCosθ =
Kλ

𝐷 
+ 4ε sinθ                                                          …………(2-5) 

The above equation called W-H equations. A plot is drawn between  

βhkl cosθ  (along the y-axis) against  4sinθ (along the x-axis). The crystalline 

size was estimated from the y- intersection, and the strain (ε) from the slope 

of the best fit line. This equation assumed that the strain be uniform in all 

crystallographic directions, thus considering the isotropic nature of the 

crystal, where the material properties are independent on the directions along 

which they are measured. 

2-6 Optical Properties of Semiconductors 

The absorption spectrum demonstrates a useful information about the 

semiconductors materials,  such as the type of transition, energy gap (Eg), 

permittivity and other optical properties [38]. 

2-6-1 Optical Absorption and Absorption Edge 

When a semiconductor is illuminated with light, the photons may be 

absorbed through the semiconductor, depending on the photon energy (hυ); 

where h is Plank's constant υ is the incident photon frequency, and the 

electronic transition between the valance band (V.B.) and the conduction band 

(C.B.) in the crystal start at the absorption edge which corresponds to the 

minimum energy difference between the lowest minimum of the C.B. and the 
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highest of the V.B. i.e. the Eg [39, 40]. If hυ≥ Eg the photon can interact with 

a valence electron, elevates the electron into the C.B. and creates an electron-

hole pair. The minimum wavelength (λ) of the incident photon which creates 

the electron-hole pair is defined as [41]. 

λ= hc /Eg or λ(nm) =1240/ Eg (eV)                               ……..………….. (2-6) 

The intensity of the photon flux decreases exponentially with distance 

(t) through the semiconductor according to the beer-Lambert equation [42]. 

𝐼 = 𝐼𝑜𝑒−αt                             ……………………………….…………….(2-7) 

Where Io and I are the incident and the transmitted photon intensity 

respectively and α is the absorption coefficient, which is defined as the 

relative number of the photons absorbed per unit distance of a semiconductor, 

and t is the thickness of the material [43, 44]. 

2-6-2 Optical Transition 

The electron transitions between the V.B. and the C.B. are divided into 

direct and indirect  [45] it is obeying the following Tauc equation: 

αhυ= B (hυ-Eg)r                    ……………………………………………..(2-8) 

where B is a constant inversely proportional to amorphousity, r=1/2, 

3/2, 2, 3 for allowed direct, forbidden direct, allowed indirect, forbidden 

indirect transitions respectively. 

Direct transitions in general occur between the initial and the final states 

of the same wave vector value of electron occurs,  Δk = 0 for conservation 

momentum. The absorption coefficient for this transition takes the values 

from 104 to 105 cm-1. This transition takes place in crystalline and 

polycrystalline semiconductors. Allowed direct transition occurs when an 
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electron makes direct transition from the top of the V.B. to the bottom of the 

C.B. and the wave vectors of initial and final states are equal to zero as shown 

in Fig. (2-4 a) [46]. Forbidden direct transition  occurs between the state of 

the same wave vector but the wave vector does not equal zero, i.e. the 

allowable transition occur at different positions of C.B. and V.B. [46], as 

shown in Fig. (2-4 b) 

Indirect transitions occur when the C.B. minima are not at the same 

value of the k as the V.B. maxima, the assistance of phonon is necessary to 

conserve the crystal momentum, therefore hυ=Eg± Ep where Ep is the emitted 

or absorbed phonon energy [47], α takes the values 1 to 10 cm-1. Allowed 

indirect transitions occur from the top of the V.B. to the bottom of the C.B 

[48] as shown in figure (2-4 c) forbidden indirect transitions occur from any 

point that the top of V.B. to any point other than the bottom of the C.B., as 

shown in figure (2-4 d) 

 

Fig.(2-4):  The optical transitions (a) Allowed direct, (b) Forbidden direct, (c) Allowed 

indirect, (d) Forbidden indirect [47]. 
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2-6-3 Optical Constants 

The interaction between electromagnetic radiation with semiconductor is 

characterized  by optical constants: refractive index (n), the extinction coefficient 

(k) and the real and imaginary parts of dielectric constant [49]. A detailed 

measurement of the values and variable of the optical constant over some range of 

energy provides information on such fundamental properties as the band structure 

of the material or the impurities in crystals. Detailed and accurate knowledge of 

the optical constant is also required in such practical applications as the design of 

lens system, fiber optics, and second harmonic generation [50].     

