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1.1 Introduction 

      In recent times, much attention has been given on the various properties like, optical, 

magnetic and dielectric of various cationic elements doped IV, III–V and II–VI 

semiconducting nanomaterials. ZnO is a known II-VI semiconducting material accompanying 

with a direct band energy gap of 3.37 eV and a large excitonic binding energy of 60 meV. It 

has also allured phenomenal interest of the researchers [1-3]. ZnO nanoparticles have been 

considered for research since the past decades, but the low-dimensional undoped and doped 

ZnO nanostructures like nanospheres, nanorods, nanowires, nanotubes, etc. have been focused 

enormously due to its new elementary physical properties along with many fascinating 

applications in future devices [4-7]. In this regard, transition metal (TM) ions and rare earth 

element (REE) ions doped ZnO nanostructures have attracted substantial attention as 

promising dilute magnetic semiconductor (DMS) due to the possibility of its band gap 

modulation, strong emission in the visible region, induced room temperature (RT) 

ferromagnetic ordering and enhanced dielectric behavior. All together, these doped ZnO 

systems are very much important and interesting materials for advanced optoelectronic, 

spintronic, electrical and quantum device applications [8-13]. 

1.2 Literature Review 

      Many articles, it also been reported that the existence of oxygen vacancies give rise to 

room temperature ferromagnetism within the doped ZnO nanoparticles [14]. Again, the 

dielectric property of the doped ZnO nanoparticles have been extremely organised due to the 

existence of indigenous defects designated as zinc vacancies, zinc interstitials, oxygen 

vacancies, dandling bond etc., by the result of a true selection of dopants as well as doping 

mechanism, which is the principal topic of our research. The undoped and doped ZnO 

nanomaterials have many other electrifying physical and chemical properties like large 

electron mobility, high chemical stability and excellent optical emission. These can be 
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obtained by the appropriate choice of synthesis process among the standard method such as 

sol-gel method, co-precipitation method, hydrothermal method, solid state reaction method, 

mechanical milling method, pulsed laser deposition method, etc. [15-18].  

       Undoped and doped semiconducting ZnO nanoparticles, synthesized by the above 

synthesis mechanism are extremly relevent for photovoltaic and ultraviolet device 

applications like light-emitting diodes, photodetectors, nanolasers, chemical sensors, field 

emitters, supercapacitors and photoelectrodes, etc. [19-27]. More over the selection of the 

synthesis mechanism, the remarkable control over the several materialistic properties like 

conductivity,  charge density and dielectric constant, etc., can be obtained by the proper 

selection of doping ions. Both these above factors, play a crucial role in the tuning of some 

physical properties. By the proper choice of transition metal ions (Ni2+, Co2+,  Mn2+, Cu2+, 

etc.) and/or rare earth ions (Eu3+, Er3+, Gd3+, Yb3+  Tb3+, etc.), modification of the properties 

of  ZnO is anticipated [28-31].  

        In rare-earth ions doped zinc oxide nanomaterials, magnetic ordering can be attributed 

to carrier mediated coupling between dopant 4f and host s electrons. Although, Assadi et al. 

published that Eu ions, located in the nearest neighbor sites can produce magnetic coupling 

[32]. Shi et al. reported that electron doping can be attributed to the ferromagnetic ordering in 

Gd doped zinc oxide [33]. Though, Bantounas et al. suggested that such long-range magnetic 

ordering does not present in a similar doped ZnO nanomaterials [34]. Recently, Venkatesh et 

al. published magnetic coupling in Gd doped zinc oxide thin films attributed to defect band. 

This defect band has been attributed to oxygen vacancy related defects, which are required to 

demonstrate the ferromagnetic ordering [35]. 
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1.3 Novelty of our Research Work 

       Until now, we have gathered few knowledge that the optical properties of doped ZnO 

have been suggested by various research groups but the specific exploration of dielectric and 

magnetic properties of doped ZnO have not been investigated yet. Now, we are about to 

explore a clear investigation of magnetic and dielectric properties of doped ZnO 

nanomaterials along with optical properties. For the preparation of doped ZnO nanostructures 

we have selected easier, secure and less costly hydrothermal method for the synthesis of ZnO 

nanomaterials. Hydrothermal synthesis mechanism of ZnO provides an expected growth of 

the nanoparticles together with desired surface morphology.  

1.4 Objective of the Thesis 

In many articles, it has been investigated that various physical and chemical properties of 

Zinc Oxide nanomaterials can be modulated by the selection of proper dopants and doping 

mechanism [36-38]. Based on the atomic radius and charge valence state of selective 

dopants, give rise to massive effect on the growth of the nanoparticles and also the 

development of native defects inside the nanostructures are very much dependent on the 

selection of dopants and doping mechanism. In our research work, we have reported that 

doping with a 3+ valence state can generate various types of vacancies by means of zinc 

vacancies and oxygen vacancies [39]. These native defects by means of vacancies give rise to 

quantum confinement by decreasing the average size of the ZnO nanoparticles. The change 

in the band gap of the nanomaterials towards a higher frequency region is generally known as 

a blue shift which is due to quantum confinement [40, 41]. 

        In our research work, hydrothermal synthesis process has been preferred for the 

synthesis of undoped and doped zinc oxide nanomaterials. In this synthesis mechanism, the 

structure of the nanoparticles can be fabricated rod like and this matter has been established 

[42-46]. Furthermore, the superior selections of the pH value, temperature and time of 
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hydrothermal synthesis are the fundamental factors for the growth of the expected rod like 

shape of undoped and doped zinc oxide nanomaterials. The rod like structures can modulate 

some specific physical properties, the study of which is the goal of our present work.  
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2.1 Preparation technique 

      In our research work, the semiconducting nanoparticles of undoped and doped with 

different concentration of rare earth and/or transition metal ions have been prepared by two 

different techniques, one is co-precipitation method and the other is hydrothermal method. 

2.1.1 Co-precipitation method 

         For the preparation of semiconducting oxide nanomaterials, the co precipitation 

technique is a fruitful method. In the case of undoped and doped semiconducting system, it is 

normally restricted to the cations of chemically alike properties. In this method, the needed 

ions are mixed together in the aqueous solution. To get the precipitated metal ions, the pH of 

the resultant solution adjusted at a certain value by the addition of aqueous solution of 

ammonium hydroxide. The precipitation is collected after removing the supernatant and 

washed several times with double distilled water. Then the precipitated particles dried in 

vacuum atmosphere and sintered at a particular temperature without agglomeration.  

2.1.2 Hydrothermal method 

         The synthesis of single crystals depending on the solubility of minerals at a certain 

temperature and high pressure can be defined as hydrothermal technique. In a steel vessel 

known as autoclave, the crystal growth is executed by filling up the Teflon lined autoclave 

with nutrients along with sufficient water and a temperature gradient is maintained to ensure 

the seeds to grow in a particular direction. The potentiality to produce crystalline phases 

which may not stable at melting point is the important advantages of hydrothermal synthesis 

route over other synthesis mechanism. The materials which can also be synthesized by 

hydrothermal method having high vapour pressure near their melting points. For the 

improvement of sizeable superior-quality crystals maintaining proper control over the 

nutrients, this synthesis method is quite worthy.  
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 2.2 Characterization techniques 

      The measuring instruments and experimental set up operated for the characterization of 

structural, morphological and physical properties study of different nanocrystalline systems 

have been discussed in this chapter. Following the synthesis of the nanomaterials in different 

procedures, the most crucial requirement is to determine the crystallographic phase of all the 

nanocrystalline and it has been executed by using X-ray diffractometer. The size of the 

nanocrystallite, lattice parameters and the formation of impure phase, if any are relevant 

information of the nanocrystalline. Such types of information are extracted from the XRD 

patterns. In this particular chapter a few fundamental understanding of the X-ray 

diffractometer and the technique of analysis of the XRD data has been introduced. The 

microstructural and morphological characterization of the nanocrystalline systems are 

evaluated from Field Effect Scanning Electron microscope (FESEM). FESEM is a key 

experimental instrument for the reckoning of the morphology and the microstructural 

knowledge of nanostructured samples. FESEM are used to determine the microstructural 

characterization of a few selected nanocrystalline systems and various compatible quantities 

like average crystallite size and its distribution from the micrographs are evaluated. The UV-

Visible absorption spectrum of the as-prepared nanoparticles was performed by l25 

spectrophotometer, Perkin Elmer, Germany within the range of 240-340 nm. A Perkin Elmer 

Germany, Spectroflurometer was employed to study the photoluminescence (PL) 

spectroscopy at an excitation wavelength of 320 nm. The technique of electrical conduction 

was explored by dielectric measurements using Agilent 4294A Precision Impedance 

Analyzer. 

       An illustration of the instruments and the technique of data analysis are incorporated in 

this particular chapter. The dynamic magnetic performance and the ac magnetizations of 

different samples are taken by a 16 bit computer controlled digital hysteresis loop tracer 
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associated with a computer. This measurement has been carried out to study various magnetic 

properties like, ac magnetization, saturation to remanence ratio, coercive field, hysteresis loss 

etc. Static magnetic behavior i.e., field vs. magnetization (M-H curve) as well as zero-field 

cooled (ZFC) and field cooled (FC) curves at various temperatures are analyzed using 

SQUID (Superconducting Quantum Interference Device) magnetometer and a few magnetic 

quantities have been evaluated from the study. Concise explanations of these magnetic 

measuring equipments have been given in this chapter.  

2.3 X-Ray Diffraction 

The structural and microstructural characteristic study of materials has been done by 

the X-ray diffraction (XRD) technique which is a vital analytical mechanism. For the 

recognition of crystallographic phase and to calculate the particulars of crystallographic 

property of a substance, XRD is an essential instrument. von Laue's discovered in 1912 that 

that crystals diffract X-rays which is beneficial to determine the structure of the crystal. 

Previously, to determine the crystal structure, X-ray diffraction had been used and now a days 

the method not only applied to evaluate structural information but also to study chemical 

analysis and stress measurement. Also, a few information like crystallite strain, shape, lattice 

parameters etc. are calculated by the broadening of reflections peak in a powder diffraction 

pattern. 

           The structural characterization of the materials has been done by using Brukers 

Advanced D8 diffractometer with Cu Kα radiation (λ = 1.5425 Å). Fig. 2.1 shows the 

photograph of an X-ray diffractometer. The germanium (022) monochromator has been used 

for Cu Kα radiation from an eminently stabilized Bruker X-ray generator (K 780) and is 

operated in the θ-2θ mode. The incident X-rays interacts with the samples and thereby 

producing constructive interference which satisfies the Bragg's Law nλ = 2dsinθ, 

corresponding diffracted rays are gained, where λ represents the wavelength of the X-ray, d 
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shows the inter planner spacing and θ denotes the glancing angle. Then the diffracted X-rays 

have been detected, evaluated and studied. Due to random orientation of different planes of 

the crystallite, the diffractions from all possible directions of the lattice were obtained by 

scanning the samples with a range of 2θ angles. 

 

  

 

 Fig. 2.1 Brukers Advanced D8 diffractometer 

2.3.1 Estimation of nanocrystallite size from Debye-Scherrer formula 

From the diffraction angle of different peak positions, the lattice spacing may be 

calculated and for first order diffraction, the Bragg’s equation represents by 

2dhkl sinθ = λ,        for n = 1,…..                2.1 

 Where (hkl) denote the Miller indices of lattice planes. 

To calculate the nanocrystallite size (D), Debye-Scherrer equation is introduced, 
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< 𝐷 > =  
0.89 𝜆

𝛽1
2 ⁄ cos 𝜃

                  2.2 

Where D denotes the crystallite size and θ represents the position of most intense peak 

in XRD pattern and also the full width at half maximum (FWHM) of the sharpest peak is 

denoted by  

                𝛽1
2⁄ =  √{(𝛽1

2⁄ )
0

2 
− 𝑏0

2}    2.3 

Here b0 represents the same for large crystallites. 

2.4.1 Field Emission Scanning Electron Microscope (FESEM) 

      Field Emission Scanning Electron Microscope (FESEM) is one of the most important 

instruments for the investigation and analysis of the microstructure and chemical composition 

of nanostructured materials. To realize the basic of electron microscopy, it is required to 

know the fundamental of optics. Since the electron may be deflected by the magnetic field in 

various investigations, the light source has been replaced by high energy electron beam to 

develop the electron microscopy. To get a range of signals on the surface of the solid 

materials, He SEM with high energy electrons has been introduced. The information about 

the materials like morphology, chemical composition, and crystalline structure have been 

revealed by the signal obtained from the electron sample interactions. Normally, a two 

dimensional image is procured by the collected data over a preferred area of the surface of 

nanostructured materials. A selected point location on the nanomaterials can also be analyzed 

with the help of a SEM. Such kind of approach is convenient in determination of chemical 

compositions. There is a secondary electron detector in a SEM. The secondary electrons 

produce the signal which is detected and image is produced. To obtain the virtual 3-D image 

of specimen, thee scan rate of electron beam may be enhanced. Also by using standard 

photography, the image can be captured. 
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Fig. 2.2 Picture of INSPECT F50 FESEM 

2.4.2 Energy dispersive x-ray analysis (EDX) 

         The energy dispersive x-ray (EDX) is a powerful technique of scanning electron 

microscope to obtain the chemical composition of materials. This analysis is an integral part 

of a SEM. This technique has been used to determine the elemental composition of specimen 

sample. The sample is bombered with an electron beam during an EDX analysis inside the 

scanning electron microscope. As a result of this collision between colliding electron and 

specimen atoms, some of them are knocked off. An ejected inner shell electron leaves a 

vacant position which is eventually inhabited by an outer shell higher energy electron. The 

transmitted outer electrons in this process must emit some energy in the form of x- rays. The 

energy emitted by transmitting electrons depends on which shell it is transferring to and 

which shell it is transferred from. The amount of energy releases is unique for the atom of 

each element during the transferring process. During the electron bombardment, the amount 

of energy in the X-rays being measured which establishes the identity of atom.  



CHAPTER 2 
 

Jadavpur University Page 16 
 

          The spectrum of each energy level is the output of EDX. The peaks corresponding to 

each energy level have been displayed by EDX spectrum. This unique peak corresponding to 

an atom represents a single element. More the sharpness of a peak in the spectrum, the more 

assembled the elements in the sample.  

2.5 Raman Spectroscopy 

      Raman spectroscopy is one of the most versatile techniques for the investigation of 

various features of nanocrystalline and nanocomposites [1,2]. The phenomenon of Raman 

spectroscopy can be realized in connection with quantum theory of radiations. The radiation 

having frequency ν comprising with stream of particles named photon with energy hν, here h 

denotes Plank’s constant. When photons collide with the molecules, they will be deflected 

unaffectedly if the collision is perfectly elastic. The energy of the incident photon can be 

collected with a detector placed at right angles to an incident beam. For inelastic collision, 

there is an exchange of energy between photon and molecule during collision. In this process, 

in conformation with quantum laws the molecule may gain or lose some amounts of energy 

which is represented by the change in vibrational or rotational energy ΔE of the molecule. 

The photon will be dispersed with energy ΔE= hν, when the molecule acquire energy and the 

radiation will possess frequency ν-ΔE/h is referred to as Stoke’s radiation. On the other hand, 

when the molecule losses energy ΔE, the radiation will have frequency ν+ΔE/h is referred to 

as anti Stoke’s radiation.  

To study the vibrational and rotational properties of molecules, Raman scattering have 

been used widely. To probe these levels, infrared spectroscopy is normally needed. Though, 

these levels can be excited using visible light in Raman spectroscopy. The H2 molecule has 

not any electric dipole (even in excited vibrational states), there is no possibility to obtain any 

emission line for such transition [3]. In this case, Raman spectroscopy is the only solution to 

study the transitions.  



CHAPTER 2 
 

Jadavpur University Page 17 
 

Raman Spectrophotometer (J. Y. HORIBA) having Ar+ laser with 514.5 nm as 

excitation wavelength has been used to study Raman Spectra. Fig. 2.4 represents the Raman 

spectrophotometer. 

 

 

Fig. 2.3 Picture of T64000 Raman Spectrophotometer (J. Y. HORIBA). 

2.6 Electron Paramagnetic Resonance 

Electron Paramagnetic Resonance (EPR) is a magnetic resonance spectroscopy that uses 

microwave to probe species with unpaired electrons, like cations and triplet in the presence of 

externally applied static magnetic field. EPR spectroscopy has various applications, such as 

study the kinetics and mechanism of reactive radical to obtain the information about the 

interactions between paramagnetic metal ions, study the conducting electrons in 

semiconducting materials. EPR spectrometer appeared in the year 1980 and has become 

extensively used for biological and electronic field. An electron is a negatively charged 

particle having two moments, one is orbital magnetic moment and the other is spin magnetic 

moment. The unpaired electron’s spin magnetic moment is given by  

Ms = √𝑆(𝑆 + 1)
ℎ

2𝛱
 

      Where, Ms represents the total spin angular momentum, S represents the spin quantum 

number and h is Planck’s constant.    
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      The fundamental basis of EPR spectroscopy is the energy difference between the energy 

levels broaden until it become equivalent with the microwave radiation with the increasing of 

intensity of the applied magnetic field and ensure the absorption of photons. EPR 

spectrometer normally vary the magnetic field to confine the microwave frequency and 

available in various frequency ranges. Currently, the X band is the most often used. 

