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Abstract 

Nanotechnology is a technology of resizing and the applications of nanosized 

materials. Zinc oxide (ZnO) nanostructures became a potential candidate in various 

applications due to their direct wide bandgap, high exciton binding energy, good 

chemical stability, radiation hardness, notable optoelectrical, pyroelectric and 

piezoelectric properties. By doping with different metals (T = Co, Mg, Sr, Sb and P) into 

ZnO matrix, various properties of ZnO nanostructure could be tuned. The aim of this 

dissertation was to develop a simple approach to synthesis as-grown and T-doped ZnO by 

using hydrothermal technique because of its low cost, simple solution process, 

environment friendly and easy to handle. The grown samples were characterized to study 

the enhancement in different functional properties for applied applications. 

The first part of dissertation deals with synthesis of as-grown ZnO nanostructure 

via hydrothermal method. Microstructural and morphological properties of as-grown and 

annealed ZnO can be calculated by X-ray diffraction (XRD), Williamson-Hall (W-H) 

analysis via three different models of uniform deformation model (UDM), uniform 

deformation stress model (UDSM) and uniform deformation energy density model 

(UDEDM) and transmission electron microscopy (TEM) respectively. These models 

were used to calculate other physical parameters such as stress, strain and energy density 

values. The results showed that the estimated value of crystallite size (D) from W-H 

analysis by using UDM is highly inter-correlated with the particle size estimated from 

TEM and do not show much deviation. 

The second part of the dissertation demonstrates hydrothermal synthesis of T-

doped ZnO and study the effect of T dopant levels on the morphological, microstructural, 

dielectric, magnetic and optical properties of ZnO nanostructure.  

Dielectric constant of cobalt (Co) doped ZnO samples have been found to be 

decreased by increasing the dopant levels. Loss tangent results of doped samples reveals 

the decrease in hopping frequency of charge carriers between metals ions with dopant 
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ion. Considerable increases of optical bandgap while maintaining good hexagonal 

structure with no other impurity by increasing the Co dopant concentration have been 

observed.  

The antimony (Sb) doping shows stronger effect on the length of nanowires 

(NWs) which is ~ 11 times longer and slight red-shift is observed in photoluminescence 

(PL) peak as compared to as-grown ZnO. It is argued that the observed red-shift and 

broadening in PL response are associated with Sb-doping level and/or from Sb defect 

states partially.  

For strontium (Sr) doped ZnO films, the surface morphological, microstructural 

properties, optical binding energy and band-to-band emission have been examined. It is 

observed that the crystalline quality improved by increasing the Sr dopant level while 

optical bandgap and band-to-band emission is decreased due to lattice distortion and 

generation of active defects in ZnO crystal; it may cause bandgap tailing. 

Magnesium (Mg) doped ZnO nanorods (NR‘s) samples were annealed at 450 ºC, 

550 ºC and 650 ºC under the argon (Ar) environment. The XRD spectrum shows that the 

Mg-doped ZnO NR‘s are crystalline in nature and wurtzite hexagonal phase. The particle 

size of 550 ºC and 650 ºC Mg-doped ZnO NR‘s estimated from TEM is ~ 126 and 154 

nm respectively. We have studied the progression of crystallite size (D) through the use 

of X-ray peak profile analysis (XPPA). Scherrer formula and three different models of 

W-H analysis are used which show the increase in grain size and decrease in microstrain 

by increasing the annealing temperature of Mg-doped ZnO NR‘s. 

Phosphorus (P) doped ZnO samples have been sintered in air in the range 500-

1000 ºC with a step of 100 ºC for one hour in a programmable diffusion furnace. It is 

observed that forward shift in 2 theta value of the XRD pattern of ZnO sintered at 1000 

ºC occurs. This forward shift may correlate with the involvement of P ions with vacancy 

at Zn-site. Theoretical calculations on a 32-atom super cell of P-doped ZnO further 

supported the argument and suggests the phosphorous dopant are shallow acceptor PZn-

2VZn complex on Zn-site. Typical PL spectra displayed band-to-band emission peak and 

an additional donor-acceptor peak at ~ 3.14 eV in all P-doped samples. 
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Chapter 1 

Introduction and motivation 

1.1 Introduction 

ZnO is a well-known II–VI grouped semiconductor material (Malik et al., 2015). 

Because of its wide range of useful properties, ZnO is highly promising material for 

semiconductor device applications. ZnO has become today‘s research material due to its 

3.37 eV (wide and direct bandgap at room temperature (RT) and 3.44 eV (at low 

temperature) with 60 meV high exciton binding energy. With large binding energy, ZnO 

is an ideal candidate for short wavelength operated electronic and optoelectronic devices. 

High exciton binding energy makes it a high promising material for excitonic effects 

based optical devices (Anderson Janotti and Walle, 2009). Ultra violet light emitting 

diodes, ultra violet detectors, bacterial killer devices, acoustic wave devices, sensors, flat 

panel displays, transparent thin film transistors and transparent conducting electrodes for 

solar cells are few examples of these devices (Humayun et al., 2013; Jin et al., 2014; Lee 

et al., 2013; Mahanti and Basak, 2014; Sarkar and Basak, 2013).  

ZnO has good sensing property and is used to sense many gases, because of this 

advantage it is used in sensors and actuators. Therefore, it has been used as a sensor to 

smell the freshness of food and beverages. Furthermore ZnO has large piezoelectric 

constant and pyro-electric properties (Park et al., 2013). This property is called the basic 

building block of sensors, transducers and actuators. In addition, due to phototoxic 

intracellular and biocompatible properties of ZnO, leads to attracts it for chemical sensor 

and biosensors applications (Özgür et al., 2005). 

Spintronic is one of the most emerging field of semiconductor era. Transition 

metals (TM) doped ZnO is peculiar material due to the presence of donor defects. These 
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intrinsic defects in TM-doping ZnO play as a source of carriers and contribute to enhance 

the ferromagnetic properties at RT (Buyanova et al., 2006; Gorzkowska-Sobas et al., 

2010; Pearton et al., 2007a; Yan et al., 2010). In comparison to ZnO with other 

direct/indirect wide bandgap materials just like GaN, it shows some superficial properties 

just like emission of light having greater efficiency of luminescence because of large 

exciton binding energy about 35 meV higher than GaN (Zeng et al., 2010). Homo-

epitaxial growth of ZnO produces a remarkable decrease in defect density and show a 

preferable growth on native substrate while higher defect density is produced during 

homo-epitaxial growth of GaN. For radiation resistance, ZnO is highly preferred on GaN 

for the device fabrication used in nuclear and upper atmosphere surface. ZnO can grow 

on cheap and flexible substrate (glass, silicon (Si) etc.).  In addition, ZnO is promising 

candidate for bandgap tuning and we can tune its bandgap from 7.6-2.2 eV by doping of 

cadmium, magnesium and iron (Javed et al., 2014; Shi et al., 2013a). 

Similarly, ZnO possesses as opulent chemistry of intrinsic defect which is the 

basic building block to modify its optical, thermoelectric, structural and electrical 

properties. ZnO shows the n-type conductivity due to natural presence of intrinsic defect 

of Zn interstitial and O-vacancy (Asghar et al., 2012a). In addition, ZnO having mixed 

type nanostructures just like nanobelts, NR‘s, nanorings, nanotubes, nanocombs and 

nanogenerators (Asghar et al., 2012b; Feng et al., 2010; Tian et al., 2013; Zhong Lin, 

2004) etc. These nanostructures of ZnO can easily be grown on any substrate (cheap and 

flexible). Therefore, ZnO nanostructures is eye-catching and capable material for the 

particular future application of nanotechnology (Kołodziejczak-Radzimska and 

Jesionowski, 2014; Zhong Lin, 2004). Exciton binding energy can be enhanced by 

quantum dots confinement which acts as recombination of radiation at RT. Such 

properties have opened the gate to fabricate light emitting diodes (LED) of ZnO based 

NR‘s (Zhou et al., 2010). However, many of these advantages have absolutely utilized 

because of fundamental characteristics of ZnO. 
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1.2 Crystal structure and chemical binding 

Ionicity of ZnO has been located between ionic & covalent II-VI semiconductor. 

ZnO can be confined in three types of crystal structures zinc blende, wurtzite and rock 

salt. However the most stable phase of ZnO is wurtzite under ambient and 

thermodynamically conditions (Calzolari and Nardelli, 2013; Morkoc and Ozgur, 2009; 

Radzimska and Jesionowski, 2014; Ullah et al., 2015). Polar wurtzite hexagonal axis of 

ZnO is called c-axis (parallel to z-axis) and its translatory vectors a & b of equal length 

(parallel to x-y plane) makes 120˚ angles between each other. At RT, wurtzite ZnO has 

hexagonal structure of unit cell having lattice parameters and, the   ⁄  ratio is about 

1.633 (for ideal hexagonal structure). Point group and space group of wurtzite ZnO has 

6 mm (or C6v in Stoneflies notation) and P63mc (Hermann-Maguin notation 

(Klingshirn, 2007a; Krajewski et al., 2015; Morkoc and Ozgur, 2009). In ZnO structure, 

Zn (cat-ions of II group) atom is enclosed by four tetrahedrally neighbor atoms of O 

(anions of group VI) or vice versa. Moreover, ZnO structure is arranged through 

tetrahedral alternating planes having O
2-

 and Zn
2+

 of coordinate planes being stacked 

along polar axis (c-axis), this stacking is responsible for the lack or central symmetry as 

shown in Figure 1.1.  

ZnO can be loaded positively/negatively charged on their surfaces by 

eliminating either cat-ions or an-ions from the surface and its unit cell is naturally 

neutral. Hydrostatic external pressure on hexagonal wurtzite ZnO has been transformed 

into the structure like rocksalt just like other II-VI materials of semiconductor. As 

comparison with wurtzite structure, the structures like zinc blend have lesser ionicity 

and this becomes the main reason for low carrier scattering as well as higher 

efficiencies because of doping (Ashrafi and Jagadish, 2007; Jagadish and Pearton, 

2006; Wang, 2009a). 
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1.3 Physical parameters 

At nanometer scale, the physical properties of any semiconductor materials as 

ZnO have drastically changes due to ―quantum confinement size effects‖. At RT, some 

important physical parameters of ZnO are demonstrated in Table 1.1.  

 

(a) 

  
(b) 

 

 

(c) 

Figure 1.1: ZnO (a) upper view, (b) primitive cell and (c) side view wurtzite structure.  
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Variation in thermal conductivity is the cause in crystal defects, some ZnO 

parameters in the Table are uncertain and still debatable (i-e effective mass and hole 

mobility due to unstable p-type doping). However for nano-devices developing and the 

intense study of ZnO parameters is highly appreciable (Afaah et al., 2015; Dimopoulos et 

al., 2015; Fan and Lu, 2005; Florescu et al., 2002; Jagadish and Pearton, 2006; Li et al., 

2015; Mohamed Basith et al., 2016; Özgür et al., 2005; Pearton et al., 2005; Shubra et al., 

2007; Singh and Singh, 2014).  

1.4 Band structure 

The band structure plays a vital role for device fabrication and it is one of the 

central parameter through which other very important parameters and properties have 

been derived (e.g. effective masses of holes or electrons and bandgap). On the bases of 

band structure, other properties of ZnO (electrical properties, optical properties and other 

phenomenon) are very difficult to explain. Uppermost VB (valance band) and the lowest 

CB (conduction band) in wurtzite ZnO are laid at the identical position of the Brillouin 

zone (namely at k = 0), due to this it has a direct bandgap (Klingshirn, 2007a; Klingshirn, 

2007b; Klingshirn et al., 2010). The CB is developed by the 4s states (Zn
2+

) and the VB 

is formed by 2p orbital states of O
2-

. The VB of wurtzite ZnO is divided into three sub-

level of VB on the behalf of interaction of spin orbit ad crystal field and labeled as A, B 

and C bands from high to low energies as shown in Figure 1.2. Moreover, mostly order of 

the bands is as (Γ7, A), (Γ9, B) and (Γ7, C).  

1.5 Electrical properties of ZnO Verses GaN 

ZnO has numerous advantages over GaN. Pure ZnO has shown n-type 

conductivity (due to its native defects as Zni and V0), 3.37 eV of bandgap and 60 meV of 

exciton binding energy whereas GaN has 25 meV exciton binding energy and 3.39 eV 

bandgap at RT. ZnO has greater saturation velocity as compared to GaN which is very 

useful parameter for the fabrication of high speed devices. ZnO has 210 cm
2
/Vs electron 

hall mobility and 10 cm
2
/Vs hole mobility whereas GaN has 1000-1350 cm

2
/Vs electron 
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hall mobility and 100-400 cm
2
/Vs hole mobility at RT (Jagadish and Pearton, 2006; 

Look, 2001; Look et al., 1998; Özgür et al., 2005; Rubin et al., 1994). 

 

Figure 1.2: The VB and CB of ZnO in the locality of fundamental bandgap. (Adopted 

from (Klingshirn, 2007a; Ren and Rusen, 2014)). 

1.6 Piezoelectric properties 

Piezoelectric constant is the important parameter for the mechanical properties. 

Deformation in solids by the action of external pressure is described by physical quantity 

called strain and the internal mechanical force that help the solids to retain its shape is 

described by physical quantity named stress (Morkoc and Ozgur, 2009). Polarization in 

solid at atomic level is due to piezoelectric properties. The transportation of the charge 

carriers in materials can be varied by mechanical strain, piezotronic effect, changing in 

resistivity of material (piezoresistive) and changing in the dimension (Ren and Rusen, 

2014). Wurtzite hexagonal ZnO nanostructure; let an atom having negative charge (as 

zinc and oxygen atoms) at octahedral position which is bonded through positive charge at 

tetrahedral position. Lattice distortion is produced by applying external pressure in 

tetrahedral direction, through which negative and positive charge can be displaced, called 
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local induced dipole moments (Cui, 2012; Fan and Lu, 2005; Zhong Lin, 2004). The 

stacking fault in ZnO along c-axis is responsible for piezoelectricity, hence ZnO is a 

promising material for sensors, transducers and electromechanical systems (Klingshirn, 

2007a; Shubra et al., 2007).  

Table 1.1: Some physical parameters of ZnO. 

Physical parameters Value 

Lattice parameters at 300 

K ( ) 

   3.2499 

   5.2059 

 
  

  ⁄  ideal hexagonal structure 1.633 

u 0.3447 

Density (g/cm
3)

 5.606 

Stable phase at 300 K Wurtzite 

Melting point (K) 2248 

Linear expansion coefficient (/
o
C)   : 6.49×10

-6
 

  :3.89 x 10
-6

 

Static dielectric constant 8.6556 

Refractive index 2.008, 2.029 

Energy gap at 300 K (eV) 3.37 (direct bandgap) 

Intrinsic carrier concentration (cm
-3)

 <10
6
 (max n-type doping>10

20
 

electrons; max p-type doping 

<10
17

 holes) 
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Exciton binding energy (meV) 60 

Ionicity 62% 

Electron effective mass 0.24 

Electron mobility at 300 K (cm
2
/Vs) 200 

Hole effective mass 0.59 

Hole mobility at 300 K (cm
2
/Vs) 5-50 

1.7 Optical properties 

ZnO based LED emits a range of light within the visible region due to native 

defects (intrinsic and extrinsic) (Klingshirn, 2007b).  CL (Cathodeluminescence), PL, PR 

(photo reflection), optical absorption, calorimetric spectroscopy, transmission and 

spectroscopic ellipsometry are the available techniques to study the optical transition in 

wurtzite ZnO (Willander et al., 2009b).  Furthermore, PL-spectrum of ZnO confirms two 

visible and one UV emissions has caused by the presence of vacancies, interstitials, 

antisites and complex conjugate defects (Anderson Janotti and Walle, 2009; Djurisic and 

Leung, 2006; Malik et al., 2015). For ZnO NR‘s/NWs, PL has been used to find bandgap, 

crystal quality and defects (Cui, 2012; Zhong Lin, 2004). Furthermore, broader band and 

near band emissions (NBE) at room temperature PL are related to UV emission and deep 

level defect respectively (Willander et al., 2009b). NBE emission of direct bandgap ZnO 

is the cause of UV emission whereas native defects (oxygen vacancy (V0), zinc vacancy 

(VZn), oxygen interstitial (Oi) and zinc interstitial (Zni)) are the basic reason for deep 

level emission (DLE) (Willander et al., 2009b; Zhong Lin, 2004). The relative ratio 

between the intensity of NBE to intensity of DLE (INBE/IDLE) described the quality of 

ZnO nanocomposites optically, higher the ratio of INBE/IDLE represents small amount 

of concentration in deep level defect (Willander et al., 2009b). 
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1.8 Defects in ZnO 

Imperfection in the crystal is due to constituent element called intrinsic or native 

defects. Electrical and optical properties of ZnO can be enormously modified by the 

addition of defects or other impurities. Defects can be introduced during growth of 

materials processing, annealed at melting temperature and physically by ion implantation 

method (Lannoo and Bourgoin, 1981; Lannoo et al., 1983). Defects due to host atoms are 

called intrinsic defects and defects due to the incorporation of host atoms are called 

extrinsic defects (Hoffman, 2006). Intrinsic vacancy defect is due to the missing atoms at 

the lattice position in crystal structure. ZnO has occupied both VZn and VO defects. 

Substitutional defect is due to the replacement of host atom with foreign atom. In the 

lattice of the crystal structure is occupying extra atom at interstice, called interstitial 

defects. It may be extrinsic or intrinsic defect. In antisites defect, one host atom is 

occupying at lattice site of other host atom (zinc atom occupying at the lattice site of 

oxygen atom or vice versa) and termed as intrinsic defect. 

1.9 Exciton 

Coulomb force of electrostatic in which two opposite charge (electron and hole) 

are in bound state and attracted by each other, called exciton. Every semiconductor, 

insulator and few liquids have specific value of exciton. Absorbance of photon into 

semiconductor crystals is the cause to produce exciton. An exciton can be moved easily 

in crystal, it is responsible for the transportation of energy and its electrical behavior is 

neutral (Knox, 1983; Reynolds, 2012). It has two types. 