          The following relation which expresses the idea that all the incident power is 

either, reflected, absorbed or transmitted and can be utilized [51].  

R+A+T=1                                  …………………………… (2-9) 

 

The refractive index value (n) can be calculated from the formula [52] 

                         ………………………..... (2-10) 

The extinction coefficient is related to the absorption coefficient  by 

the relation [53]  

k =  / 4                              …………….……………………………. (2-11) 

 The real r and imaginary i parts of dielectric constant can be 

calculated as follows [54] 

Complex refractive index N* = n - ik              ………….……………… (2-12)  

Complex dielectric constant * = r – ii        …..…………..………….. (2-13) 

From the relation  , therefore: 

r = n2 – k2                               …………………..…………………….... (2-14) 
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 i = 2nk                               ...............................…………………….…. (2-15) 

2-7 Fourier Transform  Infra-Red Spectroscopy 

The principle of FTIR spectrometer based on the Michelson 

interferometer, which consists basically of a beam splitter and two flat 

mirrors. One of the mirrors is fixed in one interferometer arm; the other is 

movable in the second interferometer arm [55]. 

 

Fig. 2-5: Diagram of FTIR spectrometer with Michelson Interferometer [55]. 

The spectrum can be reconstructed using a Fourier transform of the 

temporal coherence of signal measurements at many discrete positions of the 

moving mirror. It is capable to detect spectral with high resolution. 

The mathematical procedure, which is employed to convert the IR 

interferogram (intensity versus time, also called time domain) to an IR 

spectrum (intensity versus frequency, also called frequency domain) is called 

Fourier transformation. Sample and reference interferograms are separately 
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transformed. After wards the ratio of both is automatically calculated and 

displayed as instrument-independent IR transmission spectrum [56]. 

 

2-9 Solar cell  

A solar cell is a device that converts the energy of sunlight directly into 

electricity by the photovoltaic effect. Photovoltaic is the field of technology 

and research related to the application of solar cells in producing electricity 

for practical use[57] . 

A solar cell under illumination is characterized by many parameters: 

• Short–Circuit Current (Isc) is the current in the illumination device at 0 

volt bias.  

• Open–Circuit Voltage (Voc) the bias applied on device to decimate the 

current generated by illumination (I= 0 A) [58]. 

• Fill Factor (FF). is the ratio of the available power at the maximum 

power point (Pm) divided by the open circuit voltage (VOC) and the short 

circuit current (ISC) [59]  

𝐹𝐹 =
𝑃𝑚

𝑉𝑂𝐶×𝐼𝑆𝐶
                         ………………………..…………………..(2-16) 

The fill factor is increased by increasing the shunt resistance (Rsh) and 

decreasing the series resistance (Rs)  

• Efficiency () is the power density delivered at operating point of the 

incident light power as a fraction of the incident light power density, 

which is given by [59]. 

 =
inp

VJ maxmax

 
    ×           (−) 

Efficiency is related to Jsc and Voc using FF, 
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= 
in

ocsc

p

FFVj
     ×        (−) 

 These four quantities: Jsc, Voc, FF and  are the key performance 

characteristics of a solar cell. All of these should be defined for particular 

illumination conditions.   

Fig. (2-6) shows parameters are indicated on a current – voltage curve 

of a solar cell under illumination [58]. 

 

Fig. 2-6: solar cell parameters under illumination at I-V curve [58] 

To understand the electronic behavior of a solar cell it is useful to 

create electrically equivalent circuit. No solar cell is ideal, so a shunt 

resistance and a series resistance component are added to the model. The 

resulting equivalent circuit of a solar cell is shown in Fig. (2-7) 



Chapter two Theoretical Part 

  

23 

 

Fig. 2-7: Equivalent circuit for a stander solar cell (a)in the dark (b)under 

illumination [60]. 
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3-1 Introduction 

This chapter includes the experimental processes used to fabricate the pure 

and Cu doped ZnO nanoparticles with different doping ratio and techniques 

used to examine these nanoparticles. Finally the steps for fabricated solar cell 

based on iodine dye and the fabricated nanoparticles. Also it includes 

photovoltaic measurements which are presented by current-voltage  

characteristics of dye-sensitized solar cell (DSSC). 