 

Fig. 2.4 Picture of EPR spectroscopy 

2.7 UV-VIS spectroscopy study 

       From a visible and/or UV light source, a beam of light is divided into its component 

wavelengths by a prism or diffraction grating. By using a half mirrored device, each 

monochromatic beam is split into two equal intensity beams. One beam i.e. the sample beam 

moves through a transparent container (cuvette) holding a solution of the specimen being 

investigated in a transparent solvent. On the other hand, the reference beam travels through 

an identical container (cuvette) holding the solvent only. The intensities of the light beam are 

computed by detectors and then analyzed by comparing these two. The intensity of the 

reference light beam endured a little or no light absorption is designated as Iθ and the 
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intensity of the sample light beam is designated as I. The spectrometer impulsively scans all 

the component wavelengths rapidly. At various wavelengths, the absorption is different and is 

the characteristic of the specimen. This characteristic parameter is known as absorbance.  

      The spectrometer exhibit the intensity of absorbance on the vertical axis. The wavelength 

corresponding to the maximum absorbance is a characteristic quantity and is defined as λmax,  

different compound possess different absorption maxima.  

                         

Fig. 2.5 Picture of UV-VIS spectroscopy 

2.8 Photoluminescence spectroscopy 

     Photoluminescence spectroscopy is an important tool to study the optical property of 

nanomaterials. Photoluminescence (PL) is a mechanism in which a specimen absorbs 

electromagnetic radiation and then releases photon energy. This phenomena can be described 

Quantum mechanically and can be explained as an excitation to a higher energy state and 

return back to the lower energy state with the emission of photon energy. The emission of 

light by a material through any mechanism other than black body radiation is known as 

Luminescence. The easiest photoluminescence mechanism is resonant radiation. In this 

process, a specific wavelength photon gets absorbed and a similar photon is radiated and no 

remarkable internal energy transitions of chemical substrate is involved which is 
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exceptionally fast in the order of 10 nano seconds. This kind of effect is very familiar and is 

known as fluorescence in which a few original energies are scattered so that the radiated light 

photons have lower energy than that of the absorbed.  

      To measure the purity and crystalline quality of semiconductors, photoluminescence is an 

important tool. In PL, by using photons to instigate excited electronic state within the 

materials we measure physical and chemical properties and analyze the optical emission. It is 

to be noted here that this method is non destructive exploring the electronic structure of 

materials.  

                                  

Fig. 2.6 Picture of PL spectroscopy 

2.9 dc magnetic measurements 

Superconducting Quantum Interference Device (SQUID)  

The photograph of SQUID magnetometer is shown in Fig. 2.7. The measurement of 

magnetic properties of various specimen have been investigated by Quantum Design MPMS7 

SQUID magnetometer. Different magnetic measurements like magnetization, coercive field, 

field cooled and zero field cooled magnetization, saturation to remanance ratio and 

superparamagnetic relaxation etc. can be measured by using this equipment which is a very 
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sensitive device. This device comprising with a superconducting magnet, a superconducting 

detection coil named as pick-up coil, a SQUID and superconducting magnetic shield.  

The magnetometer performs like a magnetic flux to voltage converter. The magnetic 

signal of the sample which is located in a liquid helium bath is procured from the 

superconducting pick-up coil which is a part of the SQUID device. A gelatin capsule which 

has weak diamagnetic signal has been loaded with the sample. Also, the gelatin capsule is 

filled with cotton to curb the movement of the specimen during the measurement. Then the 

capsule has been located within a plastic straw which is hooked to the MPMS sample probe. 

SQUID magnetometer has two modes of measurement, one is reciprocating sample 

oscillation mode (RSO) and the other is direct current mode (DC). In case of RSO mode, the 

oscillation of the sample is carried out using a servo motor that rapidly oscillates the sample, 

on the other hand in DC mode, the specimen has been moved inside the coil in discrete steps. 

Due to fast data acquisition time and extreme sensitivity, the RSO mode of action is more 

superior over DC mode. The RSO mode incorporated with digital signal processor (DSP) 

favors for faster data collection than the DC mode. When the data is measured in DC mode, 

the magnetic noise will be relatively high during measurement. So, the RSO mode of data 

collection will be more effective and reliable to minimize the effect of magnetic noise by 

virtue of non-linear SQUID drift. An alternative magnetic flux in pick-up coil has been 

produced when the specimen is moving up and down which produces an alternating output 

voltage in the SQUID instrument. Then the amplified alternating voltage is studied by the 

magnetometer electronics. A magnetic field generated by the superconducting magnet can 

magnetize the sample and the read out signal will be proportional to the magnetic moment of 

the specimen. The operational temperature of MPMS is in the range from 2 to 400 K with an 

external applied magnetic field up to 7 T.  
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  Fig. 2.7 Picture of SQUID magnetometer (Quantum Design MPMS). 

2.10 Dielectric measurements 

Dielectrics are material which resists the flow of electric field through it and it is a 

material in which the electrostatic field may exist for a long period of time in the expense of 

minimal energy dissipation in the form of heat. Under the effect of an external electric field, 

the short range motion of charge carriers influences the dielectric effect. The electrons in each 

atom are polarizes due to the presence of external applied electric field to a dielectric material 

and there by producing a dipole moment. In response to the applied alternating electric field, 

the behavior of dielectric material is frequency dependent and generally known as dielectric 

response. Due to the electronic polarization of the charged particles, the storing of electric 

field by the material is measured in terms of dielectric constant or permittivity (ε). Due to the 

presence of dielectric material between a capacitor plates, the performance of a material i.e. 

the Relative permittivity, εr is measured with respect to the permittivity of free space (ε0) and 

that has been defined as fractional increase in the stored charge per unit voltage. 

        Considering the dielectric within a parallel plate capacitor, the capacitance C is given by,     

 

C= εrε0A / d                                                           2.12 
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Here, A is the area and d is the thickness of the parallel plate capacitor and other 

symbols are already been signified. 

           In the presence of an applied alternating potential, V = V0 exp (jωt), the total current in 

the dielectric is represented by,    

I = jωrC0V                                       2.13 

Here, V0 is the amplitude of peak voltage and C0 represents the maximum amplitude 

of the capacitance. 

Since, ‘r’ represents a complex quantity (r = r' - jr"), ‘I’ may be written as, 

I = jω (r' - jr") C0V                                       2.14 

As, exp (jωt) = cos (ωt) + j sin (ωt), the current and the voltage are presented by the 

magnitude of the respective vectors and the subsequent current is π/2 rad out of phase against 

the applied voltage. Only for an ideal dielectric, Eq. 2.14 is significant. Actually, due to losses 

in the wires, electrodes, dielectric loss, dc resistance and inertia of the charge carriers, the 

capacitor experiences energy dissipation and the resulting current is not comprehensively π/2 

rad out of phase against the applied voltage. Therefore the resulting current for real dielectric 

leads by an angle of (900–δ) with the applied voltage, here ‘δ’ is the “loss angle”. The ‘tan δ’ 

i.e. the tangent of the loss angle represents the loss tangent or “dissipation factor”, a 

dimensionless quantity which exhibits the energy losses by a capacitor and is represented as,  

                           tan δ = r" / r'                       2.15 

         In this thesis, the dielectric measurement has been investigated by using Agilent 4294A 

Precision Impedance Analyzer. The photograph of the instrument has been shown in the Fig. 

2.8 At first, the specimen in the powder form are pelletized using a hydraulic press pelletizer. 

A pressure of 150 kg/cm2 has been applied for 5 minutes during the making of pellets which 

have diameter of 10 mm. At room temperature as well as at high temperature, the capacitance 



CHAPTER 2 
 

Jadavpur University Page 24 
 

(C) and dissipation factor (D) of all the specimen have been measured as a function of 

frequency of the applied field in the range from 50 Hz to 1.4 MHz. From the measured value 

of C and D, the real and imaginary part of dielectric constant have been calculated by using 

the relations  

 

ε' =  C.d / ε0 A                                2.16 

and, 

            ε "= ε ' . D                                                            2.17 

 

 

                           
 

Fig. 2.8 Dielectric measurement setup. 
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2.11 Theoretical modeling 

Rietveld Analysis 

      Rietveld analysis of a XRD pattern has been carried out using MAUD software to get the 

structural information of a sample under investigation. The Rietveld analysis of a XRD 

pattern provide information about the lattice parameters, grain size, micro-strain, atomic 

positions and occupancies etc. The detected XRD pattern of the samples is compared with the 

theoretical pattern produced by the Rietveld method, formulated on the user defined model of 

the crystal structure. By repetitive refinement of various structural, microstructural and 

background functional parameters, the difference between the theoretical and experimentally 

calculated pattern has been minimized. The figure of each Bragg peak has been fitted with a 

Pseudo-Voit type function and a fourth order polynomial has been considered for the 

backgrounds. Standard Si powder having large crystallite is used to determine the 

instrumental function. By the analytical convolution of true line broadening and symmetric 

part of instrumental function followed by the numerical convolution of the asymmetric part 

of instrumental function, the entire pattern has been generated. To determine the shape 

parameters of the profile function of specimen, the parameters of crystallite/coherent domain 

size and rms micro-strain have been refined. The values of the parameters evaluated from the 

standard material have been kept fixed. With the JCPDS file, the simulation of the XRD 

pattern of the sample has been carried out.  
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3.1 Introduction 

       Due to exciting physical properties and application in future technologies, ZnO has 

attracted considerable interest of the researchers [1-3]. Due to new physical properties and 

potential applications in nanodevices, interests are concentrated on the low-dimensional 

nanostructures like nanoparticles, nanorods, nanowires, and nanotubes [4-7]. By various 

growth mechanism such as sol-gel, co-precipitation method, hydrothermal methods and 

pulsed laser deposition method and by doping with proper dopants, such as Li, P, and Ag, a 

performance enrichment of these ZnO based nanomaterials for many device applications 

have been executed [8-14]. Apart from, by using modified carbothermic reduction process, an   

effective mass production of ZnO nanowires has been claimed [15]. A few investigations 

indicated that nanostructured ZnO with high surface to volume ratio is highly acceptable for 

ultraviolet and photovoltaic device applications, like nanolasers, light-emitting diodes, field 

emitters, photodetectors, photo-electrodes in dye-sensitized solar cells, and chemical sensors 

[16-21]. In recent times, ferromagnetic orientation at room temperature (RT) as well as high 

Curie temperature in III-V and II-VI semiconducting nanomaterials has also been observed 

[22-24].In theory transition metal ions doped ZnO nanoparticles has been proven which was 

established by experiments with RT ferromagnetic ordering for spintronic device applications 

[25,26]. ZnO nanoparticles have been doped with magnetic metal ions, such as Co, Ni, or Mn 

to fabricate diluted magnetic semiconductors (DMSs) [27].Recently, some researchers have 

revealed that ferromagnetic ordering observed in undoped and doped ZnO nanostructures and 

said to be influenced by intrinsic defects [28]. Also, RT ferromagnetism has been observed in 

non-magnetic elements, like Li or Bi doped ZnO nanoparticles [29,30]. By incorporating 

proper rare-earth dopant, modification of the optical, magnetic and dielectric properties can 

be anticipated. Recently, many researchers have been explored on rare-earth (Gd3+, Dy3+, 

Tm3+,Tb3+, etc.) doped ZnO nanostructures. Due to the presence of intrinsic defects in the 
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rare-earth doped ZnO nanostructure, an enhancement in the optical, magnetic and dielectric 

properties have been observed. Since, the dopants ionic radius are incomparable to that of the 

host zinc ions, various types of intrinsic defects such as, oxygen vacancies, zinc vacancies, 

zinc interstitials and others in the doped ZnO nanostructures have been developed. The ionic 

radius of yttrium ion (0.89 Å) is extremely higher than the ionic radius of the zinc ion (0.74 

Å). Therefore, large size yttrium ion doped ZnO nanostructures can generate huge internal 

strain which in turn can produce large numbers of intrinsic defects in the ZnO nanostructures. 

Also yttrium doping are beneficiary as (i) it can decrease the band energy gap of ZnO [31] 

(ii) Y3+ surface upgrade crystallite growth [32] (iii) the surface confinement of Y3+ increases 

oxygen vacancies [32]. All these, inspired us to investigate the optical, magnetic and 

dielectric properties of yttrium ions doped ZnO nanomaterials [33-35]. 

3.2 Experimental   

3.2.1 Materials: 

       Y3+ions doped ZnO nanoparticles were synthesized by hydrothermal method. Zinc 

acetate dihydrate Zn(CH3COO)2
.2H2O (Sigma Aldrich, 99%), yttrium nitrate hexahydrate 

YN3O9
.6H2O (Sigma Aldrich, 99%), and ammonium hydroxide NH4OH (concentration ~ 

25%) are used as precursor material with analytical grade to synthesize Zn1-xYxO (x = 0.03, 

0.05 and 0.07).  

3.2.2 Synthesis of Y3+ions doped ZnO nanostructures by co-precipitation method 

       Y3+ions doped ZnO Nanoparticles were prepared by using two step method. The 

precursor materials are taken in milli-Q water and the aqueous solutions are taken in a beaker 

which is placed on a magnetic stirrer. 3, 5, and 7% molar concentration of yttrium to that of 

the molar concentration of zinc salt has been taken in the aqueous solution. The mixed 

solution has been stirred for four hrs. to get homogeneous solution. To maintain the pH of the 
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solution at ~ 10, NH4OH solution is added in the previous solution for precipitation. Then the 

co-precipitated particles are collected for washing many times by using milli-Q water. 

3.2.3 Nucleation of Y3+ions doped ZnO nanoparticles 

       The washed precipitate is diluted in milli-Q water and taken in Teflon jacket. The Teflon 

jacket is placed in an autoclave at 160 oC for 48 hours. The atmosphere within the Teflon 

jacket is favourable for the surface growth of ZnO nanoparticles to rod like structure. After 

cooling down to room temperature, the supernatant is eliminated and the solid precipitate is 

collected and washed many times with milli-Q water. Then for drying the sample, it is 

desiccated at RT. To achieve better crystallographic phase formation, the dried powder is 

sintered at 400 oC in vacuum atmosphere. The sample name and related specifications are 

given in the Table 3.1.  

Table 3.1. The sample name and its corresponding specifications. 

  Sample specification            Sample details 

  ZnO            Undoped ZnO  

  ZnOY3   3% yttrium ions doped ZnO (Zn0.97Y0.03O) 

  ZnOY5   5% yttrium ions doped ZnO (Zn0.95Y0.05O) 

  ZnOY7   7% yttrium ions doped ZnO (Zn0.93Y0.07O) 

 

3.2.4 Characterization techniques  

       X-ray diffractograms of undoped and Y3+ ions doped ZnO nanoparticles are recorded in 

the range of 2θ from 10 to 80o in powder X-ray diffractometer, Model D8, BRUKER AXS, 

using Cu Kα radiation (λ = 1.5405 Å). The structural morphology of all the samples has been 

observed by using Field emission scanning electron microscope (FESEM), INSPECT F50 

(FEI, Netherland). The chemical bonding existing in the samples are recorded by Fourier 

transform infra-red (FTIR) spectrometer, JASCO FTIR instrument - 410 (USA). The 
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photoluminescence spectroscopy (PL) has been carried out with an excitation wavelength 

(ex) of 325 nm at RT by a spectroflurometer, Perkin Elmer Germany. The Raman 

spectroscopy study has been employed using Newport RS 2000TM. The Magnetization 

versus applied magnetic field (M-H) data of all the samples at RT and at various low 

temperature has been studied by using a SQUID magnetometer (MPMS XL 7, Quantum 

Design) with a maximum applied field of 50 kOe. The Electrical conductivity has been 

explored with dielectric measurement by using an Impedance Analyzer, Agilent 4294A. 

3.3 Result and discussions 

3.3.1 XRD and FESEM analysis       

       Fig. 3.1 illustrates the XRD patterns of undoped ZnO and Y3+ ions doped ZnO 

nanoparticles. All the peaks have been indexed to hexagonal wurtzite structure of ZnO with 

the help of the JCPDS (file no. 36-1451, space group P63mc). Also, it is evident that there are 

no extra peaks corresponding to any impurity phase like Y2O3 etc. This data indicates 

homogeneous doping of the Y3+ ions in the tetrahedral (Zn2+) site of the ZnO wurtzite 

structure. The average crystallite size of all samples has been calculated from the broadening 

of the peak (101) by using the Debye-Scherrer equation.  

< 𝐷 >(101)=  
0.9λ

β1
2

cosθ
                                                                                     (3.1)

 

With the Y3+ concentration increasing in the ZnO nanoparticles, the average 

nanocrystallite diameter increases. Distortion in the host ZnO lattice occurs due to the 

addition of the Y3+ ions which also induce particle size change. The micro strain (ε) of the 

doped ZnO nanoparticles is also calculated using the formula below and shown in Table 3.2. 

𝑀𝑖𝑐𝑟𝑜 𝑠𝑡𝑟𝑎𝑖𝑛 (ε) =  
𝛽1

2
𝑐𝑜𝑠𝜃

4
                                (3.2) 
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From the microstructural analysis of the samples, other important data such as unit 

cell parameters ‘a’ and ‘c’, c/a ratio, volume per unit cell(V), bond length(L), internal 

positional parameter(u), and dislocation density(δ) have been calculated from the XRD and 

shown in Table 3.2. It is observed that the lattice parameter ‘a’ for Y3+ ions doped ZnO 

nanoparticles is comparatively higher than undoped ZnO nanoparticles. Also, ‘c’ is found to 

be lower for doped ZnO nanoparticles as compared to undoped ZnO nanoparticles. 

With the increase of doping concentration in the ZnO nanostructure, the lattice 

constants increase/decrease which proves the substitution of Y3+ ions at tetrahedral site of Zn. 