1.9.1 Frenkel Exciton 

In atom, there is Coulomb force of interaction between a hole and an electron. 

The materials having small dielectric constant, it may have small exciton and a strong 

Coulomb force of interaction may exist between a hole and an electron. After that 

Frenkel Excitons theory is called Yokov Frenkel which described the strong interaction 

of electron and hole. The value of binding energy is of the range 0.1 eV to 1 eV. 
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Aromatic molecules is the basic molecule for the alkali-halide, this is purposed by 

Frenkel (Knox, 1983; Reynolds, 2012). 

1.9.2 Wannier exciton 

In semiconductor physics, mostly the value of dielectric is very large. Electric 

field screening is the one method through which Coulomb interaction force may reduce, 

that is why excitons of semiconductor physics have very weakly bond and its value of the 

order of 0.01 eV which is smaller than the binding energy of the atom of hydrogen 

(Knox, 1983; Reynolds, 2012; Wannier, 1937). 

1.10  Recombination 

When the atoms is absorbed the suitable energy of photon, then electrons are 

excited, jump to higher orbit and combined with holes with one or more steps and 

accidently disappear, this process is called recombination. During this process, the energy 

(from initial to final state of an electron) is released which may further be recombine the 

electron into hole (Agrawal and Dutta, 1986; Ahrenkiel, 1993). Recombination 

mechanism is explained in Figure 1.3. There are three types of recombination discuss 

below. 

1.10.1 Radiative recombination 

In radiative-recombination process, the electron of CB is directly combined with 

the VB hole; other name of radiative recombination is band-to-band recombination.  In 

semiconductor devices technology, the basic mechanism to produce light from LED is 

radiative recombination (Agrawal and Dutta, 1986; Ahrenkiel, 1993). 

1.10.2 Shockley-Read-Hall recombination 

In Shockley-Read-Hall-recombination (SRH) process, conduction electron is 

trapped in different state of bandgap due to defects; therefore it is called defect-
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recombination. This process completes either two steps conduction electron transition to 

VB (Agrawal and Dutta, 1986; Ahrenkiel, 1993). 

 

Figure 1.3: Electron-hole Recombination mechanism of Semiconductor-technology. 

1.10.3 Auger recombination 

In Auger-recombination process, valance hole is recombined with conduction 

electron without emitting radiation; but during this process the recombination electron 

transfer its momentum and energy to their neighbor electron. In highly concentration 

doped materials at high temperature exhibits Auger-recombination. 

1.11 Sensors and their applications based on ZnO NR’s 

A sensor is a device that sense to a change of physical 

conditions/chemical/biological quantities which produces a measurable signal. Due to 

the quantum confinement effects in semiconductor nanostructures with the ability to 

tailor the size, structure and properties, therefore, the construction of sensors based 
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nanomaterial‘s offers excellent prospects for designing novel sensing systems, which 

provides sensors based nanomaterials of high sensitivity, improved detection limits, faster 

responses, smaller amounts of samples can be measurable, lower cost, easy to use for un-

skilled users, high-efficiency and less power consumption. Among metal oxide 

nanomaterials, ZnO nanostructure is one of the most promising metal oxides due to their 

attractive physical and chemical properties. Therefore, the background of sensors, 

including biosensors, piezoresistive sensor, UV photodetector and, the applications of 

ZnO NR‘s based sensors are provided in the following sections. 

1.11.1 Biosensors and their applications based on ZnO NR’s 

The concept of biosensors started from 1956 by L. C. Clark which is known as 

the founder of the oxygen electrode sensor (Qlark, 1956). In 1962 Clark developed a first 

biosensor by immobilizing enzyme glucose oxidase on the modified oxygen electrodes 

and utilized as an electrochemical detector. The amount of glucose in the solution can 

be measured by the consumption of the dissolved oxygen (CLARK LC Jr, 1962). In 

1967, the immobilized enzyme glucose oxidase electrode was developed to measure 

the concentration of glucose in the biological solution and in the tissues in vitro (Updike 

and Hicks, 1967). A biosensor uses a biomaterial to sense the target analyses and 

converts a biological response into a measureable signal. It consist of two parts, called 

bio-receptor (biological recognition element) such as enzyme, antibody, aptamer, and 

microorganism, which selectively recognizes the target analyses, and transducer, which 

converts biological response to a measurable signal such as current, voltage, resistance, 

capacitance, mass, light intensity, … etc. Currently, biosensors have been used in many 

applications such as medicine, medical diagnosis, biomedical research, drug delivery, 

environmental monitoring, food content, quality and safety and defense (Solanki et 

al., 2011; Su et al., 2012; Wang, 2005). 

1.11.2 Piezoresistive sensor and its applications based on ZnO NR’s 

The piezoresistive effect describes the changes of electrical resistance in certain 

semiconductor materials by applying external force or material deformation (Stassi et al., 
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2014). This effect provides direct relation between external mechanical energy and 

electrical signal. The piezoresistive effect is widely utilized as a low energy 

piezoelectronic switch (Melnykowycz et al., 2014), accelerometers, pressure/force 

sensors, gyro-rotation rate sensors, flow sensors, tactile sensors, sensors for monitoring 

structural integrity of mechanical elements, and for chemical/biological sensors (Liu, 

2012). In general, piezoresistive devices are utilizing different materials like graphene 

(Yan et al., 2014), carbon nanotube (Kanoun et al., 2014), rare-earth chalcogenide 

enabling nanomechanical switching (Copel et al., 2013), ZnO NWs –polyimide 

nanocomposite (Chen et al., 2013), Sb-doped ZnO nanobelts (Yang et al., 2010), and 

ZnO porous films (Qiongfang et al., 2014). Particular and considering the piezoelectric 

property, well-aligned ZnO NR‘s play an important role in achieving an improved 

performance (Wang, 2009a). 

1.11.3 UV photodetector and its applications based on ZnO NR’s 

Ultraviolet (UV) photodetector is a UV light-sensitive device used to detect 

UV radiation through electronic processes. In general, the principle operating of all 

solid-state photosensitive devices involve three steps, carrier generation by absorption 

of the incident light, carriers transport in the device and interaction of current with 

the external circuit to provide measurable output signal (Luo et al., 2006). Recently, 

UV photodetectors have large range applications such missile launching detection,  

flame sensing, UV-radiation calibration and monitoring, engine control, chemical and 

biological analysis, solar UV monitoring, lithography aligners, optical communications 

and astronomy (Al-Hardan et al., 2014; Alaie et al., 2015). The responsivity and response 

time are the main characteristics to describe the performance of the UV photodetector. 

Recently, several wide direct bandgap semiconductor materials are under intensive 

investigation in order to improve the responsivity and stability of UV photodetector. 

Among them, ZnO nanostructures is one of the most important wide direct bandgap 

(3.37eV) and high exciton binding energy (60 meV) at RT, which makes ZnO 

nanostructures is very promising semiconductor nanomaterial for the UV photodetector. 

In addition, ZnO NR‘s possess large surface area to volume ratio, which provided the 

oxygen adsorption and desorption at the surfaces of ZnO NR‘s (Alaie et al., 2015). 
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Moreover, the performance of sensors can be improved by doping ZnO nanostructures 

with different metals. This is due to the fact that metal-doped ZnO nanostructures have 

intrinsic donor defects which contribute to carriers and optical properties, which 

generates more electron-hole pairs under UV excitation. Due to several challenges for 

obtaining reliable p-type ZnO which limits to make homojunction p–n junction based 

ZnO devices, therefore, metal-ZnO-metal structures based UV photodetectors are of 

interest to researchers. Schottky diode based UV photodetectors are more attractive since 

it provides high gain, high speed and low noise performance, while Ohmic junction based 

photodetector has very long decay time and large dark current (Alaie et al., 2015). 

Therefore, Schottky diode based on ZnO and metal-doped ZnO NR‘s are potential 

candidate for high performance UV photodetectors and low-cost, large-scale mode of 

flexible electronics also can be achieved by low temperature hydrothermal synthesis. 

1.12 Characteristics of TM-doped-ZnO 

―Diluted magnetic semiconductors (DMS) are those which have properties of 

doped semiconductors of TM and they offer another way to make ferromagnetic 

semiconductors at RT. In Spintronic (spin transport electronics devices), for potential 

purpose DMS can be used, which coup spins of charged electrons in DMS materials 

(Özgür et al., 2005). The device applications made up of those semiconductors that are 

ferromagnetic and also active on RT are remains attractive. So, Co, Ni, Mn are called 3d 

TM ions having partially filled d shells which relieved the host cations, which pointers to 

attain the DMS.‖ 

―In TM ions concentrated crystal, the magnetic property of DMS establish a strong 

function, the crystal quality and carrier density. There are two factors affecting on the 

electronic structure of replaced TM in semiconductors: strong Coulomb force between 3d 

electrons and strong hybridized 3d host (Morkoc and Ozgur, 2009; Pearton et al., 2007a). 

The quantum mechanical altercation contact between electrons provides magnetic 

property at higher temperature Tc. Generally we can say that when all magnetic moments 

of the atoms present in a lattice aligned themselves in a same direction, the material is at 
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ordered spin state even at zero applied magnetic fields, known as spontaneous 

magnetization and this phenomenon is known as ferromagnetism. The temperature below 

which ferromagnetism is occur known as Curie temperature. Yet if the neighboring 

magnetic moments are aligned anti-parallel to each other, the material is called 

antiferromagnetic material in which spontaneous magnetization cannot be observed, even 

in the presence of external magnetic field (Dietl, 2003; Ohno, 1998). Magnetic dipole 

moments ordering of anti-ferromagnetic (a) and ferromagnetic (b) semiconductor 

materials are shown in Figure 1.4.‖ 

 

Figure 1.4: (a) Ferromagnetic DMS, an alloy between nonmagnetic semiconductor and 

TM and (b) antiferromagnetic DMS. 

―Generally, portion of TM atoms is randomly incorporated in the semiconductors 

and provides localized magnetic moments in the DMS matrix. Wurtzite ZnO is formed by 

tetrahedral (s-p
3
) bonding between zinc and oxygen. When TM ions are substituted in the 

ZnO matrix (replacing the Zn sites), the TM ions contribute their 4S
2
 electrons to the s-p

3
 

bonding and form a TM
2+

 charge state. The TM-d bands hybridize with the O-p bands in 

the ZnO matrix and form the tetrahedral bonding in the ZnO based DMS, which 

exchanges the interaction between the localized 3d spins and carriers in the host valence 

band (Liu et al., 2005a).‖ 

―Currently, the theoretical studies of ferromagnetism in DMS based ZnO is under 

debate. However, the most suitable model for studying the nature and the origin of 

ferromagnetism in the system of the n-type ZnO doped with TM is called spin-split-orbit 
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model (Karmakar et al., 2007; Pearton et al., 2007b). In this model, the longer 

ferromagnetic exchange can be mediated by shallow donor electrons of bound magnetic 

polarons formed by point defects like oxygen vacancies (Coey et al., 2005; Venkatesan et 

al., 2004). If the nearby TM ions possess parallel magnetic moments, the 3d electrons in 

TM d band are allowed to hop to the 3d orbitals of the neighboring TM, which is 

mediated by charge carriers in a spin-split impurity band formed by the donor states, 

therefore, the shallow donor levels get hybridized with the TM d band and stabilize the 

ferromagnetic ground state in the system (Karmakar et al., 2007; Pearton et al., 2007b). 

In this model, the high TC occurred only when the 3d states of the TM hybridizes with 

spin-split-impurity-band states lie at the Fermi level (Coey et al., 2005; Venkatesan et al., 

2004).‖ 

1.13 Objectives and scope of this study 

1.13.1 Dissertation objectives 

The main purpose of this dissertation aims to realize synthesis of ZnO and T-

doped ZnO nanostructures, their characterization and enhancing their magnetic, optical 

& microstructural properties and bandgap tuning. The overall objectives of this 

dissertation are pursued as the following: 

1.13.1.1 Hydrothermal synthesis of ZnO and T-doped ZnO nanostructures 

The first goal of this study, is to develop the low temperature hydrothermal 

method to synthesize the samples having a controllable surface morphology, shape, and 

uniform size of ZnO and T-doped ZnO nanostructures on Si (1 0 0) substrate. 

1.13.1.2 Characterization of ZnO and T-doped ZnO nanostructures 

After the growth various characterization techniques were applied in order to gain 

deep understanding of the chemical composition, crystallinity, morphological 

characteristics, magnetic properties, light absorption and emission of ZnO and T-doped 
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ZnO nanostructures. Finally, to correlate these results with their functionalities for 

developing their corresponding applications in various fields. 

1.13.2 Dissertation layout chapter wise 

The dissertation is organized as follow: the general introduction and objective of 

this research are presented in this chapter. Chapter 2 provides the brief literature review, 

Chapter 3 comprises the synthesis methods and characterization techniques, Chapter 4 

demonstrates the results and discussions of grown samples and chapter 5 is giving 

research summary and future prospects of this research. 
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Chapter 2 

Literature review  

ZnO has been widely used in both industry and research area from last few decades. 

As mentioned in Chapter 1, it possesses several interesting properties including 

semiconductor, luminescent, photoconductivity and photochemical behaviors, etc. Hence, 

a wide range of applications such as ultra violet detectors, bacterial killer devices, 

acoustic wave devices, sensors, heat mirror, flat panel displays, transparent thin films 

transistors and transparent conducting electrodes for solar cells. Due to the development 

of science and technology, considerable research efforts have been put to synthesis 

materials in nanometer scale. Understanding the physical and chemical properties relating 

to low dimensionality helps to explore their possible applications in nanoelectronic 

devices. Nanotechnology is not only a simple process for miniaturization from 

micrometer scale down to nanometer scale. Materials in nanoscale exhibit unique 

physical properties owing to size dependent effect. T-doped ZnO has attractive feature in 

nanostructure fabrication. This is due to the fact that T-doped ZnO have intrinsic donor 

defects which contribute to carrier and optical property and it enhanced ferromagnetic 

properties at RT. Furthermore, ZnO possesses diverse nanostructures, such as nanotubes, 

NWs, NR‘s, nanobelts, nanotetrapods, nanoribbons, nanorings, and nanocombs.  

Sankur et. al. (Sankur and Cheung, 1983) has reported first fabrication of ZnO 

films having wurtzite structure grown on variety of substrates by CO2 laser evaporation 

powder. These films were found to be nearly stoichiometric and the deviation from 

stoichiometry accounts for the electrical properties of the films, which are n-type in 

conducting.  

Zhang et. al. (Zhang and Brodie, 1992) has prepared highly transparent, 

mechanically stable with smooth surface and good electrically conducting ZnO thin films 
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by using ion-beam assisted method. Resistivity of thin film increased significantly by 

annealing at higher temperature. 

Look et. al. (Look et al., 1998) has introduced a new method named vapor-phase 

transport of growing bulk, commercial-grade with high quality of ZnO, as confirmed by 

both electrical and optical measurements. 

Nause et. al. (Nause, 1999) gave a new approach of technique known as high 

pressure melt method for growing ZnO crystals. ―This technique enabled the production 

of high quality, low cost ZnO crystals for a range of applications, including substrates for 

nitride-based light emitters and power devices, energy detectors, and oxide-based 

devices.‖  

Ju Ko et. al. (Ju Ko et al., 2000) has studied the growth of ZnO thin films on a 

substrate of epitaxial-GaN by using Radio Frequency (RF) plasma assisted technique, a 

high quality ZnO thin film has confirmed by XRD, sharp & strong band-edge-emission 

confirms the super fine purity of ZnO film.  

Chen et. al. (Chen et al., 2000b) has studied optical and electrical properties on 

ZnO thin films layer-by-layer grown on       (0 0 0 1) by using the buffer layer of 

MgO. Thin film morphology has contained the 2-D island having the 100 nm traces in 

width. All experiment and results are reproducible by using the MgO buffer layer. 

Structural and optical properties are good in agreement with the crystal qualities ZnO thin 

films grown with MgO buffer layer as compared to grow direct on Al2O3 (0 0 0 1). 

Sekiguchi et. al. (Sekiguchi et al., 2000) studied the growth of ZnO thin film 

under oxygen rich environment gave the higher ultraviolet energy emission as compared 

to wurtzite ZnO. Cathodeluminescence spectra give the broad-emission peaked at 3.8 eV 

& 3.0 eV rather than typical wurtzite ZnO, cubic structure of ZnO might be the caused 

for this anomalous emission and cubic structure is identified by the study of X-ray 

diffraction. 

Minemoto et. al. (Minemoto et al., 2000) has examined to broaden of the bandgap 

of ZnO and fabricate the thin films produced from Zn1-xMgxO, making use of two-source 

(ZnO and MgO) RF magnetron co-sputtering. In the Zn1-xMgxO films, phase segregation 

was noticed at x = 0 58 along with the bandgap at x = 0.46 with a crystallographic 

framework of ZnO was 4 .20 eV. Most of these outcomes ensure that the using of the co-

http://www.sciencedirect.com/science/article/pii/S0022024800000622
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sputtering process allows you to decrease the substrate temperature. The bandgap of Zn1-

xMgxO may be even more broadened by preparing the films at RT, which is under a far 

from a non-thermal-equivalent condition during which Zn1-xMgxO films with larger Mg 

concentration might be synthesized. Moreover, the Zn1-xMgxO films include a 

transmittance and also resistivity virtually equivalent to that of non-doped ZnO. This 

study reveals the application of Zn1-xMgxO to a window coating of photovoltaic solar 

cells may enhance their overall performance, particularly short circuit current. 