3-2 Reactants 

Zinc nitrate Zn(NO3)H2O (as a zinc source) and sodium hydroxide 

(NaOH) were used as precursors for the formation of the zinc oxide and copper 

oxide as dopant. Distilled water was used as solvent. 

3-3 Nano Particles Preparation 

Pure and Cu doped ZnO nanoparticles samples were prepared by hydro 

thermal method. Zinc nitrate Zn(NO3)H2O and sodium hydroxide NaOH were 

dissolved in distilled water at room temperature with ratio of 1:1 (Zn(NO3)H2O: 

NaOH), by stirring for complete dissolution (forming transparent white 

solutions),  to form the liquid media of the desired concentrations of 0.1M, then 

inserted into an electrical oven at 90°C for 8 hours. These solutions were reacted 

to produce zinc oxide precipitates. Following the precipitation, the solution was 

centrifuged at 3000 rpm for two hours. Then the ZnO nanoparticles was dried 

by heating at 60°C for 10 hours. This experiment was repeated five times but 

with substitution additive of CuO with Zn(NO3)H2O, as a Cu dopant at different 

concentration (0, 2, 4, 6and 8) at%. 

In this process, the reaction of Zn2+  ions and sodium nitrate proceeds as 

shown in the following equations: 

Zn(NO3)2 + 2NaOH  
∆
→  Zn(OH)2 + 2NaNO3   …..……….(3-1) 
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Zn(OH)2 + 2NaNO3    
∆
→  Zn(OH)2  ……….......…………..(3-2) 

Zn(OH)2   
∆
→    ZnO + H2O  ……………………..………………(3-3) 

 

 

Fig. 3.1: Preparation process of Cu doped zinc oxide nanoparticles 
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3-4 Nanoparticles Examination  

The prepared nanoparticles were examined by different techniques to 

study their structural, optical and electrical properties. .  

3-4-1 X-Ray Diffraction 

The structure of deposited thin film has been analysis using X–ray 

diffraction  system type Bruker. The source of radiation was Cu (Kα) with 

wavelength λ= 1.5405 Å, the current was 30.0 mA and the voltage was 40 kV. 

The scanning angle 2θ (5˚-80̊) with speed of 5.00 (degree /min) and preset time 

= 0.24 s. 

3-4-2 VU-visible Spectroscopy 

The optical properties of pure and Cu doped ZnO nanoparticles 

suspended  in water have been examined by UV-Visible spectrometer (UV 

mini1240 SHIMADZU SED SPEC -48), in the wavelength ranged from (300-

900) nm. This spectrometer contains two light sources Deuterium and Tungsten 

lamp. This apparatus is of the double beam type, one of them passes through 

suspension in quartz cell, while the other passes through quartz cell filled with 

ethanol. The method of measurement depends on the transmission through the 

sample.  

3-4-3 FTIR Measurements 

Fourier-transformed Infra-red spectrum (FTIR) for pure and Cu doped 

ZnO nanoparticles, prepared with different doping ratio, were measured by 

(satellite FTIR thermo matson) over the range of 400-4000 cm-1 with resolution 

4 cm-1  in the transmittance mode. 
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3-5 Solar cell fabrication 

The cell has 3 primary parts. On top is a transparent anode made of 

fluorine tin dioxide (FTO) deposited on glass substrate. The substrates were first 

cleaned successively in Acetone Ethanol and DI water for 10 min in each step 

and then dried .  On the back of this conductive plate, thin layer of zinc oxide or 

Cu doped zinc oxide was deposited with highly porous structure by doctor blade 

technique then by sintering as follows: 

0.2 g of ZnO, 4 g of terpineol and 4 mL of ethanol were mixed together . 

Ethylcellulose solution in ethanol then was added into ZnO solution. Ethanol 

and water were subsequently removed from the solution in a rotary-evaporator 

at an initial temperature of 60 °C in order to create a viscous paste. 

The photoelectrodes were prepared by spreading the paste on FTO glass 

substrate. The FTO glass substrates were cleaned with soap and rinsed with 

distilled water. They were then treated in acetone in an ultrasonic bath in 

ethanol for 5 min. The substrates were dried and placed in furnace at 400°C for 

30 min. 