Due to the difference in the ionic radius of the host and the dopant internal lattice strain is 

developed. The measured ratio of c/a also shows a perfect agreement with hexagonal close 

packed (hcp) structure. By using the following equation, the unit cell volume for has been 

measured, 

    𝑉 = 0.866 × 𝑎2 × 𝑐               (3.3) 

Increased value of volume of unit cell (V) illustrates the substitution of Y3+ ions in the 

Zn sites. The presence of defects in the doped ZnO samples is prominently signified by 

Dislocation density (δ). Dislocation density has been calculated using the following equation 

δ = 
1

𝐷2
                                   (3.4) 

By using the following relationship, the Zn-O bond length has been calculated 

        L = √
𝑎2

3
  + (

1

2
− 𝑢)

2
𝑐2                                                   (3.5) 

Where the positional parameter (u) for wurtzite structure can be measured using the 

equation                                                         

                              𝑢 =
𝑎2

3𝑐2
+ 0.25                                           (3.6) 
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It is observed that with the increased doping of Y3+ ions in the ZnO nanoparticles, the 

bond length increases moderately. This is due to the fact that, Y-O bond is developed due to 

the replacement of Zn2+ ions by Y3+ ions, the bond length of which is larger than Zn-O bond 

length. 

Table 3.2. Structural parameters evaluated from XRD. 

Sample 

Avg. 

crystallite 

diameter D 

(nm) (101) 

Lattice 

parameter (Å) 

 

a              c 

c/a 

ratio 

Micro 

strain 

(ε) 

(10-4) 

Unit cell 

volume 

V (Å)3 

ZnO 

bond 

length 

(Å) 

Dislocation 

density (Å)-2 

δ (10-6) 

ZnO 84.44 3.2514 5.212 1.605 3.728 47.66 1.9783 1.158 

ZnOY3 87.06 3.2516 5.209 1.603 3.966 47.69 1.9787 1.312 

ZnOY5 88.86 3.2518 5.207 1.601 4.061 47.74 1.9791 1.375 

ZnOY7 89.19 3.2520 5.204 1.600 4.132 47.78 1.9796 1.432 
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Fig. 3.1 XRD patterns of the samples (a) ZnO, (b) ZnOY3, (c) ZnOY5 and (d) ZnOY7. 

       Fig. 3.2 shows some micrographs which is the structural morphology of all the samples. 

FESEM micrographs in Figs. 3.2a-d represent the structural morphology of undoped and 

doped ZnO nanostructures. From the Figs. 3.2a-d it is evident that all the micrographs are rod 

like in nature including hexagonal cross-section. It can also be observed that all rod like 

structures are crystalline and very much observable from one another. The micrographs of 

ZnOY3, ZnOY5 and ZnOY7 nanoparticles are shown in Fig. 3.2b-d respectively. With the 

increase in doping percentages of Y3+ ions, the morphology is changed which represents the 

true incorporation of the Y3+ ions in ZnO nanostructures. 
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Fig. 3.2 SEM images of the samples (a) ZnO, (b) ZnOY3, (c) ZnOY5 and (d) ZnOY7. 

3.3.2 FTIR studies 

       Fig. 3.3 shows the FTIR spectra of undoped and Y3+ ions doped ZnO nanoparticles. It 

enables us to study the atomic vibrational mode of molecules in the powder samples calcined 

at 400o C. Due to the existence of CO2 molecule in air, a weak doublet nearly 2366, 2348, 

2347 and 2357cm-1 of undoped and doped ZnO (ZnOY3, ZnOY5 and ZnOY7) have been 

shown respectively [36]. This might have occurred due to the absorption of CO2 from the 

atmosphere during measurement and the trapped CO2 molecules raises these modes. Due to 

the C=O stretching (symmetric and asymmetric) mode appears from the trapped CO2 residing 

on the surface of the ZnO nanomaterials, peak around1513, 1529, 1536, 1348 cm−1of pristine 

ZnO and 1406, 1413, 1401, 1404 cm−1 of the ZnOY3, ZnOY5 and ZnOY7, respectively, 

arises [37]. The two strong absorption bands corresponding to 443-452 cm-1, might have 

occurred due to Zn-O stretching. 

        Due to the formation of oxygen vacancies (Vo) in the structure during annealing process, 

a band at 525-531 cm-1 is observed. Moreover, different types of defects such as oxygen 
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vacancies, zinc vacancies and zinc interstitials in the ZnO nanoparticles are attributed to the 

discrepancy between the ionic radius of Zn2+ion (~ 0.74 Å) and Y3+ion (~ 0.89Å).  

 

Fig. 3.3 FTIR transmittance spectra of the samples (a) ZnO, (b) ZnOY3, (c) ZnOY5 and (d)          

ZnOY7. 

3.3.3 Photoluminescence studies  

        The optical properties of undoped ZnO and Y3+ ions doped ZnO nanorods have been 

studied using PL spectroscopy with an excitation wavelength of 325 nm at RT and are given 

in the Figs. 3.4(I)(a-d) respectively. The PL spectra for all the samples exhibit a sharp 

ultraviolet emission at 360nm and 388 nm almost at the same position. These peaks develop 

due to the recombination of free excitons and are normally attributed to near-band-edge 

(NBE) emission. A violet emission located at 411 nm in the visible region is designated to the 

electronic transition occurring from zinc interstitial (IZn) level to the top of the valance band. 

In the visible region, a blue emission at 454 nm is assigned to the electronic transition from 

zinc interstitial (IZn) to zinc vacancy (VZn) level for all samples [38]. A green emission 
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observed at 498 nm is attributed to electronic transition from the bottom of conduction band 

to the oxygen vacancy (Vo) level. Due to the incorporation of Y3+ ions into ZnO matrix, a 

clear red shift of the excitonic emission peak has been detected for all the samples. The 

relative intensity of Y3+ ions doped ZnO nanorods is negligible as compared to undoped ZnO 

nanorods, which demonstrates that the doping may improve the intrinsic defects and oxygen 

vacancies in the system [39-42]. 

3.3.4 Raman spectroscopy studies 

        To obtain more information such as, quality of crystallinity, intrinsic defect and 

structural disorder about the microstructure of undoped and doped ZnO nanorods, Raman 

spectroscopy has been introduced. It is a nondestructive procedure. The spectra are taken for 

all the samples in the range of 50-550 cm-1. Figs. 3.4(II)(a) shows the Raman spectrum 

corresponding to six different Raman-active phonon modes at 101[E2(low)],225 [2E2(low)], 

330 (E2H-E2L), 380 [A1(TO)], 410[E1(TO)] and 437 cm-1 [E2(high)] respectively, at RT for 

wurtzite ZnO [43-45]. The low frequency E2 mode [E2(low)] in doped ZnO nanoparticles as 

compared to undoped ZnO shows a blue shift from 100 cm-1 to 108 cm-1. The high frequency 

E2 mode [E2(high)] in Y3+ ions doped ZnO nanomaterials as compared to undoped ZnO 

presents a blue shift from 428 cm-1 to 437 cm-1. Due to the production of structural defects, 

the shift in the position and minimization in intensity of Raman modes are appeared. This 

demonstrates the incorporation of dopant ions at the position of Zn2+ lattice sites within the 

ZnO matrix. The lattice distortions in the nanostructured system have occurred due to the 

mismatch of the ionic radii of the Zn2+ and Y3+ ions. The peak corresponding to 329 cm-1 is 

attributed to E2 (high)–E2 (low) mode (E2H-E2L) which is coming from zone-boundary 

phonon scattering. A peak nearly 530-560 cm-1 arises because of E1 symmetry with LO 

modes and assumed to be caused by oxygen vacancy, zinc interstitial defect and free carriers. 

This is because proper doping of Y3+ ions in ZnO nanoparticles creates large number of 
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oxygen vacancies or zinc interstitials. Also, the position of E2H mode (428-437 cm-1) for 

different doping percentages of Y3+  ions in ZnO nanostructures compared to the undoped 

ZnO is a characteristic of wurtzite structure. The local defect, lattice strain or distortion 

causes phonon localization that give rise to corresponding peak shift which exhibits variation 

in frequency. 

       These changes did not occur due to laser activated heating in the nanoparticles. 

Therefore, it can be mentioned that the variation in isotopic mass of atom forming ZnO by 

the incorporation of Y atom. 

 

Fig. 3.4 (I) Photoluminescence spectra of the samples (a) ZnO, (b) ZnOY3, (c) ZnOY5 and 

(d) ZnOY7 and (II) Characteristic Raman vibrational modes of the samples (a) ZnO,  

(b) ZnOY3, (c) ZnOY5 and (d) ZnOY7. 

3.3.5 Static magnetic measurement 

       The Magnetization (M) vs. Field (H) data for all the samples within the applied magnetic 

field of 0-50 kOe have been studied at different temperatures (300K, 150K and 10 K) using 

SQUID magnetometer. ZnOY3 and ZnOY7 show ferromagnetic (FM) phase including 
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almost saturation magnetization for the M-H curve at RT (see Figs. 3.5a, and f). The 

measured hysteresis loops at low temperature (10 K) are not saturated implying the co-

existence of paramagnetic (PM) and ferromagnetic (FM) phase [46,47]. At lower 

temperatures, the PM contribution is larger than the FM contribution. The hysteresis loops of 

ZnOY5 are unsaturated for all temperatures even at the highest applied magnetic field, this 

suggests the co-existence of PM phase with FM phase for all temperatures (Figs. 3.5c, d and 

e). This result is incompatible with the results gained by the various other researchers. As for 

example, Liu et al. investigated for V-doped ZnO nanoparticles where PM phase dominates 

over weak FM phase [48]. Jing et al. obtained for Er-doped ZnO system where they report 

co-existence of PM and FM phase in their work [49]. The magnetic information such as 

maximum magnetization (Mmax), remanent magnetization (Mr) and coercive field (Hc), 

extracted from the hysteresis loops of all the Y3+ ions doped ZnO samples have been shown 

in Table 3.3. Identical results established by other researchers, for Nd doped ZnO and 

transition metal ions doped ZnO nanoparticles have also been reported previously [50, 51]. 

According to the previous literatures, the no. of structural defects/oxygen vacancy is an 

undeniable factor about the origin of ferromagnetism in Y3+ ions doped ZnO at RT. The 

presence of single wurtzite structure without secondary phases for all the Y3+ ions doped ZnO 

samples have been verified from FTIR, Raman spectra and PL spectra. So, the contribution of 

secondary impurity on the magnetic data can be eliminated in the present case. The detected 

ferromagnetism must not appear from carrier-mediated technique because electron 

concentration in Y3+ ions doped ZnO samples is low which is established by the dielectric 

property study later on in the report. The dielectric constant of all the samples exhibits semi-

insulating nature which doesn’t match with the theory given by Dietl et al. [52]. The theory 

behind intrinsic ferromagnetism in ZnO nanostructure is still under scanner, though the 

defects are treated as the most vital factor which plays an essential role in ferromagnetism. 



CHAPTER 3 
 

Jadavpur University Page 38 
 

The electronic structure and formation energies of point defects in ZnO nanostructures have 

been calculated using the first-principle potential method, by Kohan et al. [53]. Their 

calculation proved that, oxygen vacancy and zinc vacancy (Vo and VZn) are the two most 

common defects in ZnO. The formation energy for oxygen vacancy (Vo) is lower when 

compared to that of zinc vacancy (VZn) and must be abundant in Zn-rich conditions, so as 

zinc vacancy (VZn) should command in O-rich conditions. So, it can be concluded that a part 

of oxygen vacancy and abundant zinc vacancy co-exist in the Y3+ ions doped ZnO 

nanoparticles. As the doping of trivalent ions induce huge oxygen vacancy (Vo), the 

contribution of oxygen vacancy (Vo) is greater than zinc vacancy (VZn) for the dilute 

ferromagnetism [54]. 

 

Fig. 3.5 Static hysteresis (M-H) loops of different sample ZnOY3 (a) 300 K and (b) 10 K,  

ZnOY5 (c) 300 K, (d) 150 K and (e) 10 K and ZnOY7 (f) 300 K, (g) 150 K and (h) 10 K. 
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       Coey et.al. introduced BMP model to explain ferromagnetism by taking into 

consideration the dopant density and unsaturated hysteresis loop at low temperatures which 

might be suitable for low conductive or high resistive (as viewed from dielectric nature) 

samples with confined carriers [55]. In this case, a localized electron in oxygen vacancy (Vo) 

plays a significant role for the spin orientations of neighboring Y3+ ions. The exchange 

interaction of oxygen vacancies (Vo) with Y3+ ions and some of the Y3+ spins are aligned 

around the oxygen vacancies (Vo) which forming the BMPs. If sufficient oxygen vacancies 

(Vo) are not present in the sample, adjacent Y3+ ions are coupled by oxygen bond (super 

exchange interaction), initiating magnetic ordering destruction. 

       Hence, oxygen vacancies (Vo) lead a crucial role in RTFM. Coey’s model suggests that 

the recorded magnetization due to interaction between BMPs can be written as [56] 

M = M0L(x) + χmH                                                   (3.7) 

       The first term represents the contribution owing to BMP and the second term denotes the 

paramagnetic part [57]. The equation mentioned above shows that the sample is perceived by 

the mixed-up state of BMPs where trapped electron strongly interacts with Y3+ ions. The no. 

of Y3+ ions which don’t participate in the BMP interaction are assumed to be an independent 

paramagnetic component that contributes to paramagnetism. 

       Also, the spontaneous moment of the system may be described as 

𝑀0 = 𝑁𝑚𝑠                                                                (3.8) 

       Where the term ms represents the actual spontaneous moment of each BMP and N 

signifies the number of BMPs per unit volume. The Langevin function is written as  

(𝑥) =  𝑐𝑜𝑡ℎ𝑥 −
1

𝑥
                                                      (3.9) 

       Here, the term x can be written as 

  𝑥 =
𝐻𝑚𝑒𝑓𝑓

𝑇𝐾𝐵
⁄                                                     (3.10) 
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       Where, meff is the effective spontaneous magnetic moment of each BMP. It is to be noted 

here that the interaction between the BMPs have ignored and thus fitting technique is done by 

pretending𝑚𝑠 = 𝑚𝑒𝑓𝑓 .Figs. 3.6(a-c) denotes the fittings of M-H curve of all the samples at 

RT. It is noticeable from the fitting that the paramagnetic contribution for ZnOY5 sample is 

nearly ~ 40 times larger than other two samples. 

       Due to the presence of PM phase, the hysteresis loop at room temperature of ZnOY5 

does not attain to the saturation value as compare to the other two doped samples. For all the 

samples the BMPs concentration is of the order of ~ 1013-1014 at RT, whereas the temperature 

decreases the BMPs concentration increases sharply around ~ 1017-1018. The Y3+ ions are 

distributed as isolated BMPs or uncoupled spin and leads to a fraction of BMPs may overlap 

which results PM phase mixed with FM phase. At lower temperature, the number of polaron 

increases and over lapping of this polaron contributes to FM and there by a clear hysteresis 

loop with larger magnetization, coercivity and remanence have been recorded for some 

samples. Although, with the decrease of temperature the paramagnetic contribution increases 

that leads to the robust increase of magnetization along with non-saturation of hysteresis 

loop. At lower temperature, the low value of meff can be attributed to the reduced size of the 

BMPs [58]. The presence of competing magnetic interaction might have reduced BMP size 

[59]. The variation of Y3+ ions in ZnO host matrix may be assumed as (i) Y3+ ions coupled 

with AFM which have minimum one neighboring Y3+ ions, (ii) isolated Y3+ ions behaving 

paramagnetically which contribute to magnetization at lower temperature and (iii) the Y3+ 

ions couple with donor electrons associated with defects behave ferromagnetically. 

Modification of Y3+ ions in ZnO host matrix favor variations in the character of magnetic 

coupling, leading to a change of magnetic state. The average distance between two 

neighboring Y atoms in ZnOY7 decreases with the increasing number of Y3+ ions (7 wt %) 

which leads to direct exchange interaction. As the Y d-states overlap with the valence band, 
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the coupling between Y-Y neighbors in ZnO is assumed to be antiferromagnetic. Hence, 

concentration of Y3+ ions above 5% increases the antiferromagnetic exchange interaction 

between neighboring Y3+ ions thus resulting in the reduction of magnetization of ZnOY7 

sample as compared to the others. 

 

Fig. 3.6 Initial Magnetization vs field curve fitted by BMP model at 300 K (a) ZnOY3, 

(b) ZnOY5 and (c) ZnOY7. 
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Table 3.3. Maximum Magnetization (Mmax), Remanence (Mr), Coercivity (Hc) of ZnOY3, (b) 

ZnOY5 and (c) ZnOY7 recorded at different temperature from 300 K to 10K. 

 

3.3.6 Dielectric measurement 

       The effect of temperature dependent applied alternating electric field with dielectric 

constant (ε′) and loss tangent (tanδ) of all samples have been recorded. To understand the 

reality of storing ability of electrostatic energy and dissipation of energy, the value of 

dielectric constant (ε′) and loss tangent (tanδ) have been recorded applying alternating 

electric field. For all samples, the real part of complex permittivity (ε′) has been determined 

by using the formula 

ε′=
𝐶𝑑

Ɛ0𝐴
                                   (3.11) 

Sample  

   ID 

    Measuring  

Temperature (T) 

     (In K) 

     Maximum 

 Magnetization   

 (Mmax) (emu/g)  

Remanence (Mr) 

     (emu/g) 

Coactivity (Hc)  

      (Oe) 

     

ZnOY3 

 

ZnOY5 

 

 

ZnOY7 

      300   

       10 

     300 

     150 

      10 

     300 

     150                                

      10 

 

       0.0028 

       0.2755 

       0.0334 

       0.0530                              

       0.3173                               

       0.0043 

       0.0044 

       0.2809 

    0.000165 

    0.000720 

    0.000662                                   

    0.000730                      

    0.006301                              

    0.000108 

    0.000365 

    0.001070  

 

    59.18 

    89.44 

    80.05 

  155.97 

  464.25 

    40.25 

  124.30 

  160.13 
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       Where, C is capacitance, d is thickness and A is area, respectively of the pelletized 

sample and ε0 is the permittivity at free space. The variation of frequency dependent (ε′) at 

various temperature for undoped and Y3+ ions doped ZnO nanoparticles, in the frequency 

range of 40 Hz to 106 Hz is shown in Fig.3.7. The electron hopping between Y3+ and Zn2+ 

ions in the doped ZnO nanostructure acting as electric dipoles under the applied alternating 

electric field causes large value of real part of dielectric constant (ε′). The dielectric behavior 

can also be explained on the basis of Maxwell-Wagner type of relaxation. Also, electronic, 

ionic, dipolar and space charge polarization etc. remarkably contribute to the dielectric value 

of the samples. The high value of dielectric constant at low frequency region can be attributed 

to the space charge polarization. Different types of polarization are originating from various 

defects like oxygen vacancies, grain boundary defects etc. for Y3+ ions doped ZnO 

nanostructures. The observed value of real part of dielectric constant (ε′) decreases with 

increasing frequency and becomes frequency independent at higher frequency region [60,61]. 