Chen at. al. (Chen et al., 2000a) evaluated that the findings on sputter deposition 

of Zn/Al alloy target signify that many Al-doped ZnO films are highly favored ( 0 0 2 ) 

orientation together with a rise in substrate temperature considerably enhances the spatial 

distributions of resistivity. The enrichment of Al at the surface of ZnAlO films was 

noticed. ―The asymmetrical primary line of Al 2p3/2 was fixed into two parts: one 

centering at 72.20 ± 0.05 eV caused by metallic Al so the other owning a binding energy 

of 74.20 ± 0.10 eV resulting from oxidized Al. The standard O1 speak on the ZnAlO film 

surface may be constantly fixed by three practically near Gauss-an, centered at 530.15 ± 

0.15, 531.25 ± 0.20 and 532.4 0± 0.15 eV, respectively.‖ 

Look et. al. (Look, 2001) has studied the crystal of bulk ZnO having quite high 

optical and electrical quality could be grown by several unique procedures. Additionally, 

the epitaxial growth of ZnO layers was fabricated by MBE, PLD, HVPE and MOCVD on 

different kinds of substrate, such as Al2O3 and GaN wherein blue light emitter devices 

and photodetectors were systematically deposited. The irradiations of electron damages 

are much less intense when compared with that present case in some other typical 

semiconductor materials, which recommends the ZnO for space purposes application. On 

the other hand, the ideal challenge is the continuing development of high-quality p-type 

ZnO that should be needed for the most effective light-emitting devices. 

Zhang et. al. (Zhang et al., 2001) studied that the Al-doped ZnO films having high 

transparent conducting could be deposited by RF sputtering. These films are deposited on 

different organic substrate which may act as polycrystalline conducting materials and the 

hexagonal structure with c-axis as a suitable site for growth. The resistivity and 

transmittance of films is calculated to be                and 75% for the region of 
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visible range respectively. The effective mass by using Drude theory for an electron can 

be calculated.  

Jin et. al. (Jin et al., 2001) has studied a ternary nano-crystalline film of Zn1-

xMgxO with very  small variation of x have successfully been deposited. Moreover, this 

thin film is annealed at 450 °C in ambient air environment. It is argued the blue-shift is 

observed with the different Mg composition. A band-to-band UV emission peak is 

observed in Zn1-xMgxO films by room temperature PL. 

Poul et. al. (Poul et al., 2001) has studied the morphological and optical properties 

of various cobalt doped ZnO thin films. For different composition range of Co, they 

proposed two mechanism (i) primary particles growth mechanism leads without 

aggregation and (ii) formation of oxide by solid-solid-transformation retain morphology 

in later phase. Furthermore, hydrolysis ration is another factor to control morphological 

growth.  

Jing et. al. (Jing et al., 2002) has studied the optical properties by using TEM, 

XRD, BET, SPS, ESR, Raman, XPS and UV–Vis absorption spectra of ZnO 

nanoparticles. The results indicated that the prepared ZnO UFPs presented obvious 

quantum size effect and surface effect, also that the ZnO UFPs have decreased particle 

size and increased contents of surface oxygen deficiencies and hydroxyl active species as 

the calcining temperature decreased. Besides, the photocatalytic activities are mainly 

influenced by the properties of the ZnO particle, especially surface characteristics like the 

contents of surface oxygen deficiencies and hydroxyl active species proved to be 

essential to the photocatalytic reaction. 

Zhao et. al. (Zhao et al., 2002) studied a series of Zn1-xMgxO thin films which 

were successfully fabricated by the sol–gel method on n-type Si (0 0 1) and quartz 

substrates. The structural and optical properties were studied using XRD and the 

transmittance spectrum. The Zn0.95Mg0.05O and Zn0.85Mg0.15O alloys with wurtzite 

structure show high thermal stability up to 1000°C. However, when x is 0.36, phase 

separation will occur at 800°C. The optical bandgap of Zn1-xMgxO alloys ranges from 

3.4-3.93 eV. 
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Jin et. al. (Jin et al., 2002) studied the Co is in a divalent state with high spin 

electron configuration and substitutionally replaces Zn site in a Zn1-xCoxO films. The 

luminescence peaks around 343 and 443 nm are attributed to a band-to-band process and 

a photoionization process, respectively. The magnetoresistance behavior of Zn1-xCoxO 

films can be understood by electron weak-localization effect and spin splitting of CB 

electrons caused by s–d exchange coupling between conducting carrier and localized 

spins of Co
2+

 ion. Huge magneto-optical effect comparable with that of Cd1-xMnxTe was 

observed on Zn1-xCoxO films. 

Sue et. al. (Sue et al., 2004) has synthesized organic free ZnO NR‘s by 

hydrothermal method and studied the effect of preheating & solution mixing lead 

different crystal morphology. 

Bhattacharya et. al. (Bhattacharya et al., 2004) has fabricated highly oriented and 

transparent Mg-doped ZnO on MgO substrate and found double bandgap which shows 

the presence of mixed phase (cubic and hexagonal). Systematic bandgap tuning was 

control by the mixed phase concentration. 

Bouloudenine etl. al. (Bouloudenine et al., 2004) successfully synthesized dilute 

magnetic semiconductor of Co-doped ZnO by hydrothermal process and studied optical 

& magnetic properties  Optical properties showed several adsorption band caused by the 

interchange of Co
+2

 with Zn
+2

 at interstial site. Co-doped ZnO revealed paramagnetic 

behavior at RT magnetization measurements. 

Zeng et. al. (Zeng et al., 2004) has synthesized tetrapod shape whisker Sb-doped 

ZnO NR‘s by hydrothermal method and studied its Raman effect with the discussion of 

the control morphology of NR‘s. Sb content played a vital role for preferable nucleation 

& growth which predict the morphology alteration by modifying the surface energy of 

the crystalline facets and to calculated surface energy they used cluster modeling 

technique. 

Gue et. al. (Guo et al., 2005) has synthesized ZnO nanoparticles by using 

hydrothermal method and briefly explain the different parameter such as deposition 

temperature, substrate pre-treatments, growth time, precursor concentration for 

microstructural and ordering of NR‘s. 

http://www.sciencedirect.com/science/article/pii/S0009261404012709
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Liu et. al. (Liu et al., 2005b) successfully fabricated Mg-doped ZnO thin film by 

sol-gel method and studied the dopant concentration and heating temperature effect on 

resistivity along with orientation in the direction of c-axis. They optimized the increase in 

resistivity and c-axis orientation by the introducing of Mg doping. 

Zhu et. al. (Zhu et al., 2005) has synthesized ZnO (needle-shaped) and Sb-doped 

ZnO (polygonal-shaped) nanoparticles which showed that the surface morphology 

changed by the incorporation of Sb. Gas sensitivity of Sb-doped ZnO was increased as 

compared to undoped ZnO nanoparticles. 

Fitzgerald et. al.(Fitzgerald et al., 2005) fabricated Co-doped ZnO thin film by 

solid-state-reaction method; studied it optical and magnetic properties. Transparent and 

conducting film showed the increasing in resistivity by the increase of Co dopant and 

found 0.5-5 magnetic moment per Co-atom. Optical spectroscopy indicated that Co-atom 

lies at tetrahedral site of lattice structure.  

Tampo et. a. (Tampo et al., 2005) has synthesized of different P-dopant level ZnO 

thin film by using MBE and phosphorus activated by rapid thermal annealing. Their 

study showed the phosphorus is a good candidate for p-type doping. 

Quang et. al. (Quang et al., 2006) has explained the post annealing on optical 

properties of well oriented ZnO nanostructure. They found the near band-to-band 

emission at UV range was considerably increased by post annealing because of the 

perfection of the crystal quality and the reduction in nonradiative defects. 

Zhang et. al. (Zhang et al., 2006b) synthesized Mg-doped ZnO thin film by solid 

reaction method and explain the sintering effect on PL properties. They found redshift by 

increasing the temperature; thin film exhibits two bands in orange and green region and 

intensity ratio of first to second emission band increase by increasing temperature. 

Wang et. al. (Wang et al., 2006) has fabricated Sb-doped ZnO by RF-sputtering 

method and studied structural, surface morphology, electrical properties briefly. They 

suggested that annealing and Sb-dopant are the key factor for achieving p-type 

conductivity. 

Bouloudenine et. al. (Bouloudenine et al., 2006) successfully synthesized Co-

doped ZnO nanostructure by hydrothermal method and explained the optical, magnetic 

behavior of nanostructure. They revealed that Co
+2

 atom can replace by Zn
+2

 atom in 

http://www.sciencedirect.com/science/article/pii/S0169433205001285?np=y
http://www.sciencedirect.com/science/article/pii/S0920586105008953
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hexagonal array of crystal structure and showed paramagnetic behavior with no evidence 

of ferromagnetic.  

Miao et. al. (Miao et al., 2006) has reported reproducibility of p-type conductivity 

by the use of P as a dopant in ZnO thin film and suggested the properties of film depend 

upon growth temperature. They found p-type conductivity with better properties of those 

films grown at 420 ºC temperature and after annealing film exhibits p-type conductivity 

with improved electrical properties. 

Xiao et. al. (Xiao et al., 2007) has synthesized C0-doped ZnO by hydrothermal 

method and explain it photocatalytic activity which suggest Co-dopant is a prominent 

candidate. They revealed that Zn0.97Mg0.03O showed highest photocatalytic efficiency. 

Li et. al. (Li et al., 2007) successfully prepared of well-aligned in c-axis ZnO 

NR‘s on sapphire substrate with pre-coated ZnO nanolayer and studied its optical, 

structural properties. 

Pan et. al. (Pan et al., 2007a) has demonstrated to synthesize ZnMgO NR‘s via 

thermal diffusion method and discussed its photoluminescence, Raman properties. They 

found near-band-edge emission at RT and Raman vibration confirmed substitution of 

Mg
+2

 with Zn
+2

 lattice site. 

Water et. al. (Water and Yan, 2007) prepared Sr-doped ZnO thin film by RF-

sputtering technique; studied its structural properties and used as a love wave filter 

application. They found the uniform crystalline crystal structure, smooth surface 

morphology and increase in electrochemical coupling coefficient when 2 mol % Sr-doped 

ZnO thin film used. 

Pan et. al.(Pan et al., 2007b) has synthesized Sb-doped ZnO film by PLD method 

and studied optical properties with p-type conductivity. They found the resistivity ~ 5 

ohm-cm, carrier concentration ~             , hall mobility ~              , the 

complex structure of SbZn-2VZn has responsible for shallow accepter level. 

Doggett et. al. (Doggett et al., 2007) prepared P-doped ZnO film by PLD method 

and studied briefly its p-type conductivity. They showed that film exhibit weak n-type 

conductivity in dark at 200 k and changed into p-type when it exposed in incandescent 

light source due to the presence of electron traps at the surface. 
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Polsongkram et. al. (Polsongkram et al., 2008) has synthesized seedless ZnO 

nanostructure by hydrothermal method and studied the control features for the surface 

morphology. They demonstrated that the concentration of precursor, deposition time and 

growth temperature have the key features for ordering and morphology of the ZnO NR‘s. 

Zhau et. al. (Zhou et al., 2008) synthesized ZnO:Co NR‘s by wet chemical 

method; carried out its optical, magnetic properties and Raman analysis. No other 

impurity has observed by XRD and Raman analysis. Magnetic measurements of ZnO:Co 

film demonstrated the larger ferromagnetism as compared to bulk.  

Ilican et. al. (Ilican et al., 2008) has fabricated Sb-doped ZnO NR‘s by spin-

coated process and investigated its optical, structural, electrical properties. They 

calculated 3.285 eV optical bandgap, 105 meV of Urbach energy, band-to-band emission 

peak at 400 nm and they found p-type conductivity at higher Sb dopant concentration. 

Kar et. al. (Kar et al., 2008) prepared ZnO:Mg nanostructure by RF-sputtering 

method and control the morphology of nanostructure by using sputtering pressure & RF-

power. They improved the crystal structure by performing rapid thermal annealing and 

observed blue-shift in PL peak. 

Anderson et. al. (Anderson and Chris, 2009) has discussed the difficulty to 

achieve p-type conductivity of ZnO, by using first-principles methodology to understand 

the role of native defects on optical properties and electronic structure of ZnO. The 

finding indicates that native defects are not responsible for n-type conductivity however it 

is the caused to introduce impurities in the basic structure of ZnO. 

Kim et. al. (Kim et al., 2009) has synthesized Sb-doped ZnO NWs on Si-substrate 

by using thermal evaporator method. They confirmed hexagonal crystal structure in the c-

axis prefferly orientation by XRD analysis, influence of Sb into ZnO structure confirmed 

by HRTEM images and PL-peak analysis exhibit deep-level-emission with suppressed 

near-band-emission. 

Xu et. al. (Xu and Cao, 2009) prepared Co-doped ZnO by simple precipitate 

method. Wurtzite structure and Co
+2

 substitute Zn
+2

 has confirmed by XRD, optical and 

Raman spectra analysis. They calculated coercivity Hc ~ 72 Oe for 2 mol% and 131 Oe 

for 4 mol% solution.  

http://www.sciencedirect.com/science/article/pii/S0921452608002883
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Zhao et. al.(Zhao et al., 2010) has synthesized hexoganl shape nanofibers of 

MgZnO by electrospining method and performed XRD, PL, SEM on prepared samples. 

XRD results showed not so much deviation in microstructural properties, SEM results 

revealed small influence in the size of nanofibers and PL spectra showed blue-shift by 

increasing Mg dopant level. 

Xu et. al. (Xu and Cao, 2010) prepared Co-doped ZnO flaks by hydrothermal 

method, performed structural and magnetic analysis. They demonstrated in their work 

that structural analysis indicate wurtzite structure of highly crystalline in nature found 

with the substitution of Co
+2

 to Zn
+2

 and magnetic analysis indicate the decrease in 

ferromagnetic behavior of ZnCoO film by the decrease of Co-doping concentration.  

Lee et. al. (Lee et al., 2010) has fabricated the highly oriented hexagonal shape 

pillar of ZnO by hydrothermal method regulated with pH and temperature value. ZnO 

nanostructure prepared at 200 ºC with pH ~ 9 revealed stronger violet and green emission 

as compared to those prepared at high pH value. 

Fang et. al. (Fang et al., 2010) synthesized reproducible Sb-doped ZnO by 

hydrothermal method and performed optical properties. ZnO nanocolumn of hexagonal 

wurtzite structure in c-axis direction has confirmed by XRD analysis. Low temperature 

PL analysis indicated Sb-related complex acceptor transition which may be caused p-type 

conductivity. 

Xie et. al. (Xie et al., 2011) has prepared ZnO nanostructure of different 

morphology by hydrothermal method and compare photocatalytic activities of flower-

like, sphere-like, sheet-like ZnO structure. Different morphology of ZnO nanostructure 

have the key feature for photodegradation efficiencies.  

Wang et. al. (Wang et al., 2011)fabricated flower-like Co-doped ZnO film by 

facile solvothermal method and studied the Co-contents influence in morphological, 

structural, optical properties. They found red-shift with stronger UV emission when 

increasing Co dopant level. EDS and XRD analysis showed the incorporation of cobalt 

atom into hexagonal ZnO structure array. At RT magnetization suggest the cobalt ion 

solution in ZnO film has the key factor for the production of ferromagnetic behavior. 

Yang et. al. (Yang et al., 2011) has synthesized ZnO:Sb film on Si (1 0 0) by 

sputtering method, extensively studied carried out on electrical, structural and PL 
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properties. Oxidation state with cluster of oxygen-rich Sb-O, wurtzite hexagonal structure 

has confirmed by XPS and XRD analysis. By increasing the Sb-contents from 0-2.1 %, 

the film has exhibits n- to p-type electrical property with decrease in visible-to-ultra 

violet emission in PL-peak. 

Premkumar et. al. (Premkumar et al., 2012) has prepared Mg-doped ZnO 

nanostructure by hydrothermal method and studied the surface morphology by the Mg-

content level. They explained the Mg-doping has responsible for the morphology 

transition from nanorods-to-nanochain of ZnO which are suitable for photocatalytic and 

gas sensing application. 

He et. al. (He et al., 2012) successfully fabricated Co-doped ZnO nanostructure by 

hydrothermal method and explain the role of Co dopant in the surface morphology of 

ZnO film. Well aligned and good hexagonal structure has obtained by using low Co 

dopant level due to decrease in tensile stress. 

Palani et. al. (Palani et al., 2012) has prepared Sb-doped ZnO NWs by using Sb as 

a catalysts with the use of carbothermal evaporation method and studied its structural, 

optical properties. Good quality, high crystallinity, hexagonal shaped ZnO NR‘s has 

confirmed by XRD and TEM analysis. Diffusion of Sb in ZnO has confirmed by Raman 

analysis and PL-peak analysis showed better optical properties as compared to as-grown 

ZnO. 

Wang et. al. (Wang et al., 2013) has synthesized dumbbell-like ZnO structure by 

using facile hydrothermal method and studied its microstructural, PL properties. The 

dumbbell having length ~5-20 micron and width ~ 0.5-2 microns have observed. PL-peak 

analysis showed UV-, blue- and green emission at 362, 384 and 485 nm respectively.  

Li et. al. (Li et al., 2013) fabricated Sb-doped ZnO microsphere film by 

hydrothermal method with post annealing process. Blue-shift has observed in XRD 

spectrum due to the incorporation of Sb-ion which has confirmed by XPS analysis. Sb-

doped ZnO film has an efficient biosensor and showed more than three time sensitivity as 

compared to undoped ZnO. 

Shi et. al. (Shi et al., 2013b) has prepared Co-doped ZnO nanostructure by 

hydrothermal method. Incorporation of Co-ion into the ZnO host structure has confirmed 

by XRD with PL analysis and secondary phase has found due to segregation of doping 
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above the 1 mol% and ferromagnetic behavior may be attributed to defect mediated Co
+2

-

Co
+2

 coupling in a ferromagnetic way. 

Eswar et. al.(Eswar et al., 2014) has synthesized nanoflower-like ZnO 

nanostructure by using low temperature and low-cost hydrothermal method. 

Microstructural analysis revealed the wurtzite hexagonal structure has formed at high 

precursor concentration and c-axis along orientation of ZnO increased by increasing 

molarity with blue-shift occurred in PL-peak. 

Li et. al. (Li et al., 2014) fabricated Sr-doped ZnO by microwave hydrothermal 

method. The morphology of ZnO crystal has observed to change from lamellar-like-to-

hexagonal-column-like structure with higher absorption in visible range and decreased in 

optical bandgap by increasing the Sr dopant concentration.  

Guo et. al. (Guo et al., 2014) has synthesized ZnMgO NR‘s on Si (1 0 0) substrate 

by hydrothermal method. XRD and SEM results indicated that 0.5 molar Zn/Mg ratio 

possessed c-axis preferentially oriented, good crystallinity with well aligned ZnMgO 

nanorods. Red-shift with the increase in bandwidth has observed by increasing Mg-

content ratios.  