A layer of oxide paste was spread on the FTO glass substrates by the 

doctor blading technique, relaxed under an ethanol atmosphere for at least 5 

minutes and dried at RT for 5 min. The films were then annealed at 400°C for 

30 min. 
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Fig. 3-2: Scheme of doctor blade technique layer deposition 

A separate plate is then made with a thin layer of the iodide electrolyte 

spread over a conductive sheet, typically Graphite layer. The two plates are then 

joined and sealed together. This constriction has a number of advanced 

compared to the silicon cells because they require no expensive manufacturing 

steps.  

3-6 Current –Voltage Characteristics  

The electrical measurements for DSSC based on ZnO nanoparticles, which 

was prepared with different Cu doping ratio, include current-voltage 

characteristic measurements in the dark condition and under illumination (when 

they were exposed to Halogen lamp light with intensities (550) mW/cm2), by 

using keithley digital electrometer 616, voltmeter and D.C. power supply as 

shown in Fig. (3-7). The bias voltage was varied over the range of 0 – 1 Volt in 

the case of forward and reverse bias. 
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Fig. 3-3: Circuit diagram for I-V measurement of DSSC solar cell 

where V is the forward bias voltage, If is the forward bias current.  

The other solar cell parameters were determined from the I-V plot for the 

illuminated samples case. The efficiency () is the maximum produced power 

at operating point to incident light power fraction and given by[58]. 

 = %100*maxmax

inp

VI
(−) 



  

 

 

 
Chapter  

Four 
 

Results  
& 

Discussions 

 
 



Chapter Four Results and Discussions 

  

25 

 

4-1 Introduction 

This chapter includes results and discussions of X-ray diffraction, optical 

properties and FTIR measurements for pure and Cu doped ZnO nanoparticles 

prepared with different dopant ratio (0, 2, 4, 6 and 8%). Also this chapter includes 

solar cells parameters results for these samples with iodine on Si wafer.  

4-2 X-Ray Diffraction 

Figs. (4-1 to 4-5) show the matching of X-ray diffraction for pure and Cu 

doped ZnO nanoparticles, prepared with different dopant ratio (0, 2, 4, 6 and 8%), 

with ZnO standard lines Wurtzite Structure. These figures show poly crystalline 

structure with well-matched peaks corresponding to  (100), (002), (101), (012), 

(110), (013) and (004) planes for hexagonal ZnO structure with standard card 

number (96-901-1663). These results agree with the [61]. 

 
Fig. 4-1: Matching the XRD pattern for pure ZnO nanoparticles with standard lines 
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Fig. 4.2: Matching the XRD pattern for 2% Cu doped ZnO NPs with standard lines 

 
Fig. 4.3: Matching the XRD pattern for 4% Cu doped ZnO NPs with standard lines 

 
Fig. 4.4: Matching the XRD pattern for 6% Cu doped ZnO NPs with standard lines 
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Fig. 4.5: Matching the XRD pattern for 8% Cu doped ZnO NPs with standard lines 

 
Fig. (4.6) shows the planes representation of the clearest peaks in XRD 

{(002), (013) and (004)} for the prepared nanoparticles. 

 
Fig. 4.6: Representing the planes of the clearest peaks in XRD (002), (013) and (004) 

Fig. (4-7) shows a comparison between  the X-ray diffraction patterns for 

pure and Cu doped ZnO nanoparticles prepared with different dopant ratio. It can 

be seen that the preferred orientation along (002) direction with intensity decrease 

with increasing doping ratio  
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Fig. 4.7: XRD patterns for pure and Cu doped ZnO NPs with different ratio  
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Fig. (4-8) show the Gaussian fitting for all XRD peaks for pure and Cu 

doped ZnO NPs with different ratio using Xpowder software which done after 

removing the background. 

 
Fig. 4.8:Gaussian fitting for all XRD peaks for pure and Cu doped ZnO NPs with different 

ratio  
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Table (4-1) shows the Structural parameters,  for pure and Cu doped ZnO 

NPs powder with different ratio, which contain Bragg angle (2θ) , full width at 

half maximum (FWHM), experimental inter-planar spacing (calculated using 

Bragg’s low) compare with their standard values, crystalline size (calculated using 

Sherrer’s formula)  and the corresponding planes. This Table shows that the 

crystalline size increase at 2% Cu ratio and decrease with more ratio. 