The polarization is decreasing with increase in frequency as it is lagging behind the external 

electric field because the hopping of electrons goes out of phase with the external applied 

alternating electric field at the higher frequency region. Fig. 3.8 represents the frequency 

dependent dielectric loss (tan𝛿) in the range from 40 Hz to 106 Hz for various temperatures.  

The energy dissipation is represented by dielectric loss (tan𝛿) in the system. Initially the 

dielectric loss increases with increase in frequency and beyond a certain value it decreases 

with the increase in frequency for all samples due to the occupancy of space charge 

polarization in the nanostructured samples. Although, the dielectric loss is lower for 3% and 

5% Y3+ ions doped ZnO as compared to the undoped ZnO nanoparticles and for 7% Y3+ ions 

doped ZnO nanoparticles, it increases again. Therefore, for high frequency device 

applications Y3+ ions doped ZnO nanostructure can be adapted. The real part of dielectric 

constant (ε′) with the variation of temperature in the range from 30 oC to 350 oC has been 
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shown in Fig. 3.9. For three different frequencies i.e., 1 kHz, 10 kHz and 100 kHz, 

respectively, the measurement has been recorded. Ferroelectric to paraelectric transition is 

occurred for all samples but the transitional temperatures are different for each sample [62].  

It can be mentioned that due to the presence of interfacial polarization the real part of the 

dielectric constant is very high.   

 

Fig. 3.7 Variation of Dielectric constant with frequency for samples (a) ZnO, (b) ZnOY3, (c) 

ZnOY5 and (d) ZnOY7. 
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Fig. 3.8 Plot of loss tangent (tanδ) vs frequency at different temperature for the samples (a)  

         ZnO, (b) ZnOY3, (c) ZnOY5 and (d) ZnOY7. 
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Fig. 3.9 Variation of dielectric constant with temperature for the samples (a) ZnO, (b)  

ZnOY3, (c) ZnOY5 and (d) ZnOY7. 
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3.4 Conclusions 

       By using co-precipitation method followed by hydrothermal synthesis route, Y3+ ions 

doped ZnO nanoparticles have been synthesized successfully. The connection between the 

induced intrinsic defects in Y3+ ions doped ZnO nanorods and the structural, optical, 

magnetic and dielectric properties have been investigated properly in the present study. It can 

be noted that the doping of Y3+ ions in ZnO host lattice leads to the increase of various 

intrinsic defects which induces structural, optical, magnetic and dielectric properties study. 

The crystallization is lowered by the doping of Y3+ ions properly in the ZnO nanorods which 

is suggested by the XRD spectra. The doping of Y3+ ions generate more intrinsic defects in 

the ZnO nanorods which has been proved by increase in visible emission of PL spectra at 

room temperature and E1(LO) intensity of Raman spectra. The magnetization data 

demonstrates room temperature ferromagnetism in doped ZnO nanorods together with a 

maximum coercivity for 5% Y3+ ions doped sample. The dielectric study reveals that the 

nanostructured ZnO are acceptable for high frequency device applications. Finally, all 

measurements demonstrate that the defects are vital and enhance the RT ferromagnetism by 

selecting proper doping percentage. 
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4.1 Introduction 

        Since nanoparticles have small grain size, large grain boundary, large surface to volume 

ratio and quantum size effect, they have obtained much attention by different research groups 

on theoretical and experimental grounds as prominent research topic [1-3]. The modulation of 

structural symmetry, band gap, charge density, grain morphology, micro strain and various 

intrinsic defects due to the choice of selective synthesis mechanism and nature of dopants 

leads to the upgrade of physical properties of nanomaterials like microstructural, thermal, 

optical, magnetic and dielectric [4-7]. Recently, different semiconducting metal oxide 

nanoparticles e.g titanium oxide (TiO2), indium oxide (In2O3), tin oxide (SnO2), silicon oxide 

(SiO2), zirconium oxide (ZrO2), zinc oxide (ZnO) etc have been investigated 

comprehensively for their interesting physical properties and various device applications [8-

20]. In this purpose, ZnO is an n type II-VI semiconducting material with a direct band gap of 

3.37 eV and a high excitonic binding energy of 60 meV [21-23]. Though, doped ZnO 

nanomaterials can be both n-type and p-type in nature. Here, it is to be mentioned that the 

nature (n-type/p-type) of the semiconducting nanomaterials depends on the proper choice of 

dopant [24-30]. Various properties of ZnO nanoparticles can be regulated by the proper 

choice of doping technique and dopant [31-33]. The growth mechanism of nanomaterials and 

development of native defects in the nanostructures are heavily depends on the atomic radius 

and charge valance of state of the selected dopants. We have demonstrated that dopants 

having 3+ valance state produces various types of vacancies such as oxygen and zinc 

vacancies in our earlier publication [5,12]. These defects oriented vacancies give rise to 

quantum confinement by decreasing the average size of ZnO nanoparticles which leads to the 

change in band gap towards a higher frequency region generally known as blue shift [34,35]. 

Room temperature ferromagnetism in doped ZnO nanoparticles is observed due to the 

presence of oxygen vacancy [36].  By selecting proper dopant and doping mechanism, the 
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defects modulated grain size, oxygen vacancies, zinc vacancies, zinc interstitials and dandling 

bond, etc. are the important factor to enhance the dielectric property of ZnO nanoparticles. 

The synthesis route such as sol-gel method, co-precipitation method, hydrothermal method, 

mechanical milling method, solid state reaction method, pulsed laser deposition method etc. 

plays an important role to modulate the physical and chemical properties like high electron 

mobility, superior chemical stability and excellent optical emission [37-40]. These 

nanostructured ZnO nanoparticles are efficient to produce ultraviolet and photovoltaic device 

applications like field emitters, photo detectors, nano lasers, light emitting diodes, chemical 

sensors and supercapacitors etc [41-49]. Also the modulation of physical properties of ZnO is 

expected in the desired direction by proper choice of metal ions (Cu2+, Ni2+, Co2+, Mn2+ etc.) 

as well as rare earth ions (Er3+, Eu3+, Gd3+, Yb3+, Sm3+, Tb3+ etc.) [50-53]. In our present 

work, undoped and Cr3+ ions doped ZnO nanomaterials have been synthesized by using 

hydrothermal technique. It has already been proved by other research groups that by using 

hydrothermal synthesis tecnnique morphology of the nanoparticles can be modulated to rod 

like and cylindrical structure [54-58]. Such rod like morphology plays an important role for 

modulation of physical properties. The dielectric properties of undoped and doped ZnO 

synthesized by hydrothermal process is the main feature of our present work as compared to 

the dielectric properties studied by earlier research work in various synthesis mechanism. In 

this report, we have focused on synthesis dependent dielectric property. In this work, 

modulation of various physical properties such as optical, magnetic and dielectric has been 

done by doping with chromium (Cr) ions. As the radius of Zn2+ (0.74 Ǻ) is larger as 

compared to the radius of Cr3+ (0.63 Ǻ), the doping with Cr3+ions at the lattice point of 

wurtzite structure of ZnO produces large amount of  micro strain and various defects inside 

the lattice. The amount of free charge density consist at the surface of the poorly conducting 

grain boundaries in the ZnO nanomaterials in presence of the externally applied electric field 
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has been developed by using the selective cationic dopant i.e. Cr3+ ions. Also, various 

intrinsic defects such as oxygen vacancy, zinc vacancy, interstitials and dandling bond etc. 

are attributed to substitution of Cr3+ ions. These various intrinsic defects and the increase of 

charge density in the ZnO lattice structure are modulated due to the selection of proper 

hydrothermal synthesis mechanism and existence of both ionic radius dissimilarity and 3+ 

vacant sites of the chromium atoms. Also, due to the reliable usefulness in the memory 

device and other applications, optimized ferromagnetic behavior of doped ZnO nanomaterials 

of two cations have been investigated [59-60]. In our present work, the dielectric properties 

of undoped and Cr3+ ion doped ZnO nanoparticles have been investigated.  

4.2 Experimental   

4.2.1 Materials: 

       Undoped and doped ZnO nanomaterials of Zn1-xCrxO (x = 0.03, 0.05 and 0.07) have been 

synthesized by co-precipitation process and there after followed by hydrothermal synthesis 

route for controlled nucleation. The preparation method was also shown in our earlier work 

[5,12]. The precursor materials, Zinc acetate dehydrate Zn(O2CCH3)2·2H2O (Sigma Aldrich, 

99%), chromium acetate Cr(CH3COO)3 (Sigma Aldrich, 99%) and ammonium hydroxide 

NH4OH (concentration ~ 25%) with analytical grade have been used without further 

purification.  

4.2.2 Synthesis of Cr3+ ions doped ZnO nanoparticles by co-precipitation method 

          Cr3+ ions doped ZnO nanomaterials have been synthesized by co-precipitation method. 

Zinc acetate dihydrate Zn(CH3COO)2
.2H2O and chromium acetate Cr(CH3COO)3 are the 

precursor materials grasped in a beaker with distilled water and placed it on a magnetic 

stirrer. The percentage of chromium salt is fixed at three concentrations as 3, 5, and 7% to 

that of the zinc salt. To get the homogeneous solution of the mixed precursor salt, it has been 

stirred for several hours. Then NH4OH solution has been added to the previous solution for 
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precipitation and the final ph kept at ~ 10. After rigorous stirring, the newly produced 

colloidal suspension of Zn(OH)2 for undoped ZnO and colloidal mixture of Zn(OH)2 and 

Cr(OH)3 for Cr3+ doped ZnO have been collected. To eliminate the extra ions and to 

neutralize the pH value of the co-precipitated particles washing has been done many times by 

using distilled water and ethyl alcohol. 

4.2.3 Nucleation of Cr3+ ions doped ZnO nanoparticles by hydrothermal process 

The newly produced colloidal solutions of different samples have been dissolved in 

40 ml of triple distilled water and taken into a Teflon jacket that has been taken in the 

autoclave which is placed in an oven at 160 oC for 2 days. Under the effect of high pressure 

of air present in the Teflon jacket, the nucleation process of undoped and Cr3+ doped ZnO 

nanoparticles has been initiated towards rod like structure. The surface and the interfacial 

growth of undoped and Cr3+ ions doped ZnO into rod like structures have been favoured by 

the ambience inside the Teflon. After the nucleation, the autoclave has been allowed to cool 

down to RT naturally. After removing the supernatant, the suspension has been collected and 

washed many times to remove unreacted ions with distilled water. The nanoseeds are then 

dried at RT keeping these in a vacuum desiccators. Now to acquire crystallographic phase 

and to remove the unreacted precursor, the dried powder has been sintered at 400 oC in 

vacuum atmosphere. Table 4.1 shows the sample name and corresponding sample 

specifications.  
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Fig. 4.1 Flowchart of the preparation of undoped and Cr3+ ion doped ZnO by hydrothermal  

synthesis route. 

Table 4.1. The sample name and the corresponding sample specifications for undoped and 

Cr+3 ions doped ZnO samples. 

     Sample name                      Sample specification 

        PZ4                       undoped ZnO sintered at 400 oC 

        CZ34                     3% Cr3+ ions doped ZnO (Zn0.97Cr0.03O) sintered at 400 oC 

                  CZ54                     5% Cr3+ ions doped ZnO (Zn0.95Cr0.05O) sintered at 400 oC 

                  CZ74                     7% Cr3+ ions doped ZnO (Zn0.93Cr0.07O) sintered at 400 oC 
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4.2.4 Characterization techniques  

      The XRD pattern has been recorded in the range of 2θ from 20 to 80o for all the samples 

in powder X-ray diffractometer, Model D8, BRUKER AXS, using Cu Kα radiation (λ = 

1.5405 Å). For morphological study, Field emission scanning electron microscope (FESEM) 

has been employed using INSPECT F50 (FEI, Netherland). Using l25 spectrophotometer, 

Perkin Elmer, Germany, the absorption (UV-Visible) spectra of all the synthesized 

nanoparticles has been recorded in the range of 240-350 nm. Also, the photoluminescence 

(PL) emission spectroscopy study has been done with an excitation wavelength (ex) of 300 

nm by using a spectroflurometer, Perkin Elmer Germany. The dielectric measurements of all 

the samples have been executed by using Agilent 4294A Precision Impedance Analyzer.  

4.3 Result and discussions 

4.3.1 XRD analysis 

Fig. 4.2 depicts the X-ray diffraction of undoped ZnO assigned as PZ4 and Cr3+ ions 

doped ZnO nanostructures assigned as CZ34, CZ54 and CZ74 respectively. For undoped and 

Cr3+ ions doped ZnO nanoparticles, position and relative intensities of diffraction peaks 

match very well with the hexagonal wurtzite structures of ZnO (space group P63mc) and also 

the peaks have been designated with the JCPDS (file no. 36-1451). Also, no other impurity 

phase has been identified in the XRD patterns which suggests that the doping of Cr3+ ions at 

the tetrahedral site of ZnO wurtzite structure is homogeneous.  

For undoped and Cr3+ ions doped ZnO nanomaterials, the average crystallite 

diameters have been calculated by broadening of peak (100) of each sample by executing the 

renouned Debye-Scherrer equation. 

< 𝐷 >(100)=  
0.9λ

β1
2

cosθ

                                                             (4.1) 
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Here, D represents crystallite diameter, λ represents wavelength of incident X-ray 

beam, θ corresponds to Braggs angle, β1

2

 is full width at half maximum (FWHM) of (100) 

peak. For various samples the crystallite diameters (D) have been raised within the range of 

34 to 40 nm. The interplaner spacing (d) of each sample have been calculated from the 

Bragg’s equation.  

2𝑑𝑠𝑖𝑛𝜃 = 𝑛𝜆                                                   (4.2) 

       Where ‘n’ represents order of diffraction, ‘λ’ signifies wavelength of X-rays and ‘θ’ 

shows the angle of diffraction. For undoped and Cr3+ ions doped ZnO, the lattice parameter 

has been calculated using the relation  

1

𝑑2
=

4

3

ℎ2+ℎ𝑘+𝑘2

𝑎2
+

𝑙2

𝑐2
                                        (4.3) 

    Here ‘a’ and ‘c’ represent the lattice parameters and h, k and l represents the Miller indices, 

respectively. D signifies the interplaner spacing of specific plane (hkl). For PZ4, CZ34, CZ54 

and CZ74 nanostructure, the crystallite diameters and the lattice parameters have been shown 

in Table 4.2 respectively. It is to mention here that both the said calculated value get 

decreased with the increase of doping percentage of Cr3+ ions. Along the (002) crystalline 

plane, the peak intensity of Cr3+ ions doped ZnO nanostructure reduces and the peak intensity 

along (100) crystalline plane increases with regard to the undoped nanoparticles. The 

accepted growth of doped ZnO nanostructure along (100) plane is recognized by the said 

change in crystalline plane which proves the proper substitution of Cr3+ ions inside the ZnO 

nanostructure. Due to existence of micro strain in the ZnO lattice by the substitution of Cr3+ 

ions, the change in crystallite diameter and lattice parameter have been observed. To maintain 

the charge equality, more and more amount of zinc vacancies would create with the increase 

of Cr3+ ions in the wurtzite ZnO nanostructure. Such kind of cationic vacancies/zinc 

vacancies induced by doping with Cr3+ ions are accountable for the reduction in crystallite 
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diameter. The effective diameter of nanocrystallite has been decreased with respect to 

undoped ZnO is due to the fact that during substitution three Zn2+ ions get substituted by the 

two Cr3+ ions. The average nanocrystalline diameter decreases moderately with the increase 

of doping percentages of Cr3+ ions. This proves the proper substitution of Cr3+ ions in the host 

ZnO lattice. Also, the XRD pattern reveals that there is no unwanted impurity phase detect in 

any of the doped samples. The internal lattice strain inside the lattice structure of doped ZnO 

is due to difference in the dimension of ionic radius i.e. radius of Cr3+ ion (0.63 Å) is 

unmatched with the radius of Zn2+ ion (0.74 Å).  

As compared to the undoped ZnO, the Cr3+ ions doped ZnO nanoparticles have larger 

internal lattice strain/micro strain (ϵ) and with the increasing of doping percentage of Cr3+ 

ions in the nanosructured ZnO, the internal lattice strain/micro strain is increases gradually.  

Table 4.2 shows the values of the internal lattice strain/micro strain (ϵ) of all the 

samples using the relation 

Micro strain (ϵ) =  
β1

2
cosθ

4
                               (4.4) 

Using the following equation, the volume of unit cell for hexagonal nanostructure has 

been calculated 

        V = 0.866 × a2 × c                                         (4.5) 

Also, with the increase of doping percentage of Cr3+ ions, value of the unit cell 

volume (V) is decreasing which indicates the proper substitution of Cr3+ ions in the 

tetrahedral site of ZnO nanomaterials.  