Mesaros et. al. (Mesaros et al., 2014) prepared nanoparticles of Co-doped ZnO by 

wet-chemical method and decomposition mechanism explained by the help of FTIR, 

DTA-TG analysis. Good crystallinity along with morphology, hexagonal-wurtzite 

structure with average particle-size of 28-37 nm has observed by using SEM, XRD and 

TEM analysis. 

Liang et. al. (Liang et al., 2014) has fabricated nanostructure of Sb-doped ZnO by 

electrodeposition method. Low pH with small lattice mismatch has adopted for highly-

textured with less defects of Sb-doped ZnO NR‘s. They found the high quality 

nanostructure under optimized growth condition, having good-optical properties with 

sharply UV-emission and existing p-type conductivity of Sb-doped ZnO nanostructure. 

Tsai et. al. (Tsai et al., 2015) has synthesized ZnO microstructure by 

hydrothermal method. Size and morphology of microrods depend on growth temperature, 

good crystallinity with c-axis orientation of ZnO has observed by XRD analysis. Better 

crystal structure with good ultraviolet emission has found when ZnO microstructure 

prepared at 90 ºC. 
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Liang et. al. (Liang et al., 2015) prepared Sb-doped ZnO nanostructure by 

MOCVD method and varied Sb to Zn molar ratio during growth process. It was found the 

change in valency of Sb from Sb
+3

 to Sb
+5

 by increasing the molar ration of Sb precursor 

has responsible for the changing from p-type to n-type conductivity. It is also suggested 

that the dominancy of trivalent Sb
+3

 ions has suitable candidate for p-type conductivity 

and it is more important for the controlling the Sb-valency to obtain p-type Sb-doped 

ZnO film. 

Abed et. al. (Abed et al., 2015) has fabricated Mg-doped ZnO nanocluster by Sol-

gel method and analyzed its structural, optical properties. They demonstrated in their 

work that all samples exhibited wurtzite hexagonal structure and suggest 2 %Mg doping 

in ZnO sample beneficial for optoelectronic application due to its optimized condition of 

crystallinity. They also found the 3 %Mg doped ZnO sample has highest photocatalytic 

activity with low cost for the environmental remediation. 

Fabbiyola et. al. (Fabbiyola et al., 2015) synthesized Co-doped ZnO nanostructure 

by co-precipitation method and annealed at 500 ºC for 3 hour. They found the 

crystallinity size and bandgap decreasing by the increase of Co dopant level due to the 

increase of strain in lattice, as the increase of Co-concentration UV-emission vanishes 

completely and only blue-emission with green-emission defects have identified, RT 

ferromagnetism showed the incorporation of Co-ion in ZnO array of atoms. 

Ding. al. (Ding et al., 2016) has fabricated vertically align ZnO nanostructure via 

low temperature hydrothermal method. The conductivity of ZnO film has reversible 

modulated under UV-intensity as low as        . This preparation method has widely 

used to grow ZnO film on different type of substrate (e.g. polymer fiber, plastic film) for 

different potential application of sensor and electronic. 

Sheeba et. al. (Sheeba et al., 2016) prepared Sb-doped ZnO film by thermal 

evaporation method and studied its gas sensing with optoelectronic application. They 

found 5 % Sb-doped ZnO film exhibited good electrical conductivity, better 

transmittance, improve photoresponse, fast response time and improve LPG (liquid, 

patrol, gas) sensitivity. The considerable improvement in response time and sensitivity to 

LPG suggested Sb-doped ZnO films have more suitable candidate for gas sensing 

application. 
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Yingying et. al. (Yingying et al., 2016) has synthesized hexagonal structure with 

no other impurity having highly oriented pencil-like Co-doped ZnO NR‘s by 

hydrothermal method. They found the decrease in UV-emission peak intensity and 

increase in the concentration of V0 with Zni defects by increasing Sb-dopant level. Co-

doped ZnO exhibited ferromagnetic behavior due to the exchange of interaction between 

free delocalized carrier and localized magnetic dipole moment of the magnetic ions. 

Yang et. al. (Yang et al., 2016) fabricated flower-like Mg-doped ZnO 

nanostructure by hydrothermal method and incorporation of Mg in ZnO lattice has 

confirmed by XRD, ultraviolet-visible (UV-Vis), EDS and PL analysis. They found that 

the increase in the optical bandgap, dominancy of deep traps and blue-shift in PL-peak 

have observed by the increase in doping concentration. 

Pradeev Raj et. al. (Pradeev Raj et al., 2016) has prepared Sr-doped ZnO film via 

co-precipitate method and studied its structural, optical, morphological properties with 

catalytic activity. They found the hexagonal structure with no other impurity and phase 

confirmed by XRD analysis, incorporation of Sr dopant in ZnO observed by EDS and 

change in surface morphology determined by SEM images. It can be also found the 

decrease in optical bandgap in UV-Vis analysis, stronger UV-emission in PL-peak, 

increase in degradation rate with photocatalytic efficiency has observed when Sr dopant 

level increased. 

Zhu et. al. (Zhu et al., 2016) controllably synthesized ultrathin nanosheet of P-

doped ZnO by CVD method and ―studied the effect of P-doping with O-doping on optical 

with structural properties. They found P doping induces lattice distortion in ZnO by 

substituting oxygen sites, and the strain relaxation alters the growth direction of ZnO 

from the [    ] to [   ̅ ] direction. Oxygen can facilitate the growth of ZnO nanosheets 

along the lateral directions.‖ 
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Chapter 3 

Experimental details and characterization 

techniques 

3.1 Synthesis procedures of ZnO and T-doped ZnO NWs/NR’s 

As mentioned earlier, nanostructure of ZnO is most suitable material for 

multifunctional devices and its miscellaneous nanostructure may be fabricated on 

different substrate via hydrothermal, sol-gel, solid-state reaction and vapor-liquid-solid 

(VLS) methods. ZnO NWs/NR‘s are the most attractive nanostructure for the use of 

nanotechnology industry. Furthermore, the role of T-doping into ZnO may cause the 

change of its various properties and enhanced its RT ferromagnetism. Present work, we 

have mainly focused to investigate on controlled procedure for the synthesis of ZnO and 

T-doped ZnO NWs/NR‘s. Due to unique physical and structural properties of ZnO is 

chosen for this work wherein the simple steps of growth using hydrothermal process. 

After that, the samples were followed by various characterization techniques and 

measurements. Brief details of synthesis process are provided in the following section. 

3.1.1 Hydrothermal synthesis 

ZnO NWS/NR‘s can be grown by hydrothermal method by two different 

methods: nanocrystals and nucleation growth. The growth procedure of ZnO 

NWs/NR‘s contains the following steps: substrate preparation, seeding or seed free, 

precursor solution preparation and growth procedures (Amin et al., 2011; Udoma et al., 

2013; Wang, 2011; Wang, 2009b; Willander et al., 2009a; Willander et al., 2009c). This 

dissertation shows the ZnO NR‘s were developed on different types of thin films on 

metal coated or bare Si. Just before the solution growth processes, the Si-substrates 
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were consequently and frequently dipped in isopropanol-amine under sonication for 20 

minutes to remove organic impurity and undesirable particles. After that substrate were 

immersed into hydrofluoric acid for 5 minutes to remove oxide layer from the top of the 

substrate. These cleaning stages is implemented every time by rinsing the substrates in 

DI-water and then substrates were ruined dry by Ar-gun and dried at RT. 

In standard method, the layer of seed was spun coated five times with a ZnO 

solution of seed at 2500 revolutions per minute (rpm) for 40 s, after which the samples 

were pre-annealed in a muffle furnace at 110 ºC for 15 minutes. The primary advantage 

to use ZnO seed layer during the hydrothermal growth process can provide the 

nucleation sites for the growth of ZnO NWS/NR‘s. Moreover, the layer of ZnO as a 

seed was found one of an essential factor for vertically orientation with uniformity for 

the growth of ZnO NR‘s (Zainelabdin et al., 2010). The solution for seed was ready by 

dissolving zinc-acetate-dehydrate (C4H10O6.Zn) in DI-water having the molarity of 0.5 

under vigorous stirring at 45 ºC on a hotplate for 2 hours (Zainelabdin et al., 2010).  

3.1.1.1 Synthesis of ZnO NR’s mediated by hexamethylenetetramine  

Zinc acetate di-hydrate, hexamethylenetetramine (HMT) and deionized water were 

used as reagents. Si-substrates were cleaned with acetone, isopropyl alcohol and 

deionized water with ultrasonic cleaner for 30 minutes, then dipped for 10 minutes into 

hydrofluoric acid to remove the oxide layer. After that Au-films were thermally 

evaporated on Si-substrate which is approximately 20 nm thicknesses. Zinc acetate di-

hydrate and HMT were mixed into 30 ml deionized water separately of 1:1 atomic 

ratios and were magnetically stirred at RT for 30 minutes, after that these two solution 

were mixed and make vigorous stirring at 60 ˚C for 1 hour. This solution mixture was 

transferred into teflon-lined autoclaves with Si-substrate (Au-coated) and heated at 95 

˚C for 3 hour. Moreover, ZnO NR‘s on Si-substrate were collected and dried at 100 ˚C 

for 10 minutes. The reaction processes involved in this method are described as the 

following (Amin et al., 2011; Udoma et al., 2013; Wang, 2011; Wang, 2009b; 

Willander et al., 2009a; Willander et al., 2009c; Zainelabdin et al., 2010): 

                           (3.1) 

           
          (3.2) 
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       (3.3) 

                  
        (3.4) 

                 
       (3.5) 

        
                       (3.6) 

       
                    (3.7) 

In this particular work, a transparent Zn ions solution with equimolar level of 

HMT transparent solution was dissolved separately in DI-water. After that these clear 

solutions were immediately mixed under continuous stirring. The Zn ions clear solution 

instantly transformed to a translucent whitish color as a result of the quick hydrolysis of 

the zinc complexes in the growth solution. Then the final process followed by the 

hydrothermal growth process. 

3.1.2 Synthesis of T-doped ZnO NR’s 

As stated earlier, the hydrothermal technique is seen as a promising technique 

because of the inexpensive, simplicity of fabrication, the environmental friendly, 

substantial range production along with material‘s properties might be handled by the 

control of growth conditions and precursor preparation parameters. Although, the 

controlled pattern, structure and uniformity on substrates of T-doped ZnO synthesis is 

still a challenging and debatable. Furthermore, the growth technique introduced here 

corresponds to another and simple process which controls the NWs/NR‘s structures 

with higher aggregation of dopant level. We analyzed T-doped ZnO NWs/NR‘s 

synthesized using HMT. The synthesis process for T-doped ZnO NWs/NR‘s are 

practically the just like ZnO NWs/NR‘s, which include preparation of substrate, 

preparation of precursor solution and also the growth process. Only the process of 

precursor solution preparation is different. Then, the next parts explain the process of 

solution preparation for the synthesis of T-doped ZnO NWs/NR‘s. 

3.1.2.1 T-doped ZnO NWs/NR’s mediated by HMT 

HMT mediated process includes the precursor solution preparing for the growth of 

Mg-, Co-doped ZnO NWs/NR‘s is referred to as the following: 
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• For Mg-doped ZnO NR’s 

Before depositing Mg-doped ZnO (Mgx Zn1-x O where x = 0.1, 0.2, 0.3) NR‘s by 

hydrothermal method via HMT, Si-substrates were cleaned with acetone, isopropyl 

alcohol and deionized water with ultrasonic cleaner for 30 minutes, then dipped for 10 

minutes into hydrofluoric acid to remove the oxide layer. Then Au-coated films were 

thermally evaporated on Si-substrate having approximately 20 nm thicknesses. Zinc 

acetate di-hydrate, HMT and magnesium acetate tetra-hydrate were taken as starting 

materials. Zinc acetate di-hydrate and HMT were mixed into 30 ml deionized water 

separately of 1:1 atomic ratios and Magnesium Acetate tetra-hydrate were mixed into 30 

ml deionizes water of 0.1:0.9 atomic ratio with respect to zinc acetate di-hydrate. These 

three solutions were vigorous stirring at RT for 30 minutes, then the solutions of 

magnesium acetate and HMT were mixed into zinc acetate di-hydrate solution gently and 

vigorous stirring at 60 ˚C for 1 hour. The solution mixture was transferred into teflon-

lined autoclaves with Si-substrate (Au-coated) and heated at 95 ˚C for 3 hour. Then Si-

substrates are collected and dry at 100 ˚C for 10 minutes. The samples are annealed at 

450, 550 and 650 ˚C in tube furnace with the present of Ar-gas environment for 3 hours. 

Table 3.1 shows the detail of experimental procedure 

Table 3.1: Experimental Condition for the growth of NR‘s. 

Molar 

Ratio of 

Mg/ZnO 

Weight of 

Solute (gm.) 

Solvent 

(D.I. 

water) 

Stirring 

Condition 

Growth time 

& 

temperature 

Annealing time 

& temperature 

0.1:0.9 0.5495 gm. 

of Zinc 

Acetate di-

hydrate 

30 ml 30 min stirring 

at RT 

  

 0.3785 gm. 

of Hexa 

methylene 

tetra amine 

30 ml 30 min stirring 

at RT 

  

 0.0499 gm. 

of 

30 ml 30 min stirring 

at RT 
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Magnesium 

Acetate tetra-

hydrate 

   After 

dissolving, 

mix 

magnesium 

acetate and 

HMT solution 

into Zinc 

acetate 

solution and 

vigorous 

stirring at 60 

°C for 1 hour 

Au-coated Si-

substrate put 

into teflon 

autoclave 

containing 30 

ml solution is 

placed into the 

furnace at 95 

°C for 1h, 2h 

and 3h growth 

time 

Each sample is 

annealed at 450, 

550 and 650 ºC 

for 3 hour in the 

presence of Ar-

gas 

environment. 

0.2:0.8 0.4885 gm. 

of Zinc 

Acetate di-

hydrate 

30 ml 30 min stirring 

at RT 

  

 0.3364 gm. 

of Hexa 

methylene 

tetra amine 

30 ml 30 min stirring 

at RT 

  

 0.0999 gm. 

of 

Magnesium 

Acetate tetra-

hydrate 

30 ml 30 min stirring 

at RT 

  

   After 

dissolving, 

Au-coated Si-

substrate put 

Each sample is 

annealed at 450, 
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mix 

magnesium 

acetate and 

HMT solution 

into Zinc 

acetate 

solution and 

vigorous 

stirring at 60 

°C for 1 hour 

into teflon 

autoclave 

containing 30 

ml solution is 

placed into the 

furnace at 95 

°C for 1h, 2h 

and 3h growth 

time 

550 and 650 ºC 

for 3 hour in the 

presence of Ar-

gas 

environment. 

0.3:0.7 0.4274 gm. 

of Zinc 

Acetate di-

hydrate 

30 ml 30 min stirring 

at RT 

  

 0.2944 gm. 

of Hexa 

methylene 

tetra amine 

30 ml 30 min stirring 

at RT 

  

 0.1498 gm. 

of 

Magnesium 

Acetate tetra-

hydrate 

30 ml 30 min stirring 

at RT 

  

   After 

dissolving, 

mix 

magnesium 

acetate and 

HMT solution 

Au-coated Si-

substrate put 

into teflon 

autoclave 

containing 30 

ml solution is 

Each sample is 

annealed at 450, 

550 and 650 ºC 

for 3 hour in the 

presence of Ar-

gas 
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into Zinc 

acetate 

solution and 

vigorous 

stirring at 60 

°C for 1 hour 

placed into the 

furnace at 95 

°C for 1h, 2h 

and 3h growth 

time 

environment. 

• For Co-doped ZnO NR’s 

At first, a solution named A was ready by the mixing up the equimolar (0.05 M) of 

zinc-acetate-dihydrate together with HMT in DI-water. Next, a solution B was prepared 

by dissolving a particular amount of cobalt-acetate-hexahydrate (having 2, 4 and 6 

molar percent) in DI-water. Finally, both solutions A & B were mixed together, after 

that the mixed solution was homogenized by hotplate for 2 hour at 45 ºC. Then, 20 nm 

Au-coated Si-substrate was situated horizontally in autoclave and confined for preheated 

furnace for 4 hours at 105 ºC. Once the growth was finished, the samples were cleaned 

with DI-water, than dried at 100 ºC in furnace for 8 min. 

The schematic diagram of ZnO and T-doped ZnO NWs/NR‘s by hydrothermal method 

is shown in Figure 3.1. 

3.2 Characterization techniques 

After the growing procedure is finished, various distinct techniques of 

characterization were useful to examine the surface-morphology, structural-analysis, 

optical, electrical and magnetic properties. For surface-morphological study the SEM and 

TEM were performed on prepared samples. Crystal structure analysis in detailed of 

prepared samples was investigated by XRD. The comprehensive study of optical 

properties of grown samples was analyzed by using PL and UV-Vis spectroscopy. 

Electrical behavior of grown samples was analyzed by two probe method. Lastly, the 

magnetic properties were studied by vibrating sample magnetometer technique on grown 

samples. In this particular section, we are going to briefly familiarize with these 

characterization techniques. 
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3.2.1 Morphological and structural characterizations 

3.2.1.1 Scanning electron microscope (SEM) 

SEM is one of the most important instruments used for morphology analysis. The 

SEM generates images by scanning the samples using a focused electron beam. The 

electrons interact with atoms in the sample and produce various signals (surface 

information of the samples). The SEM utilizes a focused electron beam to scan across the 

surface of the samples then it systematically produces large numbers of signals and these 

electron signals are converted to a visual signal, which can be displayed on a screen.―The 

types of signals produced by a SEM include secondary electrons (SE), back-scattered 

electrons (BSE), characteristic X-rays, light (Cathodeluminescence) (CL), specimen 

current and transmitted electrons. However, these types of signal are not usually present 

on a single machine‖ and depend on the type of detector and its own specification. 

However, in all SEMs, secondary electron detectors are the most common mode of 

detection. When the primary beam strikes the surface of the sample, it causes ionization 

of specimen (atoms), loosely bound electrons may be emitted (secondary electrons). 