Table 4.1: 2θ, FWHM, experimental and standard dhkl and the crystalline size for pure and Cu 

doped ZnO NPs with different ratio  

 

Sample 
2θ 

(Deg.) 

FWHM 

(Deg.) 

dhkl 

Exp.(Å) 

G.S 

(nm) 
hkl 

dhkl 

Std.(Å) 
Phase Card No. 

Pure 
ZnO  

34.4050 0.1933 2.6046 43.0 (002) 2.6035 Hex. ZnO 96-901-1663 

62.8320 0.2245 1.4778 41.5 (013) 1.4772 Hex. ZnO 96-901-1663 

72.4820 0.2405 1.3030 41.0 (004) 1.3017 Hex. ZnO 96-901-1663 

  31.6480 0.1066 2.8249 77.5 (100) 2.8137 Hex. ZnO 96-901-1663 

2% Cu 34.3400 0.1096 2.6093 75.9 (002) 2.6035 Hex. ZnO 96-901-1663 

  62.7660 0.1383 1.4792 67.3 (013) 1.4772 Hex. ZnO 96-901-1663 

  34.3400 0.1855 2.6093 44.8 (002) 2.6035 Hex. ZnO 96-901-1663 

4% Cu 47.4690 0.2080 1.9138 41.7 (012) 1.9110 Hex. ZnO 96-901-1665 

  62.8320 0.2076 1.4778 44.9 (013) 1.4772 Hex. ZnO 96-901-1663 

  72.4820 0.2710 1.3030 36.4 (004) 1.3017 Hex. ZnO 96-901-1663 

  31.7140 0.1940 2.8192 42.6 (100) 2.8137 Hex. ZnO 96-901-1663 

  34.3400 0.2025 2.6093 41.1 (002) 2.6035 Hex. ZnO 96-901-1663 

  36.1780 0.2000 2.4809 41.8 (101) 2.4754 Hex. ZnO 96-901-1663 

6% Cu 47.4690 0.2032 1.9138 42.7 (012) 1.9110 Hex. ZnO 96-901-1665 

  62.7660 0.2335 1.4792 39.9 (013) 1.4772 Hex. ZnO 96-901-1663 

  72.4820 0.2700 1.3030 36.5 (004) 1.3017 Hex. ZnO 96-901-1663 

  31.7140 0.1700 2.8192 48.6 (100) 2.8137 Hex. ZnO 96-901-1663 

  34.3400 0.2000 2.6093 41.6 (002) 2.6035 Hex. ZnO 96-901-1663 

  36.1780 0.2200 2.4809 38.0 (101) 2.4754 Hex. ZnO 96-901-1663 

8% Cu 47.4690 0.1932 1.9138 44.9 (012) 1.9110 Hex. ZnO 96-901-1665 

  62.7660 0.1932 1.4792 48.2 (013) 1.4772 Hex. ZnO 96-901-1663 

  72.6130 0.2010 1.3010 49.1 (004) 1.3017 Hex. ZnO 96-901-1663 

 
Fig. (4.9) shows the Williamson and Hall plot for the XRD peaks, the 

relation between βcosθ (β in radians) against 4 sinθ, with the best linear fitting 

with their equations. The  slope represent the non-uniform strain in lattice, while 
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the grain size calculated using equation (2-2) and equal to (0.9*0.15406/y intersection) 

[nm].  

 

 
 
Fig. 4.9: W-H plot for XRD patterns corresponding to pure and Cu doped ZnO NPs with 

different ratio 
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Fig. (4.10) shows the variation of grain size (D), calculated by Williamson-

Hall plot for the prepared nanoparticles, with the copper dopant ratio. This figure 

shows that the maximum value for D at 2% Cu then decrease with increasing 

doping ratio. 

 
Fig. 4.10: Variation of the grain size calculated by W-H plot for pure and Cu doped ZnO 

NPs with different ratio 

 
Fig. (4.11) shows the variation of non-uniform strain (ε), calculated by 

Williamson-Hall plot, with the Cu ratio. This figure shows that (ε) increase with 

increasing Cu ratio specially at 8% as a result of increasing lattice defects.  