The presence of several forms of defects in Cr3+ ions doped ZnO nanoparticles is 

signified by the Dislocation density (δ). It can be specified by the length of dislocation lines 

present per unit volume inside the lattice structure and can be calculated by using proper 

equation,  
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δ = 
1

𝐷2
                                                      (4.6) 

It is to be noted from the dislocation density (δ) value that the magnitude of 

dislocation density increases with the increase of doping percentage in the nanostructured 

ZnO. Hence the magnitude of defects increases with the increase of doping percentage.   

Using the following formula, the Zn-O bond length has been measured 

L = √
𝑎2

3
  + (

1

2
− 𝑢)

2
𝑐2                                (4.7) 

Here, u is known as the positional parameter and can be measured from the following 

equation                                                         

u =
𝑎2

3𝑐2
+ 0.25                                                     (4.8) 

It can be observed that with the increase of Cr3+ ions in the ZnO nanostructure bond 

length increases gradually. Due to the proper substitution of the Cr3+ ions inside ZnO lattice, 

Cr-O bonds are also produced which have longer bond length than Zn-O bond. A 

comprehensive evidence of presence of irregularities/defects in doped ZnO nanostructure is 

proven by all the parameters bring out from the XRD analysis and thus helps the modulation 

of various physical properties significantly.  
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Fig. 4.2 XRD patterns of (a) PZ4, (b) CZ34, (c) CZ54 and (d) CZ74. 

 

Table 4.2. Structural parameters are crystallite diameter (D), lattice parameters (a and c), 

micro strain (ε), unit cell volume (V), bond length (L) and  

dislocation density (δ).  

    Sample  Average crystallite    Lattice       Micro strain    Unit cell      Zn-O         Dislocation  

                  diameter D (nm)     parameter (Å)       (10-4)       volume       bond        density (Å)-2 

                        (100)                   a            c               ε            V (Å)3    length (Å)    δ (10-6) 

      PZ4         39.62             3.24        5.18        8.787          47.09       1.9583           6.371 

     CZ34       36.47              3.23        5.17        9.581          46.71       1.9666           7.518 

     CZ54        35.83              3.21        5.15       9.671          45.95       1.9554           7.789 

     CZ74        34.73              3.20        5.13      10.022         45.49       1.9597           8.291 
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4.3.2 FESEM analysis 

Different types of defects generated by the proper incorporation of Cr3+ ions in the 

ZnO nanostructure has been shown in the XRD analysis and these defects leads to the 

enrichment of the dielectric property. The growth mechanism of nanostructured ZnO is 

explained in the FESEM section shown in Fig. 4.3 with some representative micrographs. 

The growth mechanism of nanoparticles can be assumed to be the formation of growth units 

and comprising the growth units to form the crystal lattice at the interface. When the solution 

is taken under the autoclave, sufficiently high amount of growth units of Zn(OH)4
2- and 

Cr(OH)6
3- would have been developed at high pH value and at high temperature (~ 160 oC). 

Under hydrothermal synthesis route, the growth units in the solution for undoped and doped 

ZnO have been shown in the Fig. 4.1. Now, due to the diffusion of ions and deregulation 

movement of molecules and ions, in the supersaturated solution, the growth units in the form 

of Zn(OH)4
2- and Cr(OH)6

3- are bounded by a dehydration reaction followed by a large size 

ZniOj(OH)k
(i-2j-2k)- and CriOj(OH)k

(i-2j-2k)-. Then the cluster of ZniOj(OH)k
(i-2j-2k)- is precipitated 

when the critical size gains the value required for the development of ZnO nanoparticles. The 

subscript i, j and k demonstrate the numbers of Zn2+, Cr3+, O2-, OH- respectively. Then, due to 

the excessive surface energy and intermolecular forces, the ions are consumed in the primary 

nuclei to form the hexagonal rod like ZnO nanostructure from the nano seeds. Such types of 

morphology may be formed by high air pressure developed inside the Teflon jacket. Due to 

high pH value, the excessive NH3 present in the solution generates high pressure. The 

adequate number of growth units will be diffused and decomposed into distinct rod like 

structure at such high pressure. In such way, the undoped and doped ZnO nanoseed grow into 

a rod like nano structure in this high pH and high pressure. The micrographs of all  specimen 

are rod like in nature having hexagonal cross section which is the trademark morphology of 

ZnO nanoparticles by hydrothermal synthesis method been shown in the Fig. 4.3. The 
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micrographs of PZ4 are rod like in nature and each rod is very much clear and 

distinguishable. The morphology of CZ54 is also rod like in nature shown in Fig. 4.3(b) 

which is similar to that of PZ4 but size of CZ54 microstructure is considerably large as 

compared to PZ4. From the XRD analysis, it has been found that the crystallite size of the 

doped ZnO decreases gradually with the increase of Cr3+ ions doping percentage as compared 

to the undoped ZnO but it is quite clear from the FESEM analysis that the size of the 

microstructure  increases with the increase of Cr3+ ions doping. The fact is that, with the 

decreasing crystallite diameter of the nanoparticles the surface energy increases [47] and high 

surface energy provides the large growth rate of the crystallite at a certain temperature. As a 

result, the small nanocrystallites can generate large microstructure in hydrothermal process. 

Also the variation of microstructure with the increase in doping percentage of Cr3+ ions 

implies the proper incorporation of Cr3+ ions in the nanostructured ZnO. Although, for a 

particular sample all the nanorods in different micrographs are almost uniform in size.  

 

 Fig. 4.3 SEM images of (a) PZ4 and (b) CZ54. 

4.3.3 UV-Visible absorption study  

To study the optical properties of direct band gap semiconductor, UV-Visible 

absorption spectroscopy has been introduced. By using UV-Visible absorption spectroscopy, 

the band energy gap of undoped ZnO and Cr3+ ions doped ZnO nanomaterials can also be 
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evaluated. The defects develop within the nanomaterial by the doping of foreign elements 

changes the band energy gap of semiconducting materials. Fig. 4.4 depicts the absorption 

spectra of undoped ZnO and Cr3+ ions doped ZnO nanostructure measured in the wavelength 

range of 240-350 nm. With the increase of Cr3+ ions concentration within the ZnO lattice 

structure, different absorption peaks of doped ZnO with respect to the undoped ZnO show 

blue shift. The absorbance may vary with different key factors like particles size, oxygen 

vacancy, various defects in lattice structure and band gap etc. in the nanostructured ZnO.  

The optical band gap of the ZnO nanoparticles has been calculated using the Tauc plot 

equation given below 

αhν = A(hν −Eg)
n                                                              (4.9) 

 Here hν is the photon energy, Eg is the optical band gap energy measured in eV 

respectively. The terms α denotes the absorption coefficient given by the equation, α = 

2.303A/t, here the constant A represents absorbance and t is the thickness of cuvett. 

Depending on the nature of electronic transition, the value of n = 1/2, 3/2, 2 or 3 and for 

direct band gap semiconducting material n = 1/2. The different values of optical band gap for 

different samples have been investigated on the linear region of (αhν)2 on the abscissa vs. 

photon energy (hν) by using the Tauc plot shown in Fig. 4.5. With the increase of Cr3+ ions in 

ZnO lattice leads to a increase in band gap energy from 4.32 to 4.40 eV that has also been 

reported by R. Mariappan et al [61]. The value of band energy gap of undoped nanostructured 

ZnO with respect to their bulk counterpart is comparatively higher which represents a clear 

blue shift in the absorption band and that can be assigned as well known quantum size effect 

of the direct band gap semiconducting materials, suggesting the increasing band gap with the 

decreasing particle size [62-64]. With the increase in Cr3+ ions doping percentage would 

create more and more zinc vacancies within nanostructured ZnO that has been expressed in 

the XRD section. The Cr3+ ions doped ZnO nanoparticles produces more and more cationic 
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vacancies/zinc vacancies which leads to the decrease in particle size, lattice parameter and 

increase in the band energy gap that can be explained by Moss-Burstein effect. The n-type 

semiconducting ZnO have donor electrons. For Cr3+ ions doped nanostructured ZnO, to 

maintain the charge neutrality two Cr3+ ions substitute three Zn2+ ions. And now by releasing 

the two excess electrons present within the third oxygen (O2-) becomes neutral. The resultant 

charge density of the doped nanostructured ZnO is increased by the excess electrons acts as 

donor electrons with the increasing in doping percentage of Cr3+ ions. Also, the donor 

electrons occupy the state at the bottom of conduction band in Cr3+ ions doped nanostructured 

ZnO. Pauli principle suggests that those electrons are confined to doubly occupied state. 

These valance electrons require extra energy to be transmitted to the higher energy state due 

to the vertical nature of the optical transition which leads to the broadening of band energy 

gap. Free charge carriers have been released in nanostructured ZnO when Cr3+ ions are 

substituted in the lattice structure. The top most electronic level of the valance band become 

unoccupied and the Fermi level transferred within the conduction band and there by filling all 

the electronic level just bellow it. Then, the absorption takes places between top valance band 

and Fermi level within the conduction band. The increase in band gap is observed due to the 

decreases in particle size is called quantum confinement and also the increase in free charge 

carrier or donor electrons within the nanostructure is called Moss-Burstein effect. 
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Fig. 4.4 UV-visible absorbance spectra of (a) PZ4, (b) CZ34, (c) CZ54 and (d) CZ74. 

 

Fig. 4.5 Plot of (αhʋ) 2 vs (hʋ) of (a) PZ4, (b) CZ34, (c) CZ54 and (d) CZ74. 

4.3.4 Photoluminescence study  

Fig. 4.6 represents the photoluminescence (PL) spectra at room temperature for 

undoped and all Cr3+ ions doped ZnO nanomaterials. For the betterment of the PL spectrum, 
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it is necessary to the proper selection of preparation mechanism, choice of dopant, 

stoichiometry and post sintering process. The above mentioned factors mostly control the 

surface morphology and various structural defects for undoped and Cr3+ ions doped ZnO 

nanomaterials which directly affects the corresponding PL intensity. The excitation 

wavelength for PL study is 290 nm for all the samples. A prominent UV emission at 326 nm 

and 336 nm in the PL spectra of undoped and Cr3+ ions doped nanostructured ZnO have been 

observed. Such types of emission in the UV region are found nearly at the same position and 

these peaks are attributed to recombination of free excitons coming from exciton-exciton 

collision process and are known as near-band-edge (NBE) emission. A violet emission peak 

at 396 nm in the visible region for undopd and all Cr3+ ions doped ZnO samples have been 

observed and is assigned as electronic transition from the zinc interstitial level (IZn) to top of 

the valance band. Due to the incorporation of Cr3+ ions within ZnO nanostructures, a 

variation in intensity of the excitonic emission for all the doped samples has been observed. 

No prominent peaks corresponding to the blue, green and red emissions in the visible region 

have been detected in any of the measured samples. The nanocrystals with large size and 

nearly perfect crystal structure normally show stronger UV emission, along with that the UV 

emissions are competing with the visible emission that has been mentioned in the earlier 

reports. It has also been observed that the intensity ratio of UV emission to visible emission is 

very high for rod like nanostructure synthesized by hydrothermal process. The number of 

surface defects and the defect centers within the nanostructures give rise to the transfer of 

optical emission from UV region to the visible region along with their emission intensity. It is 

expected a large number of surface defects and large amount of defect centers to be present 

more in case of spherical nanostructure than rod like nanostructure and an electronic 

transition between two energy levels may occur but if the defect centers deep hole trapped 

levels of the valance band present at the surface, the free electrons will be trapped at the 
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surface of Cr3+ ions doped ZnO nanostructure and thereby reducing the visible emission. In 

this case, Cr3+ ions doped ZnO nanostructure samples are rod like in nature which have small 

amount of surface defects and also the amount of defect centers related to oxygen vacancies, 

deep donor levels and deep acceptor levels are less and the defect centers belong to deep 

holes trapped levels at the surface. Hence, the observed FESEM and PL study suggest that 

the hydrothermally synthesized rod like ZnO nanostructure is not commendable for the 

modulation of the optical properties. Also from the Fig. 4.6, it may be observed that the UV 

intensity peaks of the PL spectrum decreases with the increase in Cr3+ ions doping percentage 

and the luminescence band corresponding to the Cr3+ ions doped ZnO nanostructure is larger 

as compared to the undoped ZnO suggests that the Cr3+ ions doping will increase the surface 

defects and oxygen vacancies.  

 

Fig. 4.6 Photoluminescence spectra of (a) PZ4, (b) CZ34, (c) CZ54 and (d) CZ74. 

4.3.5 Dielectric study 

For the advancement of science, the dielectric response regarding to shape and dopant 

dependency of undoped and doped ZnO nanomaterials is a dominant field of research. This 
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mechanism helps us to control the dielectric response of the semiconducting nanomaterials. 

Till now, it has been declared in many articles that the dielectric property of the 

nanostructured ZnO is fairly dependent on their grain morphologies. Actually, various 

physical properties with regards to the morphology are competing with each other. In this 

regard, sol-gel, co-precipitation etc. produced spherical nanostructure have low value of 

dielectric constant but the hydrothermally synthesized rod like structured ZnO or any other 

metal oxide semiconductor possesses relatively high or ultra high dielectric responses. The 

value of dielectric constant in the range of 105 or 106 can be achieved for rod like structured 

nanomaterials and are known as super dielectric materials (SDM). Such types of SDMs are 

highly recommended in the research field of super capacitor, sensor applications, 

piezoelectric and ferroelectric device applications. Here, we have analyzed the dielectric 

response of undoped and Cr3+ ions doped nanostructured ZnO and the potential reasons 

behind the high values of dielectric constant of the nanomaterials. Also, the synthesis 

modulated dielectric response of the nanomaterials has been discussed in this section. The 

dielectric constant is given by the following relation, 

ε = ε′ - j ε′′                                               (4.10) 

(ε′) signifies the real part of the dielectric constant and (ε′′) represents the imaginary 

part of dielectric constant. The value of ε′ and ε′′ of all the samples with response to 

externally applied electric field and temperature have been measured by using the formula 

 

ε′=
𝐶𝑑

Ɛ0𝐴
                                             (4.11) 

and 

ε′′ = ε′ × tan𝛿                                           (4.12) 
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Here, C represents the capacitance of the sample, d is thickness and A is the area, 

respectively of the pellet and ε0 signifies the free space permittivity. The frequency dependent 

ε′ curve for undoped and Cr3+ ions doped nanostructured ZnO with the frequency range from 

40 Hz to 1 kHz at different temperatures (From RT to 200 oC) is shown in Fig.4.7. Also, the 

variation of ε′′ of all the samples with the same frequency range from 40 Hz to 1 kHz in the 

temperature range of RT to 80 oC have been represented in Fig. 4.8. The electron hopping 

between Zn2+ and Cr3+ ions acts as permanent electric dipole under the presence of externally 

applied alternating electric field and this will help the enrichment of both ε′ and ε′′ of Cr3+ 

ions doped nanostructured ZnO (CZ34, CZ54 and CZ74) as compared with the undoped ZnO 

nanomaterial (PZ4). With the help of Koop’s theory which depends on Maxwell-Wagner-

Sillars model for the nanostructures, the frequency dependent dielectric response can be 

explained [65-67]. According to it, a dielectric medium is made of well conducting grains and 

each of which is isolated from its surrounding with poorly conducting grain boundary. The 

free charge carriers (generated by the doping of Cr3+ ions within the ZnO) can easily drift 

inside the grains under the presence of externally applied alternating electric field and 

accumulated at the grain boundaries. The accumulated free charge carriers produce large 

polarizability within the materials which leads to a large polarization and high dielectric 

constant. The dielectric response can also be signified by some microscopic phenomena like 

electronic, ionic, dipolar and space charge polarization etc. At low frequency region, the 

dielectric constant is high which may appear due to the contribution of interfacial/space 

charge polarization of inhomogeneous nanostructures. Such types of polarization in Cr3+ ions 

doped ZnO nanoparticles can be observed due to the existence of different types of defects 

like grain boundary defects, vacancies, interstitials and dandling bonds etc. The observed 

values of both ε′ and ε′′ decreases with the increase in frequency of the applied alternating 

electric field and becomes frequency independent at the higher frequency region [68,1]. This 
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type of nature observed due to the fact that beyond a certain frequency of the applied 

alternating electric field the hopping of the electrons between the metal cations (Zn2+, Cr3+) 

can not follow the frequency and lagging behind. In this work, the dielectric constants of 

CZ34, CZ54 and CZ74 are higher with reference to PZ4. This high value of dielectric 

constant for the sample CZ34 has been observed which is highest ever found for Cr3+ ions 

doped ZnO nanoparticles. The defects induced by the inhomogeneties in the nanostructures in 

enriched by the presence of Cr3+ ions within ZnO nanostructure. With the increase of Cr3+ ion 

concentration the observed value of ε′ decreases. The formation of more number of 

microstructured grains of undoped or doped ZnO surrounded by insulating grain boundaries 

leads to the increase in the real part of dielectric constant (ε′) and vice versa. As compared to 

CZ54 and CZ74, the grain size of CZ34 is lesser and gradually increases for both CZ54 and 

CZ74. Since dielectric constant is very much dependent on number of grains or effective 

grain boundary, the sample with large grain structure possess lesser number of grains and the 

amount of effective grain boundaries and thereby reducing the dielectric constant of the 

microstructure [64]. So the dielectric constant of CZ34, CZ54 and CZ74 decreases gradually.  