These electrons possess low energy (3-5eV), therefore, they possibly can move from a 

surface region within a few nanometers. So, secondary electrons accurately mark the 

position of the beam and give topographic information with good resolution (Weilie Zhou 

and Wang, 2007). The image of the surface is generated on the screen by scanning the 

sample and detecting the secondary electrons signals. In the present work, the SEM 

images were collected by secondary electron detector. 

3.2.1.2 X-ray diffraction 

―X-rays diffraction (XRD) is a rapid and a powerful technique used to study the 

phase of a crystalline material, information on unit cell lattice parameters, crystal 

structure, crystal orientation and crystallite size. XRD is widely used to characterize 

unknown crystalline materials. The working principle of the XRD technique is relied on 

constructive interference of X-rays and a crystalline sample (Birkholz, 2006). In a crystal, 

the atoms distribute regular in space, which comes into being crystal lattices. These 
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lattices form a series of parallel planes with spacing distance d. The x-rays are generated 

by a cathode ray tube (X-ray produced by the impact of accelerated electrons with heavy 

metal such as Cu), filtered (filtered and collimated by nickel filters) to produce 

monochromatic X-ray radiation which directed toward the sample. When X - rays light 

with wavelength is projected onto a crystal lattice at an angle, the interaction of the 

incident X-rays with the sample provides constructive interference if the conditions 

satisfy Bragg's law‖ (Nanda Shakti and Gupta, 2010): 

                 (3.8) 

Where n is an integer 1, 2, 3….. (usually n =1), is wavelength in angstroms 

(1.5418 Å for Cu Kα), is spacing between the planes, the is the angle between the 

incident light and the lattice planes, the 2θ is angle between the incident and scattered 

beams, the angle 2θ of maximum intensity is called the Bragg angle. All diffraction 

directions of the lattice will be generating by scanning through a range of 2θ angles on 

the sample. Figure 3.2 illustrates the reflection of X-rays from two planes of atoms in a 

crystal solid. From these XRD pattern, the lattice parameter of the samples can be 

estimated by Eq. 3.9-3.11. 

 

Figure 3.1: Schematic diagram of the hydrothermal growth of ZnO and T-doped ZnO 

NRs. 
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 ―The direction of plane normal [   ] is perpendicular to a plane of atoms and the 

diffraction vector S is the vector bisects the angle between the incident and diffracted 

beam‖ (Cullity, 1978). ―The lattice constants „a‟ and „c‟ and the spacing      for the 

wurtzite structure of ZnO can be calculated using the relations.‖ 
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Figure 3.2: Typically Bragg Brentano geometry. 

3.2.2 Optical characterization 

3.2.2.1 Photoluminescence spectroscopy 

The PL spectroscopy is also an important technique for the investigation and 

characterization of the optical properties, electronic structure of semiconductors and 

defects occurring in materials (Gilliland, 1997). The main principle of the PL 

measurements is that, the semiconductor is excited by light photons which have higher 

energy than the bandgap of the semiconductor such as a laser. Then the incident photons 
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are absorbed and create electron-hole pairs in the semiconductor. Within a short period of 

time the electron-hole pairs are recombined and emit photons from the semiconductor, 

the energy of the emitted photons reflects the carrier energy in the semiconductor. 

Finally, the emitted luminescence (light) and intensity are collected and recorded to 

generate a PL spectrum. These emitted PL and intensity are the direct measurement of the 

semiconductor properties such as bandgap, impurity levels and defect detection and 

recombination mechanisms (Petrov, 1996; Yacobi and Holt, 1986). 

3.2.2.2 UV-Visible spectroscopy 

UV-Vis is a spectroscopy (absorption or reflectance) in the UV-Vis region. The 

UV-Vis absorption spectroscopy provides information of light absorption as a function of 

wavelength, which describes the electronic transitions occurring in the measured samples. 

The UV-Vis spectrophotometer detects the light intensity passing through a sample and 

compares the detected intensity to incident light intensity (light before passes through the 

sample) (Zhebo Chen et al., 2013): The absorbance A is simple expressed as Beer‘s law: 

      
 

  
      (3.12) 

Where the ratio is called transmittance, I is the intensity of light passing through 

the sample and Io is the intensity of light before passing through the sample. The optical 

bandgap of the grown samples were estimated using the following equation (Sharma et 

al., 2003): 

  (
 

  
) (     )

 
     (3.13) 

Where   is the absorption coefficient, d is thickness of the sample (length of 

NR‘s),   = 1/2 for direct bandgap semiconductors and k = 1/4 is the extinction 

coefficient, h is Planck‘s constant and his the incident photon energy (Sharma et al., 

2003). 

  (
 

  
) (     )

   
   (3.14 

        (     )    (3.15) 

The optical bandgap of the samples was obtained from the intercept of the linear 

portion with hv verses        curve. 
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3.2.3 Magnetic characterization 

―The lack of retraceability of the magnetization curve is known as hysteresis. It is 

concerned to the existence of magnetic domains in the material. Once the magnetic 

domains are aligned in certain direction, it takes some energy to turn back to its original 

position. This property of ferromagnetic materials is helpful as a magnetic memory. The 

magnetic-hystrogram (M-H) loop is obtained by measuring the induced electromotive 

force produced due to the change of flux.‖   

3.2.3.1  Hysteresis (M-H) Loop 

―A piece of iron can be magnetized by placing it in a solenoid and passing current 

through it. If we increase the value of current gradually, the magnetizing field strength 

(H) also increases. As a result, the magnetization (M) produced in the specimen also 

increases‖. A graph between M and H is shown in the Figure 3.3.  

―At the starting point (O), H and M both are zero. When we increase H, M also 

increases but not very uniformly till we reach the point A. Beyond the point A, if H is 

further increased, the value of M remains constant. Here all the moments are aligned in a 

single direction and the specimen is in a saturation state. Now if H is decreased, the value 

of M also decreases but at a much slower rate. When H is zero, the value of M is not zero 

but has a finite value equal to OB. This is called the remanence or retentivity of the 

magnetic material. On further increasing the value of H in the reverse direction, the value 

of M decreases and become zero. Here the value of H becomes equal to OC.‖  

―It is the coercivity of the magnetic material. If the value of H is further increased, 

again we get the saturation state at point D. Now if we start to increase the value of H in 

the forward direction, we reach the point E. Here M has a finite value OE in the reverse 

direction. On increasing the value of H in the positive direction, we again reach the 

saturation state at point A. From the graph, we see that the M does not become zero 

although the H is brought to zero i.e. the value of M always lags behind H. This lagging 

of M behind the magnetizing force when a piece of iron is taken through a cycle of M is 

called Hysteresis. The graph showing the variation of M and H of an iron piece to form a 
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cycle is called the Hysteresis loop. M-H loop shows the energy dissipation of a 

ferromagnetic material in the presence of an AC field.‖ 

 

Figure 3.3: Hysteresis for M-H loop. (Cullity, 1972) 

3.2.3.2  Saturation Magnetization   

―It is defined as the maximum possible M of a material. We can find the 

saturation magnetization of M-doped ZnO by knowing  

(i) The moment on each ion.  

(ii) The distribution of ions between A and B sites.  

(iii) The exchange interaction between A and B sites is negative.  

In reality, AB, AA, and BB interactions all tend to be negative, but they can‘t all 

be negative simultaneously. AB interactions are usually the strongest so that all the A 

moments are parallel to one another but antiparallel to B moments‖ (Cullity, 1972).  

3.2.3.3  Remanence (Retentivity) 

―It is the measure of the remaining magnetic field M of a magnetic material when 

the magnetizing force is reduced to zero after the magnetic material is being saturated. It 

depends upon the degree of magnetization of the material before H is dropped to zero.‖  
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3.2.3.4  Coercivity 

It is the measure of the reverse magnetic field required to demagnetize the 

material after being saturated (Cullity, 1972). 

3.2.3.5  Magnetic Moment 

―A property possessed by a permanent magnet or current carrying coil is used to 

measure the H. It is torque, experienced when a magnet is placed in a magnetic field of 

unit size with its axis perpendicular to the magnetic field. One of the simplest examples 

of    is that of the current-carrying loop, carrying current I and of area A. Then   can be 

calculated as‖ (Smit and Wijn, 1959)  

 
    

                 

       

     (3.16) 

―Where,    is the saturation magnetization and    is the sintered density of the 

prepared samples. The value of    may have different from that of theoretical value.‖  

 3.2.3.6  Vibrating Sample Magnetometer 

―The principle of vibrating sample magnetometer (VSM) operates on Faraday's 

Law of induction, which states that a changing magnetic field will produce an electric 

field. This electric field can be measured and can tell us information about the changing 

magnetic field. A VSM is used to measure the magnetic behavior of magnetic materials. 

If the sample is magnetic, this constant magnetic field will magnetize the sample by 

aligning the magnetic domains, or the individual magnetic spins, with the field. Stronger 

the H, larger will be the M and   of the sample will create a magnetic field around the 

sample, sometimes called the magnetic stray field. As the sample is moved up and down, 

this magnetic stray field changes as a function of time and can be sensed by a set of pick-

up coils.‖ 

―During this continuous process it can see the alternating magnetic field will 

cause an electric field in the pick-up coils according to Faraday's Law of Induction. This 

current will be proportional to the magnetization of the sample.‖   

―A typical measurement of a sample is taken in the following manner:  
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1. The strength of the constant magnetic field is set. 

2. The sample begins to vibrate.  

3. The signal received from the probe is translated into a value for the    of the 

sample.  

4. The strength of the constant magnetic field changes to a new value, no data is 

taken during this transition.  

5. The strength of the constant magnetic field reaches its new value.  

6. The signal from the probe again gets translated into a value for the M of the 

sample.  

7. The constant magnetic field varies over a given range, and a plot of M versus H 

is generated.‖ 

3.2.3.7  Dielectric Properties 

Every material has a unique set of electrical characteristics that are dependent on 

its dielectric properties. Accurate measurements of these properties will provide scientists 

and engineers with valuable information. This information when properly incorporated 

and correlated can pave way for intended applications or monitor a manufacturing 

process for improved quality control. A measurement of dielectric parameters can 

provide initial design parameters for many electronic applications. With this, one can 

relate the loss of a cable insulator, the impedance of a substrate or the frequency of a 

dielectric resonator with the dielectric properties. Dielectric information is also useful for 

improving ferrite absorbers. The utmost dielectric property of importance to physicists 

and engineers is the permittivity. These properties are not constant; they can change with 

frequency, temperature, orientation, mixture, pressure and molecular structure of the 

material. 

A material is said to be dielectric if it has the ability to store energy when an 

external electric field is applied. If a dc voltage source is placed across a parallel plate 

capacitor, more charge is stored when the separation between the plates is occupied by a 

dielectric material. The dielectric material increases the storage capacity of the capacitor 

by neutralizing charges at the electrodes, which ordinarily would contribute to the 

external field. 
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If an ac sinusoidal voltage source is placed across the same capacitor, the 

resulting current will be made up of a charging current and a loss current that is related to 

the dielectric constant. The dielectric constant was calculated using the formula 

       
     

 
    (3.17) 

Where ―A‖ is the area of the sample piece used and ―d‖ its thickness,‖  ‖and ―  ‖ 

are the dielectric constant of the air and medium respectively and ―C‖ is the capacitance 

value (Goswami, 1996). 
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Chapter 4 

Results and discussions 

In this dissertation, we divided our results into two main parts. The first part is the 

synthesis of ZnO NR‘s/NWs and their characterizations. The second part presents the 

growth, characterization of T-doped ZnO nanostructures and their characterization. 

Project I (This part is partially published in Digest Journal of Nanomaterials and 

Biostructures) 

4.1 Synthesis and characterization of seedless hydrothermal 

growth of ZnO NR’s 

―There are in general two processes for the synthesis of nanocrystals via the 

solution growth method, (1) nucleation process and (2) diffusion process‖ (Rao et al., 

2007). ―We have adopted a method for fast and low cost synthesis of ZnO NR‘s, which 

provide the homogeneous nucleation of ZnO on the substrate‖ (Tian et al., 2011; Umar et 

al., 2011). The grown samples were annealed in tube furnace at 450, 550 and 650 ºC in 

Ar-gas environment. After the annealing, the morphology and microstructural properties 

of the as-grown and annealed samples were investigated. Figure 4.1 (a), shows the SEM 

micrograph of un-annealed hexagonal shaped ZnO NR‘s grown at 3 hours which are ~ 5 

microns of length and ~700 nm of diameter. Figure 4.1 (b) shows the crossectional view 

of ZnO NR‘s which reveals the length of NR‘s ~ 3 microns. Figure 4.1 (c) shows the 

micrograph of 550 ºC annealed ZnO NR‘s of ~ 5 microns length and ~ 740 nm in 

diameter. Figure 4.1 (d) shows the micrograph of 650 ºC annealed ZnO NR‘s which is ~ 

5 microns length with ~ 700 nm in diameter. It can be seen from the Figure 4.1 that 

hexagonal sharpness may increase by increasing the annealing temperature. 
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Figure 4.1: (a) ZnO NR‘s synthesis by hydrothermal method (b) crossectional view of 

ZnO (c) 550 ºC and (d) 650 ºC annealed ZnO NR‘s. 

4.1.1 XRD Analysis of ZnO NR’s 

Figure 4.2 shows the diffraction pattern of as-grown and 650 ˚C annealed ZnO 

NR‘s, it is observed that all the detectable peaks are indexed the wurtzite hexagonal 

structure and 650 ˚C annealed sample does not shows any change in phase or any 

impurity except increases in the intensity. The sharp as well as narrow peak‘s intensity is 

confirming of high quality growth of ZnO NR‘s with good crystalline in nature and fine 

grain size. XRD pattern does not indicate any extra diffraction peak of Zn(OH)2, zinc or 

any other ZnO phases, confirming the high crystallinity of ZnO NR‘s. Distance between 

adjacent planes d (calculated from Bragg‘s equation          , where λ is the 

wavelength of Cu     radiation, θ is the diffraction angle), lattice constants (    

 

√      
 and   

 

    
), packing fraction (c/a), bond length L (calculated by using equation 

  √(
  

 
 (

 

 
  )

 

  ) where ‗ ‘ is a positional parameter as estimated   
  

   
 



49 

 

    ) and unit cell volume V (calculated by   
√    

 
          ) are named as 

wurtzite lattice constants (Kittel, 2005), and illustrated in Table 4.1. 
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Figure 4.2: X-ray diffraction pattern of (a) as-grown and (b) 650 ˚C annealed ZnO NR‘s. 

4.1.2 Crystallite size and strain 

4.1.2.1 Scherrer Method 

XRD can be utilized to evaluate peak broadening with the crystallite size, stress 

and lattice strain (Yogamalar et al., 2009b). Using the Scherrer formula (  
  

      
 

where D is the crystallite size,   is a constant equal to 0.94,              ,    is a 

peak width at half maximum and θ is the angle of diffraction) of XPPA method was used 

to determine the particle size of ZnO NR‘s. The corrected instrumental broadening,    

corresponding to each ZnO NR‘s diffraction peak using the relation (Adachi, 2004). 

   [         
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    (4.1) 
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After that 
 

  
 was taken on x-axis and      on y-axis to draw the plot for preferred 

orientation peak ZnO NR‘s with hexagonal phase appear between               . By 

fitting a data, the slope of the fitted line provided the D as shown in Figure 4.3 and listed 

in Table 4.2. The sample of 650 ˚C annealed ZnO NR‘s revealed the D ~ 110 nm and that 

of the as-grown ZnO NR‘s was ~ 90 nm. 

Table 4.1: The structural parameter of as-grown ZnO NR‘s and calcinated at 650 ᵒC. 

Sample 

Name 

Lattice 

Parameter (nm) 

Packing 

factor 
Volume 

Position 

parameter 

Bond 

length 

a c c/a         L (Å) 

ZnO 0.3200 0.5133 1.6040 0.0455 0.3796 1.2144 

ZnO-650 ᵒC 0.3203 0.5141 1.6051 0.0457 0.3794 1.2166 

4.1.2.2 W-H analysis 

The strain-induced in nanostructure due to dislocation along with imperfection of 

crystal was calculated by Wilson equation  

              (4.3) 
Where Ԑ is the induced-strain, it is clearly seen from Eq. (4.2) and (4.3) that 

broadening of Bragg peak is the additive effect due to crystallite size and microstrain. 

Assuming the independently effect of size and strain contribute the Bragg peak 

broadening and both have a Cauchy like profile, simply the observed broadening     is 

the sum of Eq. (4.2) and (4.3). 

                (4.4) 

     (
  

     
)              (4.5) 

Simplify Eq. (4.5) 

         (
  

 
)             (4.6) 

Eq. 4.6 is called W-H equation. A plot of       along x-axis verses          

along y-axis was drawn for as-grown and 650 ˚C annealed ZnO NR‘s as shown in Figure 

4.4. UDM based on the assumption that strain is uniformly distributed in all direction of 

crystal (Adachi, 2004; Nedoseikina et al., 2000; Nye, 2006; Zhang et al., 2006a); the 

isotropic nature of crystal is considered where all properties of material are independent 
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of the direction along which they were measured. The UDM analysis of as-grown and 

650 ˚C annealed ZnO NR‘s are shown in Figure 4.4. After linear fit of the data, y-

intercepts and slope of the linear fit provided D and   respectively and listed in Table 4.2. 

From the table it is clear that the strain induced in as-grown and 650 ˚C annealed ZnO 

NR‘s indicates the annealing effect on ZnO nanoparticles does not produce any 

significant changes. 