 
Fig. 4.11: Variation of the non-uniform strain calculated by W-H plot for pure and Cu 

doped ZnO NPs with different ratio 
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Fig. (4.12) shows the two dimensional representation for the XRD pattern 

for ZnO  with different doping ratio. This figure concentrates on (002) and (013) 

peaks. It show how the peaks locations shifted to less values, i.e. increase the dhkl 

values for these planes with increasing Cu content in sample.    

 
Fig. 4.12: Two-dimensional XRD representation for Cu doped ZnO with different doping 

ratio, focus on (002) and (013)   
 

Lattice parameters (a and c for hexagonal structure) were calculated using 

the equation 
1

𝑑2
=

4

3

ℎ2+ℎ𝑘+𝑘2

𝑎2
+

𝑙2

𝑐2
  using the (002) and (013) direction (clear peaks 

and exist in all patterns). Table (4.2) show the lattice constants, non-uniform strain  

and the grain size calculated by W-H method for all ZnO samples doped with 

different ratio with copper. 
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Table (4.2) : Lattice constants non uniform strain and the grain size calculated by W-H 

method for pure and Cu doped ZnO samples with different ratio. 

Cu% a (Å) c (Å) 
Non uniform 

strain 

W-H grain 

size 

0 3.250110 5.209134 0.000137 45.30407 

2 3.255220 5.212808 0.000267 92.10626 

4 3.249388 5.215750 0.000432 45.30407 

6 3.247996 5.217223 0.000330 47.45142 

8 3.245600 5.218696 0.005350 42.55801 

 
Fig. (4.13 and 4.14) show the variation of lattice constants (a and c) for 

hexagonal structure. These figures illustrate that (a) increase at 2% Cu ratio then 

decrease with more ratio, while (c) increase with increasing Cu ratio, maybe due 

to the variation in grain size.   

 
Fig. 4.13: Variation of lattice constant (a) with Cu  ratio 
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Fig. 4.14: Variation of lattice constant (c) with Cu  ratio 
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4-3 Optical properties 

 
From UV-Visible absorption, the optical measurements for pure and Cu 

doped ZnO nanoparticles suspension  in water with different Cu ratio are carried 

out in the wavelength range 350–750 nm. 

4-3-1 Transmittance Spectra 

Fig. (4.15) shows the transmittance spectra for pure and Cu doped ZnO 

nanoparticles at different Cu ratio. In general, it can be observed that the 

transmittance increases with increasing the wavelength, for all prepared samples. 

The transmittance increases with increasing doping ratio to 8% reaching values 

higher than 90% in the visible region. There is a sharp fall in the transmittance for 

doped samples, which is due to the strong absorbance of the films in this region. 

 
Fig. 4.15: The variation of transmission with wavelength for pure and Cu doped ZnO 

suspension with different doping ratio 
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4-3-2 Optical Energy Gap 

The optical energy gap values (Eg
opt) for pure and Cu doped ZnO 

nanoparticles at different Cu ratio have been determined by using Tauc equation, 

By plotting the relation of (αhυ)2 versus photon energy (hυ). Linear dependence, 

which describes all films have allowed direct transition. The optical energy gap 

(Eg
opt) is then determined from the point of intersection between line tangent and 

x-axis as shown in Fig. (4-16) for different Cu ratio. 

It can be observe that the increasing of Cu content from 0 to 2% leads to 

decrease the optical band gap from 3.20 to 3.14 eV and then increase to 3.26 eV at 

8% Cu due to decreasing the nanoparticle as a result of quantum effect for nansize 

particles. 

 
Fig. 4-16: The variation of (αhυ)2 versus photon energy (hυ) for pure and Cu doped ZnO 

suspension with different doping ratio 
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4-3-3 Extinction Coefficient 

Fig.(4.17) shows the variation of extinction coefficient (k) with wavelength 

for pure and Cu doped ZnO nanoparticles at different Cu ratio. The extinction 

coefficient depends mainly on absorption coefficient; for this reason it has the 

same behavior. 