           It is to mention here that though the number of grains and the grain boundaries 

controls the dielectric constant but the rod like structure plays the vital role for the 

modulation of dielectric constant of the material. Also the increase of the dielectric constant 

of Cr3+ ions in the structure of ZnO i.e. for CZ34, CZ54 and CZ74 (electron hopping effect) 

with respect to PZ4 and the decrease of dielectric constant with the increase of Cr3+ ions 

within ZnO nanomaterials have been mentioned earlier. Such high dielectric values are very 

much acceptable for many device applications. In our work, due to hydrothermal synthesis 

process, the nanostructures are accumulated with a preferable growth along the c-axis within 

a microstructure. Each rod like structure acts like nano-dipole and all these nano dipoles 

within the microstructure cumulatively contribute to the resultant dielectric constant. The 
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product of the number of the total charge with the free path length at the interface controls the 

dipole moment of each dipole. Now, as compared to undoped ZnO sample (PZ4), larger path 

length and more free charge carriers inside each microstructure have been found in doped 

ZnO sample (CZ34) and have larger dielectric constant. But with the increase of Cr3+ ions 

doping percentage within ZnO, the dielectric constant decreases gradually because the 

number of grain boundary and the effective grain boundary thickness decreases with the 

increase of doping percentage. The dielectric constant depends on the thickness of the 

effective grain boundary. The dielectric constant is higher for thin grain boundary layer. The 

grain boundary thickness of both CZ54 and CZ74 are larger than that of CZ34 as both CZ54 

and CZ74 contain larger amount of growth units as compared to CZ34 and this reduces the 

dielectric constant of the nanomaterials respectively. The dielectric constant mainly depends 

on the presence of space charge polarization within the materials which directly depends on 

the amount of microstructural grains and grain boundaries.  

       Fig. 4.9 shows the variation of dielectric loss (tan𝛿) as a function of frequency with the 

presence of applied alternating electric field in the frequency range from 40 Hz to 10 kHz for 

various temperatures (RT to 80 oC). The energy dissipation within the dielectric system is 

represented by the dielectric loss (tan𝛿) which is caused by the domain wall resonance. The 

dielectric loss (tan𝛿) is designated by the ratio of the imaginary part (ε′′) to the real part of the 

dielectric constant (ε′) and is shown in Eq. (4.12). The dielectric loss (tan𝛿) decreases with 

the increase of frequency at different temperatures is shown in Fig. 4.9 and is due to the space 

charge polarization. It is to mention here that the dielectric loss (tan𝛿) is maximum for 

undoped materials and decreases with the increase of doping percentage of the Cr3+ ions 

gradually. From this observation it is clear that the doped samples are more capable to be 

used in high frequency device applications. In the higher frequency region no peak has been 

observed which reveals the relaxation processes or loss peaks and such behavior occurs due 
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to the fact that the hopping frequency of localized electric charge carrier nearly equals to that 

of the frequency of externally applied alternating electric field. The real part of dielectric 

constant (ε′) as a function of temperature in the range from 25 to 120oC for undoped ZnO and 

Cr3+ ions doped ZnO nanoparticles has been shown in Fig. 4.10. The observed curves have 

been measured for three different frequencies at 1 kHz, 10 kHz and 100 kHz, respectively. 

The curves show ferroelectric to paraelectric transition for all the cases at almost 30 oC.  

          The Cr3+ ions doped ZnO (CZ34) sample has been found to have the highest value of 

dielectric constant (ε′) (∼ 65595) at a frequency of 1 kHz and the dielectric constants (ε′) for 

all the samples are very high and such high value of dielectric constants (ε′) may be assigned 

to interfacial polarization present within the samples.  

          Now by doping of Cr3+ ions can enhances the charge density and the corresponding 

interfacial polarization which suggests that the substitution of Zn2+ ions with Cr3+ ions are 

proper [69]. To maintain the charge neutrality, three Zn2+ ions are replaced by two Cr3+ ions 

and due to this more free charge carriers and more zinc vacancies have been generated. Now 

the doubly ionized oxygen atom (O2-) corresponding to each zinc vacancy releases excess 

electron to be neutralized itself. It is to mention here that the dielectric property mainly 

depends on the interfacial polarization of the nano grains and it is also dependent on the other 

factors like oxygen vacancy, zinc vacancy, zinc interstitial etc. so, the doping with trivalent 

cation like Cr3+ ions within the ZnO nanomaterials is the key factor for the proper 

enhancement of dielectric constant. Thus Cr3+ ions doped ZnO nanorods can be highly 

acceptable in various device applications.  



Chapter 4 
 

Jadavpur University                                                                                                                    Page 74 
 

 

Fig. 4.7 Variation of real part of dielectric constant (ε′) with frequency at different 

temperatures of (a) PZ4, (b) CZ34, (c) CZ54 and (d) CZ74. 

 

Fig. 4.8 Variation of imaginary part of dielectric constant (ε′′) with frequency at different  

          temperatures of (a) PZ4, (b) CZ34, (c) CZ54 and (d) CZ74. 
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Fig. 4.9 Plot of dielectric loss (tanδ) vs frequency at different temperature of (a) PZ4, (b) 

CZ34, (c) CZ54 and (d) CZ74. 
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Fig. 4.10 Variation of real part of dielectric constant (ε′) with temperature at different 

frequencies of (a) PZ4, (b) CZ34, (c) CZ54 and (d) CZ74. 

4.4 Conclusion 

In this work, the dielectric property study modulated by the variation of Cr3+ ions 

doping percentage within the ZnO nanomaterials with high crystallinity prepared by 

hydrothermal synthesis route have been carried out and the synthesized nanoparticles are rod 

like in nature that have been confirmed by FESEM micrograph. These rod like morphology 

of the synthesized nanomaterials play the key role in modulating the dielectric property of the 

samples and super dielectric materials have been achieved by the formation of rod like 
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nanostructure. So the hydrothermal synthesis route is very effective and inevitable for all 

semiconducting metal oxide in regard to the dielectric response. Also the Cr3+ ions 

substitution plays a crucial role in producing large amount of free charge carriers and 

enhancing the charge density which in turn enhances the dielectric response of the 

semiconducting ZnO nanomaterials. It is to be mention here that rod like structures with high 

dielectric constant can be achieved by using low cost hydrothermal synthesis mechanism and 

doping with proper TM or REE ions. Such high value of dielectric constant (~ 524160 at 40 

Hz) in Cr3+ ions doped ZnO nanoparticles at low frequency with a ferroelectric to paraelectric 

phase transition at 30 oC improves the dielectric property of charge storage devices, 

ferroelectric or piezoelectric applications, sensor device applications, high electric breakdown 

strength materials which is the crucial requirement for device applications in modern 

technology. 
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5.1 Introduction 

      ZnO is the most valuable candidate for the fabrication of nano device with various 

morphologies like nanospheres, nanobolts, nanorods, nanoflowers, nanowires with modulated 

size exhibit interesting physical properties like optical, dielectric etc [1-3].  So far, the 

experimental observation of weak magnetic ordering has already been investigated for ZnO 

nanomaterials though the origin of it is still under ambiguity [4,5]. ZnO is a potential 

candidate for spintronic devices due to the small spin-orbit coupling and corresponding large 

spin coherence length [6]. To achieve some fascinating physical properties along with 

integrated magnetic response ZnO nanomaterials can be doped with transition metal (TM) 

ions which make it acceptable for the formulating spin-based devices like spin-valve 

transistors, logic device, non-volatile memory and many more [7,8]. Due to the possible 

presence of ferromagnetic secondary phases associated with the magnetic metal ions (Co, Ni, 

Fe, Mn, Mg), the room temperature ferromagnetism (RTFM) of TM doped ZnO 

nanomaterials is under debate. In any diluted magnetic semiconducting system, these 

secondary phases act a vital role as a source of magnetic signal [9,10]. To find out the origin 

of intrinsic ferromagnetism in a host ZnO lattice, a non magnetic element doping is the most 

effective way to be explained. In high speed data processing system the mere value of 

magnetization (nearly ~ 10-4 to 10-3 emu/g) of TM doped ZnO nanomaterials is a serious 

issue [11,12]. We have investigated the Cr doped ZnO nanomaterials to overcome this 

drawbacks related to TM doped ZnO and to fabricate the high speed next generation logic 

device. Here, we have chosen Cr as TM dopant for a few reasons, (i) FM in Cr-doped ZnO is 

more stable as compared to mostly studied Co-doped ZnO has been predicted by Sato and 

Katayama-Yoshida et al.[13], (ii) the radius of Cr3+ ion (0.63 Ǻ) is smaller as compared to the 

atomic radius of Zn2+ ion (0.74 Ǻ) and can easily substitute the Zn lattice point [14], (iii) Cr 

atom is antiferromagnetic below 311 K and paramagnetic at high temperature which helps it 
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to distinguish intrinsic FM, (iv) the 3d3 high-spin configuration of trivalent Cr3+ ions produce 

huge magnetic moment in the host lattice and (v) also the trivalent chromium cations 

substitute the divalent zinc cations generates large amount of various defects like oxygen 

vacancy defect, as zinc vacancy defect, zinc interstitial defect and dandling bond etc. which 

initiate the magnetic ordering [15,16]. It is now accepted after various theoretical and 

experimental investigations that the structural defects are the main cause of RTFM in TM 

doped ZnO [17,18]. The another strong reason of magnetic ordering is the exchange 

interaction between the magnetic moments developed at the TM sites through free charge 

carriers established as Ruderman–Kittel–Kasuya–Yosida (RKKY) [19,20]. It is to mention 

that the ferromagnetic, paramagnetic or spin glass behavior for the same system have been 

reported earlier on the sample preparation parameters [21,22]. Thus the unprecedented 

magnetic ordering of Cr-doped ZnO nanomaterials is still a void work space for the 

researchers. To take on this we have synthesized 3, 5 and 7% of Cr3+ ions doped ZnO 

nanomaterials. The origin of the magnetic ordering and to reveal the influence of Cr ions 

substitution on the structural and magnetic properties of doped ZnO nanomaterials is our 

main aim of this study.  

5.2 Experimental 

5.2.1 Materials and methods 

            At first, Cr3+ ions doped ZnO nanomaterials have been synthesized using co-

precipitation method. Zinc acetate dihydrate Zn(CH3COO)2
.2H2O and chromium acetate 

Cr(CH3COO)3 are the precursor materials are taken in a beaker with distilled water and 

placed on a magnetic stirrer. The percentage of Cr salt is specified at three concentrations as 

3, 5, and 7% to that of the zinc salt. To get the homogeneous solution, it has been stirred for 

several hours. Then NH4OH solution has been added drop wise to the previous solution for 
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precipitation and the final ph be kept at ~ 10. After rigorous stirring, the produced colloidal 

suspension of Zn(OH)2 for undoped ZnO and colloidal suspension of Zn(OH)2 and Cr(OH)3 

for Cr3+ doped ZnO have been collected properly. To eliminate the excessive ions and to 

neutralize the pH value of the precipitated particles proper washing has been done several 

times by using distilled water/ethyl alcohol. 

Then this colloidal solution of different samples have been dissolved in 40 ml of 

distilled water and taken into a Teflon jacket that has been kept in an autoclave which is 

placed in an oven at 160 oC for 2 days. Under the effect of high pressure of air present in the 

Teflon jacket, the nucleation process of undoped and Cr3+ doped ZnO nanoparticles has been 

initiated towards rod like structure. After the nucleation, the autoclave has been allowed to 

cool down to RT naturally. After removing the supernatant, the suspension has been collected 

and washed several times to remove unreacted ions with the distilled water. Then the 

nanoparticles are dried at RT keeping these samples in vacuum desiccators. Now to make a 

proper crystal the dried powder has been sintered at 400 oC in vacuum atmosphere.  

Now on the basis of kinetic theory, the crystal growth of both undoped and Cr doped 

ZnO nanoparticles into rod like structure may be analyzed. For the assimilation of the 

microstructures into rod like nature, the high pH value ~ 10 of the aqueous solution plays a 

crucial role. A large amount of growth units like hydrated ions Zn(OH)4
2- and Cr(OH)6

3-  

have been produced by the addition of the excess NH4OH. Now under high pressure within 

the autoclave, the hydrated ions are diffused into a particular c-axis direction and bounded 

together through a dehydration process. This will produce a large number of microstructure 

after get decomposed. After attaining a critical grain size, the cluster has been precipitated.         

Also this mechanism is helpful to produce internal lattice strain within the lattice structure 

which is an important factor for the modulation of different physical properties like optical 

and magnetic property that will be discussed in the XRD section. 
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5.2.2 Characterization techniques 

      XRD pattern of all the undoped and doped samples have been measured in powder X-ray 

diffractometer, Model D8, BRUKER AXS, using Cu Kα radiation (λ = 1.5405 Å) within the 

range of  2θ from 20 to 80o. For the morphological study, Field emission scanning electron 

microscope (FESEM) has been conducted using INSPECT F50 (FEI, Netherland). The 

photoluminescence (PL) emission spectroscopy has been employed by using 

spectroflurometer, Perkin Elmer Germany by applying an excitation wavelength ( ex) of 325 

nm. For the EPR study, the measurement has been conducted by EPR spectroscopy model 

E500 Bruker. The Magnetization with the presence of applied magnetic field (M-H) data at 

RT and at various temperature have been recorded by a SQUID magnetometer (MPMS XL 7, 

Quantum Design) with a maximum applied field of 50000Oe. 

5.3 Result and discussions 

5.3.1 XRD analysis 

 The X-ray diffraction (XRD) patterns of undoped and Cr-doped ZnO nanomaterials 

(C0Z4, C3Z4, C5Z4 and C7Z4) have been represented in Fig. 1(a)-(d) for the study of 

structural properties. In this case, the Rietveld refinement corresponding to all samples 

suggests that all the nanostructured samples have a single phase of hexagonal wurtzite lattice 

of naostructured ZnO and no other impure phases have been detected. For high doping (7%), 

the vacant octahedral (Cr3+) and tetrahedral (Cr6+) sites may be occupied by the Cr ions which 

is the source of various secondary oxide phases like paramagnetic Cr2O3 and ferromagnetic 

CrO2, antiferromagnetic Cr2O3 and ZnCr2O4 etc. Various forms of magnetic responses are 

originated from these secondary phases which are not intrinsic in nature [27]. To draw the 

conclusions about the intrinsic magnetic moment of FM ordering at RT, it is our matter of 

concern that the presence of any secondary phase within the Cr-doped ZnO nanomaterials 
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can mislead us and other also. Under high pressure and temperature within the autoclave, due 

to the nucleation of undoped and Cr-doped nanostructured ZnO along (100) plane, a 

preferential growth along ‘a’ axis has been observed and the resultant ZnO nanomaterials to 

be evolved as rod like in nature. The (002) peaks with low intensity for all the samples are 

consistent with the fact that the growth of all the nanorods have been considered to be along 

‘a’ axis rather than ‘c’ axis.  

       The relative texture coefficient illustrates the degree of a-orientation is represented in 

equation 5.1 [28] 

                               𝑇𝐶100 =

𝐼100
𝐼0

100
𝐼100

𝐼0
100

+
𝐼101

𝐼0
101

                                                    (5.1) 

   Here, the measured diffraction intensities are I100 and I101 corresponding to (100) and (101) 

planes and the diffraction intensities of standard ZnO are I0
100 and I0

101 as obtained from 

JCPDS (File no. 36-1451). The preferential growth of all the ZnO nanorods has been 

appeared along (100) plane which is indicated by the texture coefficients for C0Z4, C3Z4, 

C5Z4 and C7Z4 are 0.678, 0.672, 0.674 and 0.683 respectively.  

           At any diffraction angle ( ), the X-ray powder diffraction (XRPD) profile can be 

written as: 

𝑌𝑐(2𝜃) = [𝐵 × (𝐼𝑆 × 𝐼𝐴)](2𝜃) + 𝐵𝑘𝑔                        (5.2) 

Here B represents the true specimen broadening, IS signifies the symmetric part of the 

instrumental function, IA represents the asymmetric part of the instrumental function and Bkg 

represents the background of the diffraction pattern [29]. The Rietveld analysis with the help 

of MAUD software has been introduced to calculate the structural (lattice parameters, unit 

cell volume etc.) and the micro-structural (coherent domain size/crystallite size, micro-strain 
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etc.) parameters [30]. All the nanoparticles are in single crystallographic phase that has been 

suggested by small values of χ2 (goodness-of-fit quality factor) and different parameters like 

Rp (profile fitting R-value), Rwp (weighted profile R-value). The detected patterns are in well 

agreement with the observed patterns in the Rietveld refinement and the parameters are 

repeatable too. As a function of Cr doping concentration (x), the lattice parameters (a and c) 

calculated from Rietveld refinement have been plotted in Fig. 5.2 and the values of the lattice 

parameters (a and c), have been shown in Table 1. A small increment in the lattice parameter 

‘a’ and a small decrement in the lattice parameter ‘c’ have been observed due to the increase 

in doping percentage of Cr in the host ZnO lattice (Fig. 5.2). A change in the lattice 

parameters (a and c) is observed due to the distortion effect produced by the incorporation of 

dopant. With the increase in the doping percentage of Cr3+ ions (Zn1-xCrxO (x = 0.03, 0.05 

and 0.07)), to maintain the charge neutrality within the ZnO nanostructure more zinc 

vacancies would be produced which are responsible for the modulation of the lattice 

parameters (a and c). To maintain the electric charge during doping of Cr3+ ions, three Zn2+ 

ions have been removed by two Cr3+ ions and due to this fact the effective lattice parameters 

of doped nanomaterials are changed. Also, the substitution of smaller size Cr3+ ion (0.63 Ǻ) 

at the lattice site of Zn2+ (0.74 Ǻ) ions within the host ZnO may be the reason behind the 

decrement of the lattice parameter ‘c’. Normally, the base of Zn-tetrahedron is in the ab-plane 

and the apex along the c-direction in the hexagonal wurtzite structure of ZnO. Now, the 

average basal bond angles (Ob-Zn-Ob) of wurtzite structure of ZnO increases and the average 

base-apex angles (Ob-Zn-Oa) decreases as the substitution of Zn2+ ions by Cr3+ ions increases 

(here Ob is the oxygen atoms at the base and Oa is the oxygen atoms at the apex respectively 

of the tetrahedron) give rise to the small increment of the lattice parameter ‘a’ and a small 

decrement of the lattice parameter ‘c’ [31]. With the help of Rietveld analysis, we have 

calculated the bond angles and the bond lengths of all samples to substantiate the above 
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explanation and the values are shown in Table 5.1. The value of base-apex angle decreases 

from 108.47° to 108.45° and the basal bond angle increases from 110.42° to 110.48°. Fig. 5.3 

represents the crystal structure of 3% Cr-doped ZnO nanomaterial (C3Z4) that has been 

extracted from Rietveld analysis. Therefore, due to the modulations of bond length and bond 

angles within the lattice, the distortion effect arises in the Zn-tetrahedron. Also, Ozagur et al. 

proposed that the modulation of lattice constant may be due to the presence of zinc antisites, 

oxygen vacancies, and other defects [32]. In order to know the presence of oxygen 

occupancies in Cr-doped ZnO nanomaterial, an additional Rietveld refinement has been 

evaluated. The estimated values of oxygen occupancy are 1, 0.973, 0.952 and 0.928 for 

C0Z4, C3Z4, C5Z4 and C7Z4 nanomaterials. For each sample, the variation of oxygen 

occupancy is defined as [33]  

𝛥𝑔𝑜(𝑍𝑛𝑂) = 𝑔𝑜(𝑍𝑛𝑂) −  
𝑔𝑜(𝐶𝑟−𝑑𝑜𝑝𝑒𝑑𝑍𝑛𝑂)

𝑔𝑜(𝑍𝑛𝑂)
                                  (5.3) 

Here, 𝑔𝑜 represents the oxygen site occupancy. The oxygen vacancies increase with the 

increase of Cr doping concentration within the ZnO lattice that has been indicated in Table 

5.1 where the values of all the Cr-doped ZnO nanomaterials are positive. Therefore, the 

conclusion can be driven that the Cr3+ ions are successfully substituted in the ZnO lattice 

structure which integrates the oxygen vacancies as well as lattice distortion.  