Considering UDSM and UDEDM, the anisotropic nature of Young‘s modulus of 

the crystal is more realistic. UDSM were taking into account; by keeping the linear 

proportionality between stress and strain, the generalized Hook‘s law referred to the 

strain as given         , where   is called stress of the crystal and       is called 

Young‘s modulus in the direction perpendicular to the planes      . By keeping the 

elasticity of modulus as proportionality constant, stress is directly proportional to strain 

and this is valid for significantly small value of  . Assume that as-grown and 650 ˚C 

annealed ZnO NR‘s having very small strain then applying Hook‘s law approximation on 

Eq. (4.6) and written as 

         (
  

 
)  (

      

     
)    (4.7) 

A plot of 
     

     
 along x-axis verses          along y-axis was drawn for as-

grown and 650 ˚C annealed ZnO NR‘s as shown in Figure 4.5. After linear fitting, the 

slope and vertical intersection of the fitted line provides the uniform deformation stress   

and D respectively. Ԑ can be estimated by 
 

    
, if       of hexagonal ZnO NR‘s is known 

(Adachi, 2004; Zhang et al., 2006a). Young‘s modulus of hexagonal crystal phase is 

related to their elastic compliances     (Balzar and Ledbetter, 1993; Warren and 

Averbach, 1950) 
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 Here                 are the elastic compliance of hexagonal ZnO NR‘s and 

their values are                                                              

respectively (Nye, 2006). 
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Figure 4.3: Scherrer plots of (a) as-grown and (b) 650 ˚C annealed ZnO NR‘s. Slope of the 

linear fit provided the crystallite size D. 
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`Figure 4.4: W-H analysis of (a) as-grown and (b) 650 ˚C annealed ZnO NR‘s assuming 

UDM. Y-intercept and slope of the linear fit provided crystallite size D and microstrain Ԑ 

respectively. 

 

There is another model named UDEDM; density of deformation energy ‗ ‘ is 

assumed to be the cause of microstrain. In Eq. (4.6), we assumed to have homogenous 

and isotropic nature of the crystal; however in many cases the homogeneity and isotropy 

assumption is not justified. Considering the  , proportionality constants associated with 
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the stress-strain relation is no longer independent. According to Hook‘s law for elastic 

system, the value of   (energy per unit) can be calculated by   (
      

 
), then Eq. (4.7) 

rewritten as 
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Figure 4.5: Modified W-H analysis of (a) as-grown and (b) 650 ˚C annealed ZnO NR‘s 

assuming UDSM. Vertical intersection and slope of the linear fit provided crystallite size D 

and uniform deformation stress   respectively. 

 

A plot of      (
  

    
)

 

 
 along x-axis verses          along y-axis was drawn for 

as-grown and 650 ˚C annealed ZnO NR‘s as displayed in Figure 4.6. After linear fitting, 

the slope and vertical intersection of the fitted line provides the value of   and D 

respectively. If      is known then we can calculate   from 
 

    
. From Eq. (4.7) & (4.9), 

the   is correlated with UDSM whereas   is correlated with UDEDM, based on different 

approaches. Although crystal of anisotropic nature is considered in both models. The   

and   are correlated as   
  

    
. Noted that both Eq. (4.7) & (4.9) are taking into account 

in the anisotropic nature of elastic constant, they are essentially different (Paufler, 1981). 

In Eq. (4.3) assumed that the   having the constant value in all crystallographic direction 
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allowing   to be anisotropic, where as in Eq. (4.9) assumed the   has the same value in 

the all crystallographic direction treating the   to be anisotropic. 
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Figure 4.6: Modified W-H analysis of (a) as-grown and (b) 650 ˚C annealed ZnO NR‘s 

assuming UDEDM. Vertical intersection and slope of the linear fit provided crystallite size 

D and anisotropic energy density ‗ ‘ respectively. 

 

4.1.3 TEM Analysis of ZnO NR’s 

For size and shape analysis, TEM is considered as the simplest tool because 

measurements can be estimated through real image (Wang et al., 2004; Yogamalar et al., 

2009b). In TEM, electron beams was focused by electromagnetic lines which was 

transmitted through a thin sample of ZnO NR‘s. TEM image with selected area electron 

diffraction (SAED) pattern of 650 ˚C annealed ZnO NR‘s as shown in Figure 4.7. It is 

clearly noted that the micrograph of 650 ˚C annealed ZnO is in good agreement of 

hexagonal wurtzite structure having crystalline in nature. The value of D for 650 ˚C 

annealed ZnO NR‘s estimated as listed in Table 4.2. Wide size distribution of ZnO with 

no other impurities is confirmed by a doted pattern in SAED. The results obtained from 

XRD are in close agreement with TEM measurements. 
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Figure 4.7: TEM micrograph and SAED pattern (insert on the right side) of 650 annealed 

ZnO NR‘s. 

Table 4.2: Geometric parameters for as-grown and 650 ˚C annealed ZnO NR‘s. 

Sample Name 

Scherrer 

Method W-H Method   

TEM 

Method 

  

UDM   UDSM 

 

UDEDM 

  

 

D D  Ԑ 

 

D   Ԑ 

 

D u   Ԑ 

 

D 

 

(nm) (nm) 1E-04 

 

(nm) (M Pa) 1E-04 

 

(nm) (KJ/m3) (M Pa) 1E-04 

 

(nm) 

As-grown ZnO 90 86 2.31   86 284 1.48 

 

90 148 168 1.24 

 

-- 

650 C Annealed 

ZnO 
110 116 1.13 

 
112 464 2.39 

 
109 124 155 1.13 

 

102 

Table 4.2 summarizing the geometrical parameters of as-grown and 650 ˚C annealed 

ZnO NR‘s. Using Eq. (4.8), the       of as-grown and 650 ˚C annealed ZnO NR‘s was 

estimated. It is an approximately 127 GPa having good agreement with the reported value 

for bulk ZnO (Jing et al., 2002; Zhang et al., 2002). By relating the value of average 

value of D for as-grown and 650 ˚C annealed ZnO NR‘s, estimated from Scherrer 

formula, UDM, UDSM and UDEDM are more or less similar, implying that the inclusion 

of strain in various forms has very small effect on the average D. Although, the D 

calculated from W-H analysis and Scherrer formula (see Table 4.2) have large variation 

due to the difference in averaging the particle size distribution. The strain value from 

each model was estimated by taking the      to be ~ 127 GPa (Yogamalar et al., 2009a). 
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Various form W-H analysis, UDM is found to be very accurate, comparable, and 

reasonable, as their entire preferred high intensity points laying very close to the linear fit 

as compared to other models. 

Project II  

 4.2 Synthesis and characterization of Sb-doped ZnO by VLS 

method 

The features of the ZnO nanostructure depend on the controlled growth 

conditions. In the VLS growth, the Au catalyst participated in the liquid phase and the 

growth take place at fairly high temperature. The Au in the form of the little tiny droplets 

provided the preferred site for the nucleation of the incoming particles. To elaborate VLS 

mechanism sample A was grown at 950 
º
C with Ar-flux 246 sccm. The sample B, C and 

D were grown under the same growth condition having (ZnO + C):Sb = 30 : 1, 20 : 1 and 

10 : 1 by volume respectively. Where the ZnO and graphite (C) were mixed by equal 

volume and placed in the alumina boat inside the quartz tube.  

4.2.1 SEM analysis of Sb-doped ZnO 

Figure 4.8 (a) shows the SEM image of ZnO NWs grown by VLS method; the 

grown NWs are of ~ 1.4 µm long with Au tip. In the sample A, Au droplet along with Zn 

and CO form the eutectic alloy where Zn and CO vapors continue to absorb until  

supersaturation condition. As soon the eutectic alloy achieving its supersaturation stage 

nucleation started which results in to ZnO NWs with Au tip. 

ZnO(S) + C (S)   Zn (g)  + CO2(g) at a hot zone (4.10) 

Zn (g)  + CO(g)    ZnO(g) + C (S+g) (4.11) 

 ZnO(g)    ZnO Nanostructures on substrate (4.12) 

Doping also plays an important role in controlling the features of ZnO 

nanostructure. The incorporation of Sb into the ZnO NWs plays a quite interesting role 

on the length of the wires increases to a manifold as compare to as-grown ZnO NWs and 

thus ensures the 1-D growth. The sample B, C and D were grown by VLS with the 



57 

 

increasing concentration of Sb as shown in Table 4.3. Figure 4.8 (b), shows the 

dimension of the NWs of sample B having the length ~ 4.985 µm and width ~ 0.1272 µm 

which is almost 4 times longer as compared to as-grown sample. Figure 4.8 (c) shows the 

dimension of NWs of sample C having length ~ 8.168 µm long and width ~ 0.1016 µm 

which is 6 times longer than as-grown sample. Figure 4.8 (d) shows the dimension of 

sample D having length ~15.728 µm long and width ~ 0.0952 µm which is almost 11 

times longer as compared to as-grown sample and listed in Table 4.3.  

 
 

  

Figure 4.8: (a) SEM image of (a) Sample A, (b) sample B, (c) sample C and (d) sample 

D grown by VLS process.  

The Sb serves to grow the longer NWs; the increase in length of wires is due to 

the reduction in grain size. As the doping concentration of Sb is increased, the grain size 

is reduced which ultimately gives rise to narrow wires with the increase in length. The 

eutectic alloy contains the Sb in addition to the conditions in the growth of sample B. The 
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Sb increases the solid solubility of the solution and shrink the wires into a closed grip 

thus length of the NWs increases. The incorporation of Sb into the ZnO bring an 

interesting findings, first the length of ZnO NWs have increased to many fold as 

compared to the case when Sb is not introduced in to the growth of NWs. Second, the 

incorporation of Sb increases the crystallinity of the NWs.  
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Figure 4.9: Length and diameter of as-grown and Sb-doped ZnO NWs 

Figure 4.9 shows that increasing the Sb levels in ZnO, the length of the NWs 

increasing while as diameter decreasing which shows the morphological change due to 

the incorporation of Sb in ZnO. It is very important to understand the mechanism of 

incorporation of Sb in the ZnO. Sb vapors along with Zn and CO will reach the eutectic 

alloy and will become the part of eutectic alloy. This role of Sb is a quite new idea and 

can be used to control the growth conditions of the ZnO NWs. These finding are very 
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important and leads to the new role of catalytic behaviour of the Sb which is vivid from 

the comparison of SEM images of as-grown and Sb-doped NWs.  

4.2.2 XRD analysis of Sb-doped ZnO 

Figure 4.10 shows the XRD patterns of sample B, C and D recorded in the range 

of 30-60
0
 with the scanning step of 0.01

0
 , the samples are shown the diffraction peaks at 

31.704
0
, 34.339

0
, 36.204

0
, 47.509

0
 and 56.561

0
 are ascribed to (1 0 0), (0 0 2), (1 0 1), ( 1 

0 2) and (1 1 0) crystal planes of the hexagonal wurtzite structure of ZnO, diffraction 

peaks at 38.179
0
 and 44.381

0
 are corresponding to Au (1 1 1) and Sb (0 0 6) respectively. 
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             Figure 4.10: XRD spectrum of Sample A, B, C and D. 
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4.2.2.1 W-H analysis 

Various microstructural characteristics of ZnO are calculated, listed in Table 4.4. 

Lattice constants of ZnO are calculated by     
 

√      
 &   

 

    
. UDM of W-H 

analysis was used to calculate D and Ԑ (Nawaz et al., 2016).  
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Figure 4.11: W-H analysis of sample A, B, C and D by assuming UDM. Y-intercept 

and slope of the linear fit provided crystallite size D and microstrain Ԑ respectively. 

 

Wilson equation was used to estimate strain-induced in ZnO samples. Broadening of 

Bragg peak is the additive effect due to D and Ԑ. Assuming the independently effect of 

size and strain contribute the Bragg peak broadening and both have a Cauchy like profile. 
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Using Eq.4.6, the plot of       along x-axis verses          along y-axis was drawn 

for ZnO as shown in Figure 4.11. Assuming isotropic nature in UDM where strain is 

uniformly distributed in all direction of crystal (Asghar et al., 2016). Figure 4.11 showed 

the UDM analysis of samples A, B, C and D, where y-intercepts and slope of the linear fit 

provided D and Ԑ are listed in Table 4.4; reveals that by increasing the Sb concentration 

the crystallinity of ZnO NWs are improved which support SEM results.  

Table 4.3: Showing the growth mechanism of samples, A, B, C, and D. 

 
Growth 

Temperature 
Ar- Flow Source Used 

Shape and Dimension of 

Nanostructure 

Sample A 950 
0
C 246 sccm ZnO and C equal by volume ZnO NWs~1.4 µm 

Sample B 950 
0
C 246 sccm 

(ZnO+C):Sb= 30:1 by 

Volume 

ZnO NWs of length ~ 4.985 µm & 

width ~ 0.1272 µm 

  

Sample C 950 
0
C 246 sccm 

(ZnO+C):Sb= 20:1 by 

Volume 

ZnO NWs of length ~ 8.168µm & 

width ~ 0.1016 µm  
 

Sample D 950 
0
C 246 sccm 

(ZnO+C):Sb= 10:1 by 

Volume 

ZnO NWs of length ~ 15.728  µm & 

width ~ 0.0952 µm 

4.2.3 Photoluminescence analysis of Sb-doped ZnO 

PL properties of as-grown and Sb-doped ZnO have been studied as shown in 

Figure 4.12. PL emission peaks for samples A, B, C and D were observed at 3.50, 3.46, 

3.40, and 3.40 eV respectively. These samples are showed the high value of emission 

energy especially sample A has showed peak emission at 3.50 eV. Figure 4.12 shows a 

red-shift for Sb-doped ZnO as compared to as-grown sample. This red-shift is due to 

increase in     which are ascribed the formation of defect complex           (Briscoe 

et al., 2009; Li et al., 2013) and may be due to the nanostructure formation by 

incorporation of Sb. It‘s also revealed that increasing Sb concentration is responsible for 

the peak broadening of PL spectrum which is due to the formation of band tailing (Li et 

al., 2013). The samples showed no other emission peak than the bandgap emission, 

confirming the grown NWs are free of any defects (Malik, 2010-15). 
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Figure 4.12: PL Spectrum of Sample A, B, C and D. 

 

Table 4.4: Lattice constants, crystalite size and microstrain of samples A, B, C and D. 

 
a = b 

(nm) 

C 

(nm) 

Crystalite Size 

(nm) 
Microstrain 

Sample A 0.326 0.522 88 8.18 x  10
-3

 

Sample B 0.326 0.522 91 9.69 x      

Sample C 0.326 0.521 93 7.67 x      

Sample D 0.326 0.522 98 7.19 x      

Project III (This part is partially submitted in PLOS ONE (Under Review)) 

4.3 Synthesis and characterization of Mg-doped ZnO 

hydrothermal method 

―Synthesis of Mg-doped ZnO NRs with controlled size, structure, and uniformity 

on any substrates remains a big challenge. In this work, Mg-doped ZnO NRs were 

synthesized by a simple method which was adopted by using HMT as a source instead of 

ammonia, which maintains the structure with high incorporation of Mg dopant 
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concentration in the ZnO matrix.‖ The grown samples were annealed in tube furnace at 

450, 550 and 650 ºC in Ar-gas environment. The average-particle-size of Mg-doped ZnO 

NR‘s estimated from XPPA and TEM are calculated. UDM of W-H analysis is used to 

measure lattice distortion namely lattice strain of Mg-doped ZnO NR‘s and annealed Mg-

doped ZnO NR‘s at 450, 550 and 650 ºC. UDM, UDSM and UDEDM of W-H analysis 

was used to estimate Ԑ as a function of μ and stress-strain relation. Isotropic and 

anisotropic nature of the crystal is considered for UDM and UDEDM, respectively. The 

increase in grain size and decrease in microstrain by increasing the temperature is 

observed. 

4.3.1 TEM Analysis of Mg-doped ZnO 

TEM analysis is one of simplest tool for the analysis of size and shape through 

real image (Wang et al., 2004; Yogamalar et al., 2009b). In TEM, electron beam was 

focused by electromagnetic lines which were transmitted through a thin sample of Mg-

doped ZnO NR‘s. SAED pattern of 550 ºC and 650 ºC annealed Mg-doped ZnO NR‘s of 

TEM image are shown in Figure 4.13. It is clearly seen from the Figure. 4.13 that the 

micrograph of 550 ºC and 650 ºC annealed Mg-doped ZnO NR‘s are in agreement of 

hexagonal wurtzite crystal structure having crystalline in nature. Table 4.6 shows the 

deconvolution of the particle size of 550 ºC and 650 ºC annealed Mg-doped ZnO NR‘s. 

Wide size distribution of Mg-doped ZnO NR‘s having no impurities is estimated by the 

doted SAED pattern.  

  

Figure 4.13: TEM micrograph and SAED pattern (insert on the left side) of (a) 550 ºC 

and (b) 650 ºC annealed Mg-doped ZnO NR‘s. 
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Table 4.5: The crystal structure parameters of Mg-doped ZnO NR‘s and calcinated from 

450-650 ᵒC. 

Sample Name 

Lattice Parameter 

(nm) 

Packing 

factor 
Volume 

Position 

parameter 

Bond 

length 

a c c/a         L (Å) 

Mg-doped ZnO 0.3196 0.5126 1.6042 0.0453 0.3795 1.2120 

Mg-doped ZnO-450 ᵒC 0.3206 0.5141 1.6038 0.0458 0.3796 1.2171 

Mg-doped ZnO-550 ᵒC 0.3196 0.5131 1.6054 0.0454 0.3793 1.2129 

Mg-doped ZnO-650 ᵒC 0.3203 0.5141 1.6051 0.0457 0.3794 1.2166 

4.3.2 XRD Analysis of Mg-doped ZnO 

Diffraction pattern of Mg-doped ZnO and 450, 550 and 650 ˚C annealed Mg-

doped ZnO NR‘s are presented in Figure. 4.14. It is stated that all detectable peaks 

showing the wurtzite crystal structure with no impurity peak detected. It is clearly seen 

from Figure. 4.14 reveal that there is no any new peak observed by the effect of annealing 

the samples except to increase in the intensity. Furthermore, narrowing and sharpening of 

the XRD peaks revealed the high quality with good crystalline size and fine grain-size of 

Mg-doped ZnO NR‘s. Wurtzite hexagonal lattice constants are listed in Table 4.5. 