 
Fig. 4.17: The variation of extinction coefficient with wavelength for pure and Cu doped ZnO 

suspension with different doping ratio 

4-3-4 Refractive Index 

The variation of the refractive index versus wavelength in the range 350–750 

nm, for pure and Cu doped ZnO nanoparticles at different Cu ratio were shown in 

Fig. (4.18). It has been noticed that the refractive index in general decreases with 

increasing of Cu content maybe due to the variation of surface morphology.  
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Fig. 4.18: The variation of refractive index with wavelength for pure and Cu doped ZnO 

suspension with different doping ratio 

4-3-5 The Dielectric Constants 

The variation of the real and imaginary parts of the dielectric constant values 

versus wavelength have been shown in figures (4.19 and 4.20 ) for pure and Cu 

doped ZnO nanoparticles at different Cu ratio . The variation of the dielectric 
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Fig. 4.19: The variation of εr with wavelength for pure and Cu doped ZnO suspension with 

different doping ratio 

 
Fig. 4.20: The variation of εi with wavelength for pure and Cu doped ZnO suspension with 

different doping ratio 
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Table (4-3) shows the optical constants for pure and Cu doped ZnO 

suspension with different doping at λ=550 nm and the energy gap values for these 

samples. 

Table 4-5: optical constants at λ=550 nm and 𝐄𝐠
𝐎𝐩𝐭.

 for pure and Cu doped ZnO suspension 

with different doping ratio 

Cu% T% α (cm-1) K n εr εi Eg (eV) 

0 32.30 0.377 1.65E-06 6.654 44.282 2.20E-05 3.20 

2 74.20 0.099 4.36E-07 3.325 11.057 2.90E-06 3.14 

4 80.30 0.073 3.20E-07 2.964 8.788 1.90E-06 3.18 

6 87.70 0.044 1.92E-07 2.558 6.542 9.80E-07 3.24 

8 94.20 0.020 8.72E-08 2.220 4.928 3.87E-07 3.26 
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4-4 FTIR Measurements 

Fig. (4.21) Shows the FTIR patterns for Cu doped ZnO with different ratios 

(2, 4, 6 and 8)%. This figure shows many peaks at nearly same locations 

corresponding to O-H, C-H, S-H, C=C and C-O bonds comes from the adsorbed 

gasses on surface of sample. Another sharp peaks located at 1384 cm-1 

corresponding to ZnCO3 attachment. Small peaks located in the range from 420 to 

620 cm-1 corresponding to Zn-O vibrations, indicate on ZnO formation. All 

observed peaks were shown in Table (4-4).  

 
Table 4-6: observed peaks in FTIR patterns for Cu doped ZnO NPs with different ratio 

  2% Cu 4% Cu 6% Cu 8% Cu 

Zn-O 

stretch 

      421.01 

466.03 454.02 466.03 452.52 

617.59   617.59  619.09 472.03 
   616.09 

C-O stretch 
1033.26 1027.26 1031.76 1028.76 

1106.79 1111.30 1105.29 1106.79 

ZnCO3 1384.41 1384.41 1384.41 1384.41 

C=C  1636.52 1636.52 1635.01 1635.01 

S-H 2352.31 2352.31 2353.81 2352.31 

C-H stretch 2852.02 2852.02 2850.52 2852.02 

  2919.55 2922.55 2921.05 2928.55 

O-H 3465.78 3449.27 3443.27 3440.27 
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Fig. 4.21: FTIR patterns for Cu doped ZnO with different ratios (2, 4 and 6)%.  
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4-5 Current-Voltage Characteristics for DSSC 

 In order to determine the performance of fabricated dye solar cell, as well 

as its electrical behavior, current-voltage (I-V) measurements under illumination 

are performed.  

The I-V characteristics for DSSC under illumination using power densities 

equal to 550 mW/cm2  with the applied forward bias for samples produced by Cu 

doped ZnO NPs with different ratio (2, 4, 6 and 8) at %  were shown in Figs. (4.22 

to 4.25). 