      The degree of distortion(R) is calculated by using the following equation: 

                   𝑅 = √
8

3

𝑎

𝑐
                                                      (5.4) 

      For ideal structure the value of R is 1. Fig.5.4 shows the gradual increase of R which 

indicates that the R increases with the increase of Cr-concentration. Again by using the 

isotropic size strain model, the whole profile has been fitted to determine the size and strain 
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parameters of undoped and Cr3+ ions doped ZnO nanomaterials. In the present study, when 

Cr doping concentration varies from 0% to 7%, the average crystallite size decreases from 57 

to 29 nm which indicates that structural growth of the crystals grains has been prevented by 

the presence of Cr ions in ZnO lattice and also drag down the movement of grain boundaries. 

This interruption in the motion of grain boundary may be explained on the basis of Zener 

pinning [34]. Additionally, the incorporation of the Cr3+ ions in place of Zn2+ ions generates 

crystal defects which perform as the nucleation centre [35]. From Rietveld analysis, the 

lattice strain of C0Z4, C3Z4, C5Z4 and C7Z4 has been calculated and the corresponding 

values have been shown in Table 5.1. Now, under hydrothermal synthesis route, due to the 

high pressure within the autoclave, a large internal compressive stress on the crystal planes in 

the lattice structure of ZnO has been developed and due to this a large internal lattice strain 

has been developed in the undoped and Cr-doped ZnO nanomaterials. Now, the position of 

the XRD peaks can be shifted towards the higher 2  value due to the large internal lattice 

strain. Since, the radius of Cr3+ ion (0.63 Å) is quite different from the radius of Zn2+ ion 

(0.74 Å). So the substitution produces an internal lattice strain within the lattice structure of 

Cr-doped ZnO nanomaterials. Table 5.1 represents the values of internal lattice strain/micro 

strain for all the nanomaterials (C0Z4, C3Z4, C5Z4 and C7Z4). Thus, the main reason behind 

this shift in diffraction peak positions in the XRD is the internal lattice strain produced by the 

incorporation of the Cr3+ ions in the structure of ZnO nanomaterials.  
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Fig. 5.1 XRD patterns along with the Rietveld analysis of (a) undoped ZnO (C0Z4), (b) 3% 

Cr-doped ZnO (CZ34), (c) 5% Cr-doped ZnO (CZ54) and (d) 7% Cr-doped ZnO (CZ74). 
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Table 5.1. Structural parameters of undoped and Cr-doped ZnO nanomaterials extracted from 

Rietveld analysis. 

Parameters C0Z4 C3Z4 C5Z4 C7Z4 

Crystallite Size (nm) 57 44 35 29 

a (Å) 3.249 3.251 3.252 3.252 

c (Å) 5.208 5.207 5.205 5.204 

Biso 1.262 1.403 1.750 1.101 

𝛥𝑔𝑜 1.000 0.027 0.048 0.072 

Degree of distortion (R) 1.018 1.019 1.020 1.020 

DZn-O(Å) 1.977 1.978 1.978 1.978 

Ob-Zn-Oa(in degree) 108.468 108.445 108.374 108.373 

Ob-Zn-Ob(in degree) 110.422 110.479 110.559 110.549 

Microstrain 5.62×10-4 1.03×10-3 1.5×10-3 2.1×10-3 

 

 

Fig. 5.2 Variations of lattice parameters ‘a’ and ‘c’ as a function of Cr ion doping 

concentration in ZnO. 
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Fig. 5.3 Structure representation of 3% Cr-doped ZnO. 

 

Fig. 5.4 Variations of degree of distortion (R) as a function of Cr ion concentration in ZnO. 

5.3.2 FESEM analysis 

The FESEM measurement has been conducted in order to clarify the growth and 

surface morphology of undoped and doped nanostructured ZnO and few selected 

micrographs have been represented in Fig. 5.5. The micrograph of undoped ZnO 

nanomaterial (C0Z4) in Fig. 5.5(a) represents rod like structure with needle like end. Though, 
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the agglomeration effect at the growth centers cannot be eliminated, all the rods in the 

micrograph are very much clear and distinguishable. The micrograph of 5% Cr-doped ZnO 

nanomaterial (C5Z4) is shown in Fig. 5.5(b). The morphological nature of C5Z4 is rod like 

with hexagonal ends. Under high pH (~ 10), the growth units in the form of hydrated ions viz, 

Zn(OH)4
2- and Cr(OH)6

3- get diffused under high pressure and temperature (~ 160 oC) within 

the aqueous solution. In our earlier publication, the complete growth mechanism of undoped 

and Cr-doped ZnO nanostructures has been given [23]. For both the rod like C0Z4 and C5Z4 

nanomaterials, a clear structural difference has been observed. The morphology of C0Z4 

shows a rod like structure with needle like end and the morphology of C5Z4 shows rod like 

structure with nearly uniform hexagonal end. Due to the presence of dissimilarities of 

elemental Cr3+ ions concentration of the undoped and Cr-doped ZnO nanomaterials, a change 

in the surface morphology between C0Z4 and C5Z4 nanomaterials have been observed. 

Under hydrothermal synthesis route as compared to undoped ZnO nanomaterials, due to the 

presence of Cr3+ ions the requisite conditions in making the precipitation of Cr-doped ZnO 

nanomaterials is quite different [36]. These structural changes with the presence of doping 

ions within the nanostructured ZnO shows the successful incorporation of the Cr3+ ions 

within the ZnO lattice. Incidentally, in different micrographs, the size of all the nanorods is 

almost uniform and the particles are not agglomerated.  

 

Fig. 5.5 FESEM images of (a) C0Z4 and (b) C5Z4. 
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5.3.3 Photoluminescence study 

 The photoluminescence (PL) spectra of all the specimens (C3Z4, C5Z4 and C7Z4) 

have been investigated and shown in Fig. 5.6(a-c). Fig. 5.6(d) shows the corresponding 

schematic diagram of band energy gap of PL spectra of each sample. It is known that the 

selection of dopant, doping percentage, stoichiometry, preparation technique and the 

annealing temperature are the important factors to control the PL emission spectra and these 

factors are sensitive for the desirable PL emission spectra. The above mention factors control 

the grain morphology and various native defects like, oxygen vacancy defects (Vo), oxygen 

interstitial defects (Io), zinc vacancy defects (VZn), zinc interstitial defects (IZn) etc. related to 

the structure of Cr-doped ZnO nanoparticles which can be modulated and the corresponding 

PL spectra changes accordingly. The PL emission spectra of Cr-doped ZnO nanostructure has 

been studied with an excitation wavelength of 325 nm. The emission spectra of Cr-doped 

ZnO nanostructure (C3Z4, C5Z4 and C7Z4) exhibits a broad UV emission peak at 380 nm 

and the UV emission peak for all the samples has been detected nearly at the similar 

positions. The emission peak at the above mentioned position has been found due to the 

recombination of free excitons through exciton-exciton collision mechanism and is known as 

near-band-edge (NBE) emission [37]. For C3Z4, C5Z4 and C7Z4 nanomaterials, a broad 

peak centered at 442 nm has been detected. A blue emission peak in the visible region 

centered at 442 nm has been observed in Fig. 5.6. The cause of this emission is the electronic 

transition between the zinc interstitial (IZn) and the zinc vacancy (VZn) level [38]. Also, from 

the observed emission spectra, it is quite clear that no emission peak corresponding to any 

secondary phase like Cr2O3 has been detected. It is known that two Cr3+ ions substitute three 

Zn2+ ions within the hexagonal wurtzite structure of ZnO nanomaterials to maintain the 

charge neutrality and thereby produces Zn vacancies. These substituted Zn2+ ions will keep 

themselves into the interstitial positions within the ZnO lattice structure. Thus, the emission 
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peak centered at 442 nm corresponding to the blue emission is due to the presence of Zn 

vacancies (VZn) and Zn interstitials (IZn) for C3Z4, C5Z4 and C7Z4 nanomaterials. A blue-

green emission peak centered at 492 nm has been detected for C3Z4 and C7Z4 

nanomaterials. This emission peak has been assigned due to the electronic transition between 

oxygen vacancy defects (Vo) and oxygen interstitial defects (Io) attributed to the surface 

defects within the ZnO nanomaterials [38]. For C5Z4 nanomaterial, a peak at 540 nm 

corresponding to the green emission has been observed and this peak is attributed to the 

electronic transitions due to oxygen vacancies (Vo) [39]. During the sintering period, the 

defect states corresponding to oxygen vacancies (Vo) and oxygen interstitials (Io) have been 

formed within the lattice. In this present study, the detected PL spectra of Cr-doped ZnO 

nanomaterials are in consistent with the research work of Kennedy et al. and Sathyaseelan et 

al. [40,41]. Finally, it is to be mention here that the oxygen vacancy (Vo) present within the 

doped system plays an important role for the enhancement of ferromagnetic. 
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Fig. 5.6 Deconvoluted Photoluminescence spectra of (a) CZ34, (b) CZ54 and (c) CZ74 and 

(d) Schematic diagram proposed for different relaxation processes in Cr-doped ZnO 

nanomaterials. 

5.3.4 EPR study 

 Room temperature electron paramagnetic resonance (EPR) study has been measured 

to identify the development of oxygen vacancy defect states produced within the Cr-doped 

ZnO nanomaterials. Ferromagnetic ordering has been detected in all the specimens in the 

static magnetic measurement and this particular observation energized us to do further 
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research on EPR analysis of these samples. The variations of EPR spectra with the presence 

of magnetic field have been depicted in Fig. 5.7. The EPR spectra of C3Z4, C5Z4 and C7Z4 

nanomaterials, have been depicted in Figs. 5.7(a), (b) and (c) respectively. For all the Cr-

doped ZnO nanomaterials, the EPR spectra with broad line width have been found. From the 

figure it can be seen that with the increase of Cr concentration within the host ZnO 

nanomaterials, the line width of EPR spectra decreases and the intensity of EPR spectra 

increases. The patterns observed in the EPR spectra are nearly symmetrical Lorentzian in 

shape for all the doped samples. The resonant signal regarding to the effective value of g-

factor of the specimens has been calculated by the following equation [42] 

g =  
ℎ𝛾

𝐵𝐻
                                              (5.5) 

     here, H signifies the static field (gauss), is the frequency (Hz), B represents the Bohr 

magnetron equal to 9.274 × 10-21 erg/gauss, and h represents the Planck’s constant, the value 

f which is 6.626 × 10-27 erg-s/cycle. From the room temperature EPR spectra, the values of g-

factors of specimens have been measured which shows the enhancement with the increase of 

doping concentration of Cr ions within the lattice structure. The enhancement of the number 

of paramagnetic centers, i.e., singly ionized oxygen vacancies (Vo
+) has been signified by the 

value of g-factor, where the value of g-factor increases with the increase in Cr concentration 

within the ZnO nanomaterials. The presence of paramagnetic centers or singly ionized 

oxygen vacancies (Vo
+) within the lattice structure of all the samples have been substantiated 

by the existence of paramagnetic and ferromagnetic ordering in static magnetic measurement. 

Also, the higher value of EPR intensity substantiates the higher concentration of 

paramagnetic centers in the C7Z4 nanomaterials. As compared to C3Z4 and C5Z4 

nanomaterials, the EPR resonant peak of C7Z4 nanomaterial is sharper. The value of g-factor 

and the resonant peak of C7Z4 nanomaterial is higher as compared to C3Z4 and C5Z4 



Chapter 5 
 

Jadavpur University                                                                                                                 Page 98 
 

nanomaterials signifies the greater uniformity of Cr3+ ions distribution and presence of 

exchange coupling between Cr3+ ion pairs  within the nanostructured ZnO that implies the 

presence of enhanced magnetic homogeneity [43]. The significant reason behind the 

enhancement of room temperature FM in Cr-doped ZnO nanomaterials is the exchanged 

coupled Cr3+ ion pairs. The EPR spectra observed in Cr-doped ZnO nanomaterials is the Cr2+ 

valance state that has also been investigated in the earlier works of EPR spectroscopy in Cr 

doped-ZnO nanomaterials. It is expected that the Zn2+ ions have been substituted by the Cr2+ 

ions in the lattice site of Cr-doped ZnO wurtzite structure. However, the reported values of g-

factor and the peak-to-peak line width in the present work are dissimilar with the earlier 

reported values of EPR spectra of Cr2+ions doped nanostructured ZnO. Vallin et al. showed 

that the peak-to-peak line widths of EPR spectra of Cr2+ ion doped II-VI semiconducting 

compounds is 500 G at 20 K [44]. Now, it is expected that the EPR signal of Cr2+ ion will be 

wide and unable to detect correctly. Thus in the present work, it is suggested from the EPR 

spectra of Cr-doped ZnO nanomaterials that the signal arises due to Cr3+ ions instead of Cr2+ 

ions which signifies that the Cr3+ ions are bounded in the octahedral site of lattice structure of 

ZnO and also an unpaired electron confined at the oxygen vacancy site. It may be acceptable 

that the broad line width of EPR spectra of Cr3+ ions overlap with the resonance line of 

unpaired trapped electron at the oxygen vacancy site. On the basis of BMP model, under 

external magnetic field, this unpaired electron trapped at the oxygen vacancy site plays the 

crucial role to exhibit the ferromagnetic ordering within the doped nanostructured ZnO. 
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Fig. 5.7 EPR spectra of (a) CZ34, (b) CZ54 and (c) CZ74. 

5.3.5 Static magnetic study 

With the applied magnetic field of 500 Oe, the zero-field cooled and field cooled 

(ZFC-FC) magnetization curves as a function of temperature in the range from 300 K down 

to 10 K of all the specimens have been observed and shown in Figs. 5.8 (a), (b) and (c). From 

Figs. 5.8, it can be seen that both the FC and ZFC curves have been deviated from each other 

with the decrease of temperature from 300 K to the 10 K. the variation of FC and ZFC 

magnetization curves with the decrease of temperature below RT signifies to have 

paramagnetic/antiferromagnetic (PM/AFM) nature in doped nanostructured ZnO. Also, the 

existence of magnetic ordering in Cr-doped ZnO nanomaterials has been proven by the 

bifurcation of FC and ZFC curves at RT. It can be noticed from the magnetic measurement 

that the bifurcation increases with the increment of Cr3+ ions concentration within the host 
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ZnO nanomaterials. The magnetization value at different temperatures has been measured by 

the well-known Curie-Weiss law ,
)(T

C  

Here, = M/H, C and  represents the Curie constant and Curie temperature 

respectively. The respective fittings as well as the observed data have been shown in the inset 

of Figs. 5.9(a), (b) and (c) respectively. It has been observed that the poor fitting of all three 

samples have been deviated from paramagnetic phase. Therefore, we have to approach in a 

different manner to analyze the M-T data. Recently, few researchers have investigated the 

simultaneous presence of both ferromagnetic and antiferromagnetic contribution in transition 

metal (TM) doped ZnO nanomaterials in both experimental and theoretical point of view [45, 

46]. In this work, we have fitted the FC M(T) data in the standard Block spin-wave model 

[𝑀(𝑇) = 𝑀(0)(1 − 𝐵𝑇
3

2)], where M(0) represents the zero temperature magnetization linked 

with Curie-Weiss model [𝑀(𝑇) =
𝐶 𝐻

(𝑇−𝜃)
][47]. With adding an extra term C H

(T)
 in the above 

equation associated with the FC magnetization have been written as  

                        𝑀(𝑇) =
𝐶1 𝐻

(𝑇−𝜃)
+

𝐶2𝐻

𝑇
+ 𝑀(0) (1 − 𝐵𝑇

3

2)                       (5.6) 

                     Here               𝐵 = 2.612
𝑆𝑔𝜇𝐵

𝑀(0)
(

𝐾𝐵

4ᴨ𝐷
)

3

2                                                                   (5.7) 

     And                 𝐷 = 2𝑎2𝐽𝑆                                                                 (5.8) 

Here, the value of the parameter B is inversely proportional to spin-wave stiffness, J 

represents the exchange energy, others symbol possess their usual meaning. From equation 

(5.4), it can be mentioned that the magnetic interactions can not affect only one subset 

(second one) of the spins. From the fitting data, the calculated values of C1 for samples C3Z4, 

C5Z4 and C7Z4 are 4.378×10-5, 1.01×10-4 and 2.03×10-3 emuK/gOe, respectively, and the 
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values for C2 are6.56×10-6, 7.16×10-5 and 3.0×10-3 emuK/gOe respectively. With the increase 

in Cr doping concentration, the increasing value of C1 and C2 signifies the increase of AFM or 

PM contribution (since both represents direct functions of N). Therefore, a fitting shown in 

Figs. 5.8(d) expresses three characteristic consequences (i) Cr3+ ions coupled 

antiferromagnetically with at least one neighboring Cr3+ ion, (ii) isolated and completely free 

Cr3+ spin, which follows simple curie behaviour (iii) clustered Cr3+ spins with positive 

exchange integral. Below percolation threshold, the production of isolated, pairs and very 

small clusters of the dopant have been noticed. It has been noticed in a 3D spin-wave model 

that the M(0) is proportional to the amount of net spin associated with the ferromagnetic part. 