4.3.3 Crystallite size and strain 

4.3.3.1 Scherrer Method 

Lattice stress-strain and crystallite size can be estimated by the use of peak 

broadening from XRD graphs. Using the Scherrer formula ―  
  

      
 (Yogamalar et 

al., 2009b), and XPPA method, particle size of Mg-doped ZnO NR‘s is calculated. The 

corrected instrumental broadening (Adachi, 2004),    corresponding to each Mg-doped 

ZnO NR‘s diffraction peak can be calculated by using the Eq. 4.1. 
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 Figure 4.14: X-ray diffraction pattern of Mg-doped ZnO and 450-650 ºC annealed 

Mg-doped ZnO NR‘s. 

 

Using Eq. 4.2, plot the graph between 
 

  
 verses      for preferred given 

orientation peaks of Mg-doped ZnO NR‘s having hexagonal phases appeared between 

           . By data fitting, the D is estimated from the slope as shown in Figure 

4.15 and listed in Table 4.6.  

4.3.2 W-H analysis 

Imperfection of crystal is due to the dislocation of nanostructure and produces 

induced-strain which is estimated by using Williamson relation (Zhang et al., 2006a).  
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Figure 4.15: Scherrer plots of (a) as-grown and (b) 650 ˚C annealed ZnO NR‘s. Slope of 

the linear fit provided the crystallite size D. 

It is clearly observed from Eq. (4.2) and (4.3) that the Ԑ and D are main reason for 

Bragg peak‘s broadening. By assuming that Bragg peak‘s broadening may be due to 

independent of the size & strain, then these effects obey Cauchy like profile Using UDM, 

Figure 4.16 shows the plot of       verses          for Mg-doped ZnO NR‘s, 450, 550 

and 650 ºC annealed Mg-doped ZnO NR‘s (Nedoseikina et al., 2000).  
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Figure 4.16: W-H analysis of Mg-doped ZnO and 450-650 ºC annealed Mg-doped ZnO 

NR‘s assuming UDM. Crystallite size D and microstrain Ԑ is calculated from Y-intercept 

and slope of the linear fit respectively. 

UDM analysis of Mg-doped ZnO NR‘s and annealed at 450, 550 and 650 ºC are 

shown in Figure 4.16. The data is linearly fitted where slope and y-intercepts provide the 

Ԑ and D, respectively, which are listed in Table 4.6. It is revealed from Table 4.6 that Ԑ 

and D is significantly changed due to annealing of the samples as compared to un-

annealed Mg-doped ZnO NR‘s. It is suggested the annealing effect produce a 

considerable effect on Ԑ and D due to decreasing in the crystal defect states and leads 

toward the perfect crystal. 
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Figure 4.17: Modified W-H analysis of Mg-doped ZnO and 450-650 ºC annealed Mg-

doped ZnO NR‘s assuming UDSM. Vertical intersection and slope of the linear fit 

provided crystallite size D and uniform deformation stress   respectively. 

Using UDSM where          referred to be generalized form of Hook‘s law. 

By Eq. 4.7, the plot of 
     

     
 verses          of Mg-doped ZnO NR‘s and 450-650 ºC 

annealed Mg-doped ZnO NR‘s shown in Figure 4.17. After that the data is linearly fitted 

where the vertical intersection and slope reveals the D and  , respectively. 

The density deformation energy ‗u‘ are responsible to produce the microstrain  , 

by using UDEDM model the   can be derived from   (
      

 
). Using Eq. 4.9, 

     (
  

    
)

 

 
 verses          is plotted for Mg-doped ZnO NR‘s and 450-650 ˚C 
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annealed Mg-doped ZnO NR‘s as shown in Figure 4.18. After data is linearly fitted, D 

and anisotropic nature of   is estimated from vertical intersection and slope of the 

linearly fitted line, respectively. Then   is estimated by using the formula 
 

    
, if      is 

known (Paufler, 1981). 
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Figure 4.18: Modified W-H analysis of Mg-doped ZnO and 450-650 ºC annealed Mg-

doped ZnO NR‘s assuming UDEDM. Vertical intersection and slope of the linear fit 

provided crystallite size D and anisotropic energy density ‗ ‘ respectively. 

Stress, strain, crystallite size, deformation energy, geometrical parameters of Mg-

doped ZnO NR‘s and 450-650 ºC annealed Mg-doped ZnO NR‘s are calculated and 
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summarizing in Table 4.6. It is clearly seen from Table 4.6, the considerable increase in 

grain size and decrease in microstrain by increasing the temperature has been observed.  

Table 4.6 Geometric parameters for as-grown and 650 ˚C annealed ZnO NR‘s. 

Sample Name 

Scherrer 

Method W-H Method   

TEM 

Method 

  

UDM   UDSM 

 

UDEDM 

  

 

D D  Ԑ 

 

D   Ԑ 

 

D u   Ԑ 

 

D 

 

(nm) (nm) 1E-04 

 

(nm) 

(M 

Pa) 1E-04 

 

(nm) (KJ/m3) (M Pa) 1E-04 

 

(nm) 

Mg-doped ZnO 

NR‘s 
48 

91 5.16   87 210 1.65 

 

92 214 164 1.29 

  450 ºC annealed 

Mg-doped ZnO 

NR‘s 

38 94 6.85 
 

88 442 3.48 
 

94 378 219 1.72 

 

 

550 ºC annealed 

Mg-doped ZnO 

NR‘s 

56 122 2.1  101 152 1.19  99 875 333 2.62 

 

126 

650 ºC annealed 

Mg-doped ZnO 

NR‘s 

51 126 1.2  110 129 1.02  115 660 289 2.28 

 

154 

Project IV (This part is partially submitted in Nanoscale Letter (Under Review)) 

4.4 Synthesis and characterization of Sr-doped ZnO by sol-gel 

method 

This work presents the sol-gel growth of Sr-doped ZnO (Zn1-xSrxO for x = 0, 0.1, 

0.2) thin film on bare Si (1 0 0) substrate. The goal of study is to investigate the effect of 

Sr dopant levels on the structural and optical properties of ZnO thin films which give the 

progressive behavior. We intended that by increasing the concentration of Sr-doping the 

crystalline quality is improved and the bandgap is decreased. 

4.4.1 The XRD Results of Sr-doped ZnO 

The XRD pattern of ZnO and Sr-doped ZnO thin films grown on Si (1 0 0) 

substrate are shown in Figure 4.19. The diffraction peaks revealed that the films were 

polycrystalline and can be indexed into ZnO hexagonal wurtzite structure. No diffraction 

peaks of Sr or other impurity phase were detected. This indicating that Sr
2+

-ions were 
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substituted in Zn
2+

-ion sites or incorporated into interstitial sites of the ZnO lattice and 

does not change the hexagonal wurtzite structure of the films. The variation in the 

diffraction peak position at different doping concentration of Sr shows the blue-shift 

(towards the smaller diffraction angle). 
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 Figure 4.19: XRD of ZnO and Sr-doped ZnO thin films. 

The shift in the peak position is due to the difference in the ionic radius of Zn 

(0.60 Å) and Sr (1.12 Å), or may cause of lattice distortion. Distinct microstructural 

characteristics of as-grown and Sr-doped ZnO were estimated and listed in Table 4.7. The 

induced-strain of as-grown and Sr-doped ZnO was estimated by Eq.4.3. Using Eq. 4.6 of 

UDM (considering isotropic nature), the plot of       verses          has drawn for 

as-grown and Sr-doped ZnO as shown in Figure 4.20.  
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Figure 4.20: W-H analysis of ZnO and Sr-doped ZnO by assuming UDM. Y-intercept 

and slope of the linear fit provided crystallite size D and microstrain Ԑ respectively. 

After taking the linear fit of the data, y-intercepts and slope of the linear fit gave 

the D and Ԑ, which are listed in Table 4.7. It is observed that, by increasing the Sr 

concentration the crystallinity of the films is improved and the decrease in lattice 

constants. This may be due to the difference in atomic radii of Zn and Sr or lattice 

distortion.  

4.4.2 SEM Results of Sr-doped ZnO 

SEM micrographs of as-grown and Sr-doped ZnO thin films are shown in Figure 

4.21. All synthesized samples have non-homogeneous grain size and well-define crystals. 

It is noticed form the Figure 4.21 (a-c) that the grain size is improving with the increasing 
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of Sr-level. It is argued that the improvement in the grain size might be related to the 

presence of Sr-atoms at the interstitial site of ZnO as observed in XRD pattern. 

 

  

 

Figure 4.21: The SEM image of (a) as-grown ZnO, (b) 10% Sr-doped ZnO (c) 20% Sr-

doped ZnO thin film. 
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Figure 4.22: Bandgap determination of (a) as-grown ZnO, (b) 10% Sr-incorporated in 

ZnO and (c) 20% Sr-incorporated in ZnO with their purpose model. Black and red lines 

represent experimental and extrapolated data respectively. 
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4.4.3 UV-Vis Spectrophotometer analysis of Sr-doped ZnO 

The UV-Vis results of as-grown and Sr-doped ZnO are shown in Figure 4.22. A 

considerable variation in the optical bandgap of ZnO is observed from 3.27-2.82 eV by Sr 

doping. This narrowing optical bandgap may result from the change in lattice constant 

which leads to the lattice distortion. 

By using the Tauc plot method, the optical bandgap of the sample were estimated 

using the relation, 

(αhυ) = C (hυ-Eg)
n    

(4.13) 

Where C is a constant, Eg is the optical bandgap of the investigated material and n is 

exponent which depends on the transition-type (for direct transition materials n = 1/2) (Li 

et al., 2014). The value of the optical bandgap of grown samples are calculated by extra 

plotting the linear fitting of the portion of (αhυ)
2
 verses hυ graph on hυ axis. Figure 4.22 

shows the Tauc-plot with our purposed model. The obtained optical bandgap values of 

grown samples are listed in Table 4.8.  

Table 4.7 Lattice constants, crystalline size and microstrain of samples as-grown and Sr-

doped ZnO. 

 
a = b 

(nm) 

c 

(nm) 

Crystalite Size 

(nm) 
Microstrain 

ZnO 0.326 0.522 93 2.18 x      

10% Sr ZnO 0.323 0.520 103 2.69 x      

20% Sr ZnO 0.322 0.520 105 3.67 x      

The considerable decrease in optical bandgap with increasing Sr contents in ZnO 

simply attributed to the red-shift trend. It is argued, the observed red-shift is associated 

with Sr-dopant levels or from Sr-defect states. These defects may generate more 

interband states in the lattice and it is in good agreement of XRD results. 
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4.4.4 Photoluminescence analysis of Sr-doped ZnO 

Room temperature PL characteristics of as-grown and Sr-doped ZnO have been 

studied. Figure 4.23 shows the change in the band-to-band emission peak with the Sr-

doping concentration. Table 4.8 shows the deconvolution of as-grown and Sr-doped ZnO 

of PL spectra. PL emission peaks were observed for as-grown at 3.24eV, for 10% at 3.08 

eV and for 20% Sr-doped at 2.86 eV. Figure 4.23 reveals the bandgap tailing for Sr-

doped samples compared to as-grown ZnO.  
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Figure 4.23:PL spectra of as-grown, 10% and 20% Sr-doped ZnO. 

It is suggested that the bandgap tailing may be due to incorporation of various Sr 

related defects in ZnO lattice structure just like Sr-atom replace Zn-Substitutional atom 

(    ) or Sr-interstial (    ) defects. We argued that the increasing Sr-doping levels could 

be generated some active states between VB and CB, it is in agreement with other results. 

Furthermore, it is also revealed from Figure 4.23 that as-grown and Sr-doped ZnO thin 
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films have showed no other PL emission peak than the bandgap emission which ascribed 

the ZnO thin films are free of defects.  

Project V 

4.5 Synthesis and characterization of Co-doped ZnO  

In this project, ―Co-doped ZnO nanostructures were synthesized by hydrothermal 

technique. The HMT was used as a source instead of ammonia, which maintains the 

structures with incorporation of Co dopant in the ZnO matrix. Structural, morphological, 

dielectric and optical properties of the as-grown and Co-doped samples have been 

investigated.‖ The average-particle-size, stress-strain, optical bandgap, dielectric constant 

and morphology of as-grown and Co-doped ZnO estimated. 

30 35 40 45 50 55 60

(1
1
0
)

(1
0
2
)

(1
0
1
)

(0
0
2
)

(1
0
0
)

 
A

rb
it

ra
ry

 U
n

it

2  (degree)

 ZnO

 2% Co

 4% Co

 6% Co

 

 Figure 4.24: XRD of as-grown and Co-doped ZnO nanostructure.  
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4.5.1The XRD analysis of Co-doped ZnO 

The XRD patterns of as-grown and Co-doped ZnO nanostructure shows in Figure 

4.24. All the observed peaks of the grown samples correspond to the hexagonal wurtzite 

with no other secondary phases of Co clusters. The value of D is calculated using Debye–

Scherrer formula and W-H analysis. The calculated D of the as-grown ZnO particles is ~ 

90 nm, and is found to increase with an increase in the Co-doping concentration upto 4% 

then decreases with further increase in Co concentration.  

The lattice parameters a and c are given in Table 4.8. It is also observed that the 

increase in the lattice parameter ‗a‘ with an increase in doping concentration upto 4% 

then decreases with further increase in Co dopant levels as shown in Figure 4.25. It is 

suggested that Co-ions may incorporate into the ZnO lattice and solubility of Co-ions is 

maximum upto 4% Co-doping concentration. The increase in the lattice parameters is in 

agreement with the reported data corresponding to Co-doped ZnO films and nanocrystals 

(Li et al., 2012). 
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Figure 4.25: Crystalline size and lattice parameter of ‗a‘ verses doping concentration of 

Co in ZnO structure. 
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Lattice  , Ԑ and D can be estimated by the use of XPPA method. Using Eq. 4.2, 

plot the graph between 
 

  
 verses      for preferred given orientation peaks of as-grown 

and Co-doped ZnO NR‘s. By data fitting, the D is estimated from the slope of the fitted 

line which is shown in Figure 4.26 and listed in Table 4.9. Using UDM, Figure 4.27 

shows the plot of       verses        for as-grown and Co-doped ZnO. The data is 

linearly fitted where the slope and y-intercepts provide the Ԑ and D and listed in Table 

4.9. It is also observed that Ԑ and D is considerable varied by the increase in Co dopant 

levels.  
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Figure 4.26: Scherrer plots of as-grown and 2%, 4%, 6% Co-doped ZnO. Slope of the 

linear fit provided the crystallite size D. 
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Anisotropic nature of UDSM, where          is called generalized form of 

Hook‘s law. Using Eq. 4.7, the 
     

     
 verses          are plotted for as-grown and Co-

doped ZnO, shown in Figure 4.28. The data is linearly fitted where the vertical 

intersection and slope reveal the D and  . 
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Figure 4.27: W-H analysis of as-grown and 2%, 4%, 6% Co-doped ZnO assuming UDM. 

Crystallite size D and microstrain Ԑ is calculated from Y-intercept and slope of the linear 

fit respectively. 
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Anisotropic nature of UDEDM, the   can be derived from   (
      

 
). Using 

Eq. 4.9, the      (
  

    
)

 

 
 verses          is plotted for as-grown and Co-doped ZnO as 

shown in Figure 4.29. The data is linearly fitted, D and   is estimated from vertical 

intersection and slope of the linearly fitted line. The   is estimated by using the formula 

 

    
, if      is known. 
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Figure 4.28: Modified W-H analysis of as-grown and 2%, 4%, 6% Co-doped ZnO 

assuming UDSM. Vertical intersection and slope of the linear fit provided crystallite size 

D and uniform deformation stress   respectively. 
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Figure 4.29: Modified W-H analysis of as-grown and 2%, 4%, 6% Co-doped ZnO 

assuming UDEDM. Vertical intersection and slope of the linear fit provided crystallite 

size D and anisotropic energy density ‗ ‘ respectively. 

4.5.2 Dielectric properties of Co-doped ZnO 

The relative speed that an electromagnetic signal can travel in a material is 

determined by the dielectric constant. When microwaves enter in a dielectric material its 

speed decreases by a factor nearly equal to the square root of the dielectric constant 

(Anis-ur-Rehman and Asghar, 2011). Figure 4.30 shows the variation of dielectric 

constant vs. frequency from 0-3 GHz range, the dielectric constant decreases with the 
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increase in frequency and becomes almost constant at high frequencies for as-grown and 

Co-doped ZnO. This behavior can be explained using Maxwell–Wagner interfacial model 

(Prodromakis and Papavassiliou, 2009).  

Table 4.8: The structural parameter of as-grown and Co-doped ZnO nanostructure. 

Sample 

Name 

Lattice Parameter 

(nm) 

Packing 

factor 
Volume 

Position 

parameter 

Bond 

length 

a c c/a         L (Å) 

ZnO 0.32618 0.5224 1.6 0.0481 0.37992 0.12451 

ZnCo2%O 0.32628 0.5223 1.6 0.0481 0.38007 0.12450 

ZnCo4%O 0.32648 0.5226 1.6 0.0482 0.38008 0.12460 

ZnCo6%O 0.32628 0.5224 1.6 0.0481 0.38000 0.12453 

Table 4.9 Geometric parameters for as-grown and Co-doped ZnO. 

Sample Name 

Scherrer 

Method W-H Method 

  

UDM   UDSM 

 

UDEDM 

 

D D  Ԑ 

 

D   Ԑ 

 

D u   Ԑ 

 

(nm) (nm) 1E-04 

 

(nm) (M Pa) 1E-04 

 

(nm) (KJ/m3) (M Pa) 1E-04 

ZnO 63 90 9.3   102 910 7.16 

 

92 901 412 1.56 

ZnCo2%O 
60 91 9.23 

 
94 856 6.74 

 
86 815 376 1.89 

ZnCo4%O 
123 117 1.43  97 209 1.64  126 113 119 3.45 

ZnCo6%O 
72 100 3.2  87 322 2.53  98 305 245 2.11 

―According to this model, a dielectric medium is considered to be composed of 

double layers, well conducting grains which are separated by poorly conducting (or 

resistive) grain boundaries. Under the application of external electric field, the charge 

carriers can easily be migrated the grains but are accumulated at the grain boundaries. 