The solar cells parameters such as: Vo, Isc, Im, Vm, FF and the solar cell 

efficiency were calculated from these figures as shown in Table (4-7). This Table 

shows that the efficiency increase with increasing  the Cu dopant ratio reach to 

0.0439 at 8% Cu content 

 

 

Fig. 4.22: I-V characteristics for DSSC based on Cu doped ZnO with 2% Cu  
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Fig. 4.23: I-V characteristics for DSSC based on Cu doped ZnO with 4% Cu  

 

Fig. 4.24: I-V characteristics for DSSC based on Cu doped ZnO with 6% Cu  
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Fig. 4.25: I-V characteristics for DSSC based on Cu doped ZnO with 8% Cu  

Table (4-7) solar cell Parameters for  DSSC based on Cu doped ZnO with different ratios 

Cu% Isc (mA) Voc (V) Im (mA) Vm(v) F.F η% 

2 29.0300 0.0720 23.8500 0.0590 0.6732 0.0404 

4 29.6200 0.0730 24.3400 0.0610 0.6867 0.0408 

6 29.7900 0.0734 24.4900 0.0613 0.6866 0.0438 

8 30.0100 0.0740 24.6600 0.0620 0.6885 0.0439 
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Conclusions 

Study the characteristics of  pure and Cu doped ZnO nanoparticles with 

different ratios prepared by hydro thermal method shows many points as follows: 

The X-ray diffraction shows poly crystalline structure for all samples, 

identical with standard peaks. Increasing Cu ratio leads to decrease the preferred 

orientation peak intensity along (002) direction. The crystalline size, calculated by 

Sherrer formula, increase  at 2% Cu ratio and decrease with more ratio. The grain 

size calculated by W& H equation increase from 45.30 to 92.10 nm with 2% Cu 

then decrease with more ratio to 42.56 nm at 8% Cu ratio, while the non-uniform 

strain increase, with increasing Cu ratio from 0 to 8% . 

The optical properties for produced NPs show that the transmission spectra 

increases with increasing Cu ratio to reach about  90%. The optical energy gap 

obey relation for r=1/2 (allowed direct transition) . Increasing of Cu content from 

0 to 2% leads to decrease the optical band gap from 3.20 to 3.14 eV, while more 

ratio cause to increase to 3.26 eV at 8% Cu . 

FTIR measurements indicate the formation of ZnO compound. 

The solar cells measurements show that the efficiency increase with 

increasing  the Cu dopant ratio.  

Suggestion for Future Works  

1- Doing another measurements such as Scanning electron microscopy and 

electrical properties (DC conductivity with temperature and Hall effect 

measurements) 

2- Use the prepared nanoparticles in another application such as gas sensor or 

photo detector. 

3- Using another types of doping such as the rare earth metals 
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Appendix 
X-ray diffraction standard card for hexagonal ZnO structure 

 

Entry # 96-901-1663 
 Phase classification 
Name 

  

Mineral 
Name 

 
Zincite 

Formula 
 

ZnO 
I/Ic 

 
7.62 

Sample 
Name 

 
9011662 

Quality 
 

C (calculated)  

References  
 Publication 
Bibliography 

 
Xu Y. N., Ching W. Y., "Electronic, optical, and structural properties of some 
wurtzite crystals", Physical Review B 48, 4335-4351 (1993) 

 Origin of data          
Source of 
entry 

 

COD (Crystallography Open Database) 

Link to orig. 
entry 

 

9011662 

 

Crystal structure  
 Crystallographic data 
Space group 

 
P 63 m c (186) 

Crystal 
system 

 
hexagonal 

  
        

Cell 
parameters 

 
a=3.2490 Å c=5.2070 Å 

Atom 
coordinates 

 
Element Oxid. x y z   

Zn 
 

0.667 0.333 0 
  

O 
 

0.667 0.333 0.345 
  

 

Diffraction data  
 Diffraction lines 
  

 
d [Å] Int. h k l Mult.  
2.8137 470.5 1 0 0 6  
2.6035 287.4 0 0 2 2  
2.4754 1000 1 0 1 12  
1.911 160.5 0 1 2 12  
1.6245 282.6 1 1 0 6  
1.4772 284.3 0 1 3 12  
1.4069 38.7 2 0 0 6  
1.3782 183.1 1 1 2 12  
1.3582 119.3 2 0 1 12  
1.3017 20.7 0 0 4 2  
1.2377 29.3 2 0 2 12  
1.1814 21 0 1 4 12  
1.0929 80.8 0 2 3 12  
1.0635 24.6 2 1 0 12  
1.042 86.5 2 1 1 24  
1.0158 50.2 1 1 4 12  

 

 

 

http://www.crystallography.net/
http://www.crystallography.net/cif/9/01/16/9011662.cif
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