From the fitting of C3Z4, C5Z4 and C7Z4 the extracted values of M(0) are 5.0×10-5, 

3.63×103 and 4.84×10-3 emu/g respectively. With the increase concentration of Cr3+ ions, the 

value of M(0) increases which suggests that more and more Cr3+ ions are ferromagnetically 

coupled. Table 2 represents the contributions of aforesaid Cr3+ spin which indicates that the 

effective spin-spin interactions for C5Z4 and C7Z4 nanomaterials are ferromagnetic in nature 

at RT which are directly contradictory with the earlier published results [45, 48]. With the 

with increasing doping concentration of Cr3+ ions, net FM moment and PM/AFM moment 

increased significantly at RT which suggests that the doping plays an important role in 

magnetization. For C3Z4, C5Z4 and C7Z4 at RT, the FM contribution in the whole 

magnetization are 28.8%, 89.11% and 57.29% respectively. The FM contributions in the 

whole magnetization for all the samples decrease with the decrease of temperature, as shown 

in Table 5.2. Below 50 K, the AFM and PM contribution increases abruptly though the FM 

contribution remains almost constant there. Thus at low temperature, the abrupt change in M 

vs T curve is due to uncoupled or antiferromagnetically coupled spins that is studied in the 

present work. This has been the most significant trend for all DMS materials. So, nearly all 

dopant spins are isolated or antiferromagnetically coupled for low doping system. The total 
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contribution of FM moment in the net magnetization of C7Z4 is lower as compared to C5Z4 

though the net magnetization in C7Z4 is higher. We have already discussed in the EPR study 

that C7Z4 nanomaterial have more paramagnetic centers than C5Z4. The contribution of net 

FM moment of C7Z4 is lesser than C5Z4 though the total moment of C7Z4 is larger as 

compared to C5Z4. The Cr3+ ions are randomly distributed in the host lattice, for this type of 

system the extraction of the magnetic moment (S) and exchange integral (J) are nearly 

impossible. The value of B has been calculated from the fitting of equation (4) which fits 

appropriately with the experimental data. One fitting for M vs T curve corresponding to 

C7Z4 has been depicted in Figs. 5.8(d). The calculated values of B (from fitting) 

corresponding to C3Z4, C5Z4 and C7Z4 are 9.1 × 10-5, 7.5 × 10-5 and6.0 × 10-5 K-3/2 

respectively. The decrease of B value with the increase of doping concentration of Cr3+ ion 

suggests that the system become more disorganized [49]. It is to be noted that this fact is in 

good agreement with the findings of Rietveld, PL and EPR analysis. Using the SQUID 

magnetometer, the M vs H data for all the samples at different temperatures (300, 100, 50 and 

10 K) in the applied magnetic field range of 0-50000 Oe has been shown in Fig. 9 which 

depicts clear hysteresis behaviour but the hysteresis loops are not saturated at 50000 Oe. This 

exhibits the mixed magnetic phase present inside the sample as indicated by M-T curve. 

Some M-H loops at 10 and 100 K of C3Z4, C5Z4 and C7Z4 nanomaterials have been 

magnified and displayed in the inset of the respective M-H loops in Fig. 9. The maximum 

magnetizations are 0.038, 0.055, 0.148 emu/g respectively at 300 K which increases to 0.40, 

0.90 and 1.26 emu/g as temperature decreases to 10 K, the corresponding coercive fields and 

remanent magnetizations at 100 K are 45, 126, 137Oe and 0.00030, 0.0029, 0.0041 emu and 

at 10 K are 49, 230, 261Oe and 0.00088, 0.0093, 0.0121 emu/g respectively for C3Z4, C5Z4 

and C7Z4 nanomaterials. With the increase of Cr concentration, various antiferromagnetic 

phases may appear in the form of ZnCr2O4 (TN ~ 11 K), Cr2O3, Cr3O4 and Cr metal clusters 
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within the doped ZnO nanomaterials. Though, none of such phases can be observed in 

Rietveld study or in every characteristic peak of PL spectra. Therefore, RTFM cannot be 

explained on the basis of secondary phases. Different theories have been proposed in order to 

understand the origin of RTFM within the Cr-doped ZnO nanomaterials. The increment of 

structural defects due to the enhancement of doping has been exhibited by the Rietveld, EPR 

analyses and spin wave stiffness of the samples. Therefore, there is a strong relationship 

between the ferromagnetism and the structural defect. In order to get the idea behind 

magnetism in doped specimens, we have investigated magnetization (M) vs magnetic field 

(H) data in contribution of two magnetic components, one is FM component saturated at low 

field and other is linear component arises from PM. Considering the above fact, we have 

fitted the isothermal curve which can be written as    

𝑀 = 𝑁𝑚𝑠 ⌊𝑐𝑜𝑡ℎ (
𝐻𝑚𝑒𝑓𝑓

𝑇𝐾𝐵
⁄ ) −

𝑇𝐾𝐵
𝐻𝑚𝑒𝑓𝑓

⁄ ⌋+𝜒𝑚𝐻              (5.9) 

Here, M represents the total magnetization, N is number of magnetic spins/cluster 

(paramagnet), ms signifies the moment per spin, H and T are the applied field and temperature 

respectively and KB is the Boltzmann’s constant [50,51]. The fitting parameters gained from 

the combined equations have been specified in Table 5.3 and one fitting for C7Z4 sample is 

shown in Fig. 5.10(d). Due to the weak FM moment with respect to PM/AFM spin, the RT 

isothermal curve of C3Z4 is not fitted by BMP model. The amount of ferromagnetically 

active clusters increases with the decrease of temperature as well as with Cr doping 

concentration which is clearly shown in Table 5.3. These is due to the exchange interaction 

between oxygen vacancy (Vo) and dopant ions [52]. Due to such interaction, few of the 

dopant spins align themselves around the oxygen vacancy (Vo) and creates localized 

ferromagnetically active clusters which are known as “polaron clusters” [53]. Such long 

range ferromagnetic ordering assigned as direct overlaps between BMPs or indirect BMP-
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magnetic impurity-BMP interactions [54]. The number of FM spin clusters is nearly 1019 as 

obtained from the fitting is below the percolation limit. 

 

Fig. 5.8 Temperature variation of zero field cooled and field cooled magnetizations of (a) 

CZ34, (b) CZ54 and (c) CZ74with Curie-Weiss fittings in inset (d) observed magnetization 

vs. temperature curve of C7Z4 sample and its fittings according to equation 6 in the 

temperature range of 300 to 5 K. 
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Fig. 5.9 Magnetic hysteresis (M–H) loops observed at 300, 100, 50 and 10 K temperature of 

the sample (a) CZ34, (b) CZ54 and (c) CZ74 and (d) initial magnetization vs. field curve of 

C7Z4 sample at 300, 100, 50 and 10 K along with the fitted data using BMP model. Also the 

magnified image of 10 K M-H loops of each nanomaterials are displayed in the inset of the 

respective M-H loops. 
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Table 5.2. Various magnetic parameters of Cr-doped ZnO nanomaterials extracted from 

static magnetic data. 

Sample           Temperature         Free Spin            Antiferro              Ferromagnetic      FM 

 Name                  (K)                 (emu/g)              (emu/g)                   (emu/g)            (%)   

 

C3Z4                  300                 1.09×10-5                5.48×10-5                       2.66×10-5             28.8 

                            200                 1.64×10-5                7.32×10-5                       3.72×10-5             29.3 

                            100                 3.20×10-5                1.10×10-4                       4.50×10-5             24.6 

                             50                  6.56×10-5                1.47×10-4                       4.84×10-5             18.5 

                             10                  3.28×10-4                2.00×10-4                       4.98 ×10-5              8.6   

 

C5Z4                   300                1.28×10-4                1.56×10-4                       2.21 ×10-3          89.1 

                             200                1.92×10-4                 2.26×10-4                      2.85×10-3              87.2        

                             100                3.85×10-4                 4.08×10-4                      3.35×10-3              81.1 

                               50                 6.83×10-4             7.70×10-4                     3.53×10-3             70.8 

                               10                 3.85×10-3                 1.47×10-3                     3.62×10-3              40.4 
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  C7Z4                  300                1.90×10-4                  2.27×10-3                    3.30×10-3              57.3 

                              200                2.90×10-4                 2.83 ×10-3                   4.01×10-3              56.5 

                              100                5.90×10-4                 3.77×10-3                    4.50×10-3               50.8 

                                50                1.10×10-3                 4.50×10-3                    4.73×10-3               45.6 

                                10                5.90×10-3             5.30×10-3                     4.83×10-3               30.1 

Table 5.3. Result extracted from BMP fitting of Cr-doped ZnO nanomaterials. 

Sample Name           Temperature                       N                                      Effective moment 

                                                                     (Cluster/gm)                                  (m/cluster) 

 

    C3Z4                         300                                 ---                                                   --- 

                                     100                              5.3×1013                                    5.63×10-17 

                                       50                              6.5×1014                                    5.00×10-18 

                                       10                              4.8×1017                                    2.88×10-19 

 

    C5Z4                          300                             1.6×1014                                   9.18×10-17 

                                      100                              7.8×1014                                    2.89×10-17 

                                        50                              2.0×1015                                    1.20×10-17 

                                        10                              1.0×1018                                    2.89×10-19 
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   C7Z4                           300                            5.8×1014                                    6.78×10-17 

                                       100                            3.6×1015                                    1.41×10-17 

                                         50                             8.5×1015                                    6.51×10-18 

                                         10                             2.0×1018                                    1.93×10-19 

5.4 Conclusion 

Here, we have investigated the significance of doping concentration of Cr on 

structural and magnetic property study of host ZnO nanomaterials. XRD study and FESEM 

analysis of all ZnO nanomaterials exhibit the favoured growth of rod like ZnO nanoparticles 

along ‘a’ axis or (100) Bragg plane. XRD study reveals the increment of oxygen vacancy 

defects with the increase of doping concentration of Cr3+ ions within the nanostructured ZnO. 

This oxygen vacancy defect plays the crucial role to increase the ferromagnetic ordering 

within specimens. The existence of paramagnetic and ferromagnetic components and their 

organized enhancement with the increase of doping concentration of Cr in ZnO nanomaterials 

is manifested by the investigation of EPR spectra and static magnetic measurement. Under 

EPR study, we have observed the paramagnetic centers or singly ionized oxygen vacancies in 

all the doped nanostructured ZnO which increases and distributed uniformly with the increase 

of dopant concentration. The magnetic hysteresis is not saturated under static magnetic 

measurement at 5 T external magnetic field which signifies the combination of AFM and PM 

phases together with the FM phase that has been explained by the BMP model. 
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6.1 Introduction 

In recent years, nanomaterials are the subject of foremost concern of the research 

community due to their magnificent physical properties like crystallinity, mechanical, optical, 

magnetic, dielectric and electrical properties etc [1-7]. The modulation of surface to volume 

ratio, quantum size effect, grain morphology and grain boundary of materials in the nanoscale 

regime exhibit controls over structural and microstructural symmetry, charge density, band 

gap energy, microstrain and native defects, etc. [8-10]. Proper choice of host materials, 

selection of dopants, preparation techniques and the percentage variation of dopants within 

the host lattice can modulate the physical properties like mechanical, optical, magnetic and 

charge transport properties, etc. in the selected direction of applications [11-15]. The 

modulation of dielectric responses in accordance with the morphologies of nanospheres, 

nanorods, nanowires, nanotubes, etc. is the subject of primary interest. Such materials have 

massive impact in the electronics industry like, capacitors, sensors, electrochemical 

transducers, gate electrodes, multiferroics, piezoelectric nano-generators, etc. [16-20]. The 

electrical transport phenomena and the dielectric properties of nanomaterials are totally 

contrasting to their bulk counterpart as the nanomaterials have different types of interfaces as 

well as various forms of defect states. The interfaces present within the nanostructure behave 

as the source of electric dipoles which modulates the dielectric permittivity of nanomaterials 

significantly. In recent years, for the reduced scale electronic devices, scientists are giving 

huge effort to explore new materials with improved super high dielectric response [12]. The 

influence of dopant selection, dopant concentration and the synthesis procedures on the 

dielectric response, ac conductivity will give us significant information about charge 

transport phenomena within the nanostuctured materials. As Cr can enhance the charge 

carrier density in doped ZnO nanomaterials, (Cr) has been taken as a dopant to modulate the 

band energy gap as well as the dielectric property of semiconducting ZnO host nanomaterial. 
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Many articles have been published with chromium (Cr) as a dopant within the structure of 

ZnO due to its efficiency to modulate the magnetic property of the host ZnO nanomaterials 

[21-24]. Also, a few researchers have developed the dielectric response of Cr-doped ZnO 

nanomaterials. The physical properties like optical, magnetic and dielectric properties of ZnO 

nanomaterials have been modulated systematically with the percentage variation of Cr ions 

within the lattice structure which have been demonstrated in the earlier published articles. 

The proper incorporation of Cr ions can modulate the modulate carrier concentration, 

microstrain and various native defects within the lattice structure of host ZnO nanomaterials. 

Many published articles have explored the structural, magnetic, optical, and dielectric aspects 

of Cr-doped ZnO nanostructures [12,25]. But merely reported any detailed analysis on the 

synthesis process dependent dielectric response of Cr-doped ZnO nanoparticles. This has 

encouraged us to execute an extensive study on dopant as well as synthesis process dependent 

dielectric response of Cr-doped ZnO nanomaterial. In our earlier work, the presence of Cr ion 

modulates the dielectric constant of hydrothermally prepared doped ZnO nanorods within the 

range of 1.9×105 to 5.2×105 [12]. Hassan et al. investigated the change in dielectric constant 

from 20 to 14 of ZnO nanoparticles synthesized by co-precipitation method with Cr doping (0 

to 10%) [25]. Aljawfiet al. proclaimed the decrease in dielectric constant from 27 to 9 of ZnO 

nanoparticles prepared by a sol-gel method due to Cr doping [26]. Interestingly, small size 

and nearly symmetric structures of nanoparticles synthesized via co-precipitation or similar 

methods would not have high dielectric constant [25,26]. El-Desoky et al. explored the 

modulation of dielectric constant from 15 to 75 of ZnO nanoparticles by the variation of 

annealing temperature from 100 to 500 oC [27]. Thus, a systematic and quantitative variation 

is expected due to the percentage change of dopant [12]. Though, a synthesis process like 

hydrothermal method can produce a very high dielectric value of undoped or doped ZnO 

nanomaterials. After studying many articles on doped ZnO nanomaterials, all synthesis 
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procedure other than hydrothermal route produce ZnO nanomaterials with small size and 

nearly symmetric grain structure cannot generate high dielectric constant of ZnO 

nanomaterials which motivated us to investigate on this research field. It is anticipated that 

the Cr-doped ZnO nanomaterials synthesized by co-precipitation method have spherical grain 

structures, where as Cr-doped ZnO nanomaterials synthesized by hydrothermal method have 

rod like grain structures. Also, the grain size of the rod like structure are more with thick 

grain boundaries with respect to the spherical grain structures of Cr-doped ZnO 

nanomaterials. In rod like grain structures of Cr-doped ZnO nanomaterials, the grain 

boundary effect is quite high. Therefore, the electron tunneling/drifting is low in rod like 

structures of Cr-doped ZnO nanomaterials due to high grain boundary effect. So in case of 

rod like structures, in presence of external applied electric field, the polarization effect is 

expected to be very high and also the dielectric permittivity of the nanomaterials is quite 

high[12,25-27]. Thus, the essence of this present article is the synthesis procedure that can 

modulate the dielectric property in a complementary manner.  

6.2Experimental 

6.2.1 Materials 

Different salts like zinc acetate dehydrate Zn(CH3COO)2·2H2O (Sigma Aldrich, 99%), 

chromium acetate Cr(CH3COO)3 (Sigma Aldrich, 99%) and ammonium hydroxide NH4OH 

(concentration ~ 25%) have been taken as the precursors for the synthesis of undoped ZnO 

and Cr-doped ZnO nanomaterials with the stoichiometry of Zn0.97Cr0.03O, Zn0.95Cr0.05O, and 

Zn0.93Cr0.07O via co-precipitation and hydrothermal synthesis routes. 

6.2.2 Co-precipitation synthesis of undoped ZnO and Cr-doped ZnO nanoparticles 