This process can produce large polarization and high dielectric constant. The polarization 

decreases with the increase in frequency and then reaches a constant value due to the fact 

that beyond a certain frequency of external field the hopping between different metal ions 

(Zn
+2

,Co
+2

) cannot follow the alternating field. It has also been observed that the value of 

dielectric constant decreases with the increase in Co dopant. It may be due to the small 

dielectric polarizability of cobalt ions compared to Zinc‖ (Shannon, 1993). ―Therefore, as 
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the doping concentration increases more zinc ions will be substituted by cobalt ions and 

thereby decreasing the dielectric polarization, which in turn decreases the dielectric 

constant. Loss tangent or loss factor tandrepresents the energy dissipation in the dielectric 

system,‖  
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Figure 4.30: Dielectric constant for as-grown and 2%, 4%, 6% Co-doped ZnO. 

Figure 4.31 shows the variation of dielectric loss factor with frequency at RT. 

―All the samples exhibit loss peaks which shift towards lower frequency with Co doping 

indicating the decrease in hopping frequency of charge carriers between metal ions. The 

peaking behavior occurs when the hopping frequency of metal ions is equal to the 

frequency of applied ac field‖ (Azam et al., 2010). It can also be seen that tan  decreases 
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with the increase in dopant concentration, which shows the ability of these materials to be 

used in high frequency device applications. 
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Figure 4.31: Dielectric loss as a function of frequency of as-grown and 2%, 4%, 6% Co-

doped ZnO. 

4.5.3 UV-Vis spectroscopy of Co-doped ZnO 

Further to investigate the effect of Co substitution on the optical bandgap, optical 

absorption spectra were recorded and depicted in inset of Figure 4.32. It is observed that, 

the absorption edge of           nanostructure is red-shifted with increasing ‗Co‘ 

content upto 4% and then blue-shift observed in further increase in Co dopant levels. 

There is an increase of absorbance in the visible wavelength region with increase of ‗Co‘ 

content upto 4% and then decrease of absorbance in further increase Co-concentration. 

This indicates that the ‗Co‘ ions may substitute the Zn
+2

 ions. The substitution of Co ions 
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is considerably high upto 4% doping level. This shows the presence of ‗Co‘ in a 

tetrahedral crystal field in the +2 state supporting our XRD results.  
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Figure 4.32: Optical bandgap is drawn by using Tauc plot and inset shows absorbance 

spectra of as-grown and 2%, 4%, 6% Co-doped ZnO. 

Optical bandgap of as-grown and Co-doped ZnO is calculated by using Tauc plot 

as shown in Figure 4.32. In Tauc plot, the plot of    along x-axis and        along y-

axis has drawn. The Eg values are determined by extrapolating the linear region of the    

verses       , that is, the    value of x-axis at          gives the value of Eg. The 

estimated values of Eg for                                    samples are 3.37, 

3.51, 3.82 and 3.70 eV, respectively. The Eg values of Co-doped samples shows an 

increase with increasing Co concentration upto 4% then decrease in Eg value at further 
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increase in Co-doping levels which is similar to the earlier observations. This large red-

shift could be attributed to the modification of the band structure due to the maximum 

substitution of Co
2+

 at Zn 
2+

 upto 4% dopant level. That is why, the bandgap of Co-doped 

samples increases with increase of Co concentration. It is also reported in the literature 

(Ansari et al., 2012) that, the bandgap of Co-doped ZnO increases with increase in Co 

concentration and this blue-shift was explained on the basis of Moss–Burstein effect 

(Kim and Park, 2002). In order to explain the bandgap broadening effect, many groups 

have suggested that, the alloying effect of parent compound with some impurity phases 

may be responsible for this broadening effect (Kurbanov et al., 2016). On the other hand, 

no phases of CoO/Co3O4 have been detected from the above XRD measurements, so the 

other possibility is the formation of           phases in Co-doped ZnO than in as-

grown ZnO. Therefore the Co
+2

 substitution at Zn
+2

 site in           may be 

responsible for the bandgap broadening effect (Kurbanov et al., 2016). This may be due 

to the formation of Co related sub-bands in the bandgap, and further these sub bands 

merge with the CB to form a continuous band. Also the observed increase of Eg from 

3.37 to 3.82 eV with increasing Co content is attributed due to the      exchange 

interactions between the band electrons in ZnO and the localized d electrons of the Co 
2+

 

(Liu et al., 2006). 

Project VI (This part is partially published in Journal of Ovonic Research) 

4.6 Synthesis and characterization of P-doped ZnO  

To get benefits from the fruits offered by ZnO, it is essential to control the 

conductivity type including its polarity. ZnO is naturally an n-type semiconductor but it‘s 

very hard to achieve sustainability of p-type conductivity. Group third elements are 

generally used as dopants for p-type ZnO, replacing Zn and O respectively. A systematic 

preparation of phosphorous doped bulk ZnO by solid state reaction method has been 

synthesized. After that the ZnO samples were sintered from 500-1000 
o
C in a 

programmable diffusion furnace. X-ray diffraction pattern, SEM, PL, Hall probe were 

carried out with sintered samples. Furthermore, Theoretical calculations regarding 32-
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atoms super cell of ZnO were also performed to study the electronic structure of P-doped 

ZnO. 

4.6.1 SEM results of P-doped ZnO 

Figure 4.33 shows the SEM images of P-doped ZnO samples sintered at different 

temperatures from 700-1000 ºC with a step of 100 
o
C as noted earlier. It is evident from 

Figure 4.34 that the average D increases with the sintering temperature. Such observation 

could be understood or reconciled as the promotion of the nucleation process leading to 

the increase of crystallinity in the ZnO. 

4.6.2 XRD analysis of P-doped ZnO 

Typical XRD patterns of the P-doped ZnO sintered at the different temperature 

(500-1000 
o
C with a step of 100 

o
C) for one hour demonstrated shift in ‗2 θ values‘ of 8 

diffraction peaks corresponding to the ZnO (1 0 0), (0 0 2), (1 0 1), (1 0 2), (1 1 0), (1 0 

3), (2 0 0) and (1 1 2) planes, respectively. Comparison with JCPD 36-1451 Card 

confirmed the formation of hexagonal ZnO (Ding et al., 2008; Su et al., 2011; 

Vaithianathan et al., 2009). For clarity, we have displayed only the dominant diffraction 

peaks corresponding to (0 0 2) plane, in Figure 4.34. We clearly see that 2θ value of the 

major peak of the representative ZnO samples varies with the sintering temperature. The 

2θ value of the peak increases and reaches 34.6
o
 at Tsinter = 800 

o
C. The inset of Figure 

4.34 demonstrated the XRD pattern of un-doped samples and annealed at different 

temperatures. It is cleared from Figure 4.34 that peak position of (0 0 2) plane for un-

doped ZnO is fixed at 34.50, but the shifting of peak only observed in P-doped samples. 

Owing to Bragg‘s equation (nλ = 2d sinθ, d is lattice constant), it is pertinent to mention 

here that forward shift in 2θ value is related with decrease of lattice constant of the 

crystal. Now considering the atomic size of P, an increase in lattice constant is expected 

when P atom occupies O site (smaller in size than P);otherwise, lattice constant should 

decrease when P atom occupies Zn site  (larger in size than P) (Goswami and Sharma, 

2010). Practically, the (0 0 2) plane of the ZnO shifts towards higher 2θ value with the 
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sintering temperatures up to 1000 
o
C and thus yields smaller lattice constant. Henceforth, 

we will refer the filling of Zn site with P as A-type shift.  

 

Figure 4.33: SEM images of P-doped ZnO annealed at different temperature. 

In order to confirm the foresaid argument, using Quantum ESPRESSO software 

package, we simulated the 32 atoms super cell of ZnO by replacing Zn with P atom and 

O with P. In the earlier option, the replacement of P with Zn was possible only by 

reducing lattice constant ~ 7% and as result the lattice relaxed at the cost of two Zn 

vacancies in the super cell. The detail can be seen in Figure 4.26; P has replaced Zn atom 

in row 3 (from top) and as a result, two Zn atoms are missing in row 2 and 3. 

Accordingly, the information from the literature and ours theoretical calculations suggest 

that a P atom while occupying Zn site may generate two Zn vacancies and hence 

produces a shallow acceptor PZn–2VZn complex above the valence band maxima 

(response can be seen in the diagram of ZnO, on right side of Figure 4.28). In this way, 

the A-type shift of (0 0 2) plane leads to p-type conductivity of ZnO. Hall measurements 
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of the samples strengthened the interpretation of the observation and yielding free hole 

concentration as (4.35 ±0.25)×10
15

 cm
-3

.  
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Figure 4.34: X-Ray Diffraction pattern of P-doped bulk ZnO annealed at 600-1000 
0
C 

shows that (0 0 2) plane of ZnO shifts towards higher 2θ values with sintering 

temperature. Inset of Figure 4.34 demonstrated XRD pattern of un-doped annealed at 

different temperatures. 

4.6.3 Simulation results of P-doped ZnO 

Quantitatively, two possible mechanisms of p-type ZnO by doping of phosphorus 

have been discussed. (a) If phosphorus replaces oxygen to form PO; it will act as an 

acceptor (Hwang et al., 2007; Kohan et al., 2000). Theoretical calculations suggests, a 

acceptor PO could be formed at energy level of 0.49 eV above the VBM which is a deep 

accepter (Woo-Jin Lee, 2008) and hence cannot contribute to p-type conductivity in ZnO; 

(b) on the other hand, if P replaces Zn atom; owing to its size, it would generate two 

vacancies at Zn sites additionally, to form a complex (PZn – 2VZn) complex (Guan et al., 

2011; Yu et al., 2005). The (PZn – 2VZn) complex acts as an acceptor level. X. H. Pan et 
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al, experimentally worked out the activation energy of the (PZn – 2VZn) complex and 

found it in the range of 127-180 meV which is obviously much smaller than that of PO 

defect i.e. 0.49 eV above the VBM (Pan et al., 2008). The calculations, therefore are in 

agreement with our simulation results on ZnO super cell. To support the observation, we 

performed further measurements described in the following: 

 

Figure 4.35: (left) Simulation results of 32 atoms super cell of ZnO doped with P atoms. 

The PZn-2VZn complex is evident in combination of row 2 and 3 of the cell, (right) 

shallow and deep acceptor levels associated with PZn - 2VZn complex and PO, respectively 

are displayed. 

4.6.4 Photoluminescence of P-doped ZnO 

The room temperature PL measurements were carried out to examine the effect of 

sintering on the optical properties of the P-doped ZnO. Figure 4.36 demonstrates typical 

PL spectra of the doped samples measured at RT. All samples exhibit band-to-band 

emission at 3.31 eV and in addition, an additional peak at 3.15 eV appears (Vaithianathan 

et al., 2007). This additional peak is related with donor-acceptor pair i.e. PZn–2VZn 

complex. The inset of Figure 4.36 is PL data of un-doped samples annealed at different 

temperatures. The Figure 4.36 showed that all samples consist of only band-to-band 
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emission peak and there is no donor acceptor pair peak. This result suggested the 

additional peak is due to P-dopant. The binding energy of P-doped ZnO can be evaluated 

using the relation (Dongqi et al., 2009). 

EA = Egap - EFA+kBT/2      (3.14) 

Egap is bandgap of ZnO and EFA transition energy level. The measured EA value was 

found to be 160 meV, consistent with the already reported values for PZn–2VZn complex 

(Shan et al., 2008). The absence of donor acceptor in un-doped ZnO strongly suggested 

that P atom diffuses into ZnO at sintered temperature 1000 
o
C and form complexes with 

two VZn. 
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Figure 4.36: PL-spectra of P-doped ZnO powder annealed at 500-1100 ºC. Additional 

peak at around 3.14 eV in doped ZnO is associated with PZn–2VZn complex. For 

comparison inset of this Figure 4.36 showed the PL spectra of un-doped ZnO. 
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Table 4.10: Literature review on p-type conductivity of ZnO. 

  

Type Methods  Characterization  

Techniques 

Annealing 

Temperature 

 

Comments Referenc

es 

p-type 

ZnO 

RF 

Sputtering 

XRD, Hall, SIMS, 

TEM 

200 to 300
 o
C Doping of P in ZnO is used to 

minimize the  V0 and Zni. He 

purposed a self-compensation 

mechanism in which my 

increasing the accepter 

impurities to make ZnO p-type. 

(Hu and 

Gong, 

2008) 

p-type 

ZnO 

Pulsed 

laser 

deposition 

Resistivity, SEM, 

PL 

1000
 o

C  for 12 

hour 

By reducing the shallow 

donors, to achieve p-type ZnO 

(Shan et 

al., 2008) 

p-type 

ZnO 

Physical 

vapor  

transport 

technique   

without 

any   

catalysts 

EDAX, Rutherford 

backscattering 

spectrometer, 

XRD, PL, HRTEM 

 Phosphorus is substitute to 

oxygen. 

(Karamd

el et al., 

2012) 

p-type 

ZnO 

RF 

Sputtering 

XRD, Hall,  PL, 

UV spectrometer, 

IV measurements 

Rapid thermal 

annealing at 800
 

o
C  for 5 min 

P occupies Zn-site and 

combines with two VZn to form 

PZn–2VZn accepter complex. 

Shallow accepter is responsible 

for p-type conductivity. 

(Su et al., 

2011) 

p-type 

ZnO 

RF 

Sputtering 

XRD, Hall, PL 400 to 550
o
C p-type conductivity is activated 

by post annealing. 

(Ding et 

al., 2008) 

p-type 

ZnO 

RF 

Sputtering 

XPS, SIMS, XRD  O
-2

 anions were substituted by 

P
-3

 anions and responsible for 

p-type conductivity and also 

increasing the concentration of 

P in ZnO, forming the P-related 

accepter 

(Hu et 

al., 2009) 

p-type 

ZnO 

Solid Sate 

Reaction 

XRD, PL, SEM, 

Hall Probe 

500-1000
 o
C i. P replaces Zn site and 

comparatively smaller size of P 

allows VZn to form PZn–2VZn 

accepter complex.  

ii. P occupies oxygen site forms 

deeper accepter. 

This 

study 
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Concluding remarks and future prospects 

5.1 Research summary 

In this dissertation, the hydrothermal synthesis of ZnO and T-doped ZnO 

nanostructures/thin-films were successfully fabricated. The grown samples were 

characterized by using different diagnostic techniques. We have developed thin films on 

seedless substrate good in morphology and size of ZnO nanostructure by using low cost 

hydrothermal method. The samples were grown on large area Au-coated Si (1 0 0) 

substrate and characterized by XRD, SEM, UV-Vis, PL to study its different structural, 

morphological, optical properties for the use of different applications. Furthermore, few 

selected metals have been introduced into ZnO by using hydrothermal method. The 

results of this study invoke changing in its optical, microstructural, morphological 

properties with the enhanced of ferromagnetic behavior at RT. The major outcomes of 

this study are 

The as-grown and Mg-doped ZnO NR‘s are annealed to investigate structural 

properties. The results does not show considerable change in lattice parameter while the   

is significantly decreased in anneal sample with reasonable improvement in crystalline 

size. The D and Ԑ are responsible for line broadening and these were calculated by 

Scherrer formula and modified models of W-H method. TEM micrographs of as-grown 

and Mg-doped ZnO NR‘s annealed at 650 ˚C reveals the crystalline nature and particle 

size is found to be 102 and 154 nm respectively. SAED patterns of TEM micrograph is 

confirmed the wide size distribution. It is observed that the imperfection of crystal 

structure is drastically changed by annealing. We suggested that out of these modified 

models of W-H analysis, the UDM is more reliable in determining the  , Ԑ and D. 

Crystal size and average crystallite size estimated from TEM and UDM is in good 

agreement. 

A novel role of Sb-doped has studied to control the structure and morphology of 

ZnO NWs. The incorporation of Sb into ZnO NWs cause the increase in the length of 

NWs which depends on the concentration of Sb in the source material. PL spectra show 
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the defect free NWs growth of as-grown and Sb-doped ZnO. Red-shift and broadening of 

PL-peak has observed by increasing the Sb concentration which ascribe the formation of 

band tailing in the bandgap.  

Sr-doped ZnO samples exhibits increase in grain size and reduce in lattice 

parameter ‗a‘ by increasing the Sr dopant levels, confirms the exchange of Sr
+2

 with Zn
+2

 

sites. Drastically decrease in optical bandgap and band-to-band emission of ZnO samples 

is observed. This narrowing might be due to the change in lattice constants with 

incorporation of various Sr-related defects in ZnO lattice structure which generates 

various active states between VB and CB and leads to bandgap tailing. 

The value of dielectric constant and tan  for as-grown and Co-doped ZnO 

nanostructure are decreased with the increase in Co dopant levels. Tangent loss shows the 

peaking behavior for all the samples where peak shifts towards lower frequency with 

increase in doping, reduces in the loss for Co-doped samples makes them suitable for 

high frequency device applications. Broadening in optical bandgap and increase in lattice 

parameter is found by increasing the Co-concentration which confirm the incorporation 

of Co-ions in ZnO lattice structure. 

To achieve p-type conductivity we enhanced the phosphorous diffusion in ZnO by 

using high temperature sintering conditions. The diffusion of phosphorous atoms in ZnO 

increases with sintering temperature. The shifting of X-ray diffraction peaks of ZnO 

towards higher 2  angle and emerging of donor acceptor pair excitation in PL spectra 

strongly suggested that the diffusion of phosphorous atoms is temperature dependent. 

These results were supported by simulation of 32 atoms super cell of ZnO as well. 

5.2 Future prospects 

Beside of lot of these efforts there still exist many challenges which should be 

addressed for ZnO and T-doped ZnO NR‘s/NWs. As ZnO has huge applications more 

work is required to understand its nature but due to our limited time and resource many 

question are open and should be addressed in future. To understand Co dopant levels with 

dielectric constant, Sr-concentration with bandgap tailing and the Sb-dopant levels with 

surface morphology of ZnO NR‘s/NWs are required more characterizations. Due to the 
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fact that the surface to-volume ratio, surface morphology and optical properties of ZnO 

and T-doped ZnO NR‘s has a great influenced in the performance of different devices. 

The continuous research efforts are required in applying our synthesized ZnO and T-

doped ZnO NR‘s for new development of various applications. Optoelectronics, photonic 

devices, sensor and spintronic's applications of our fabricated sample on low cost and 

flexible substrates can be interesting to realize in future. 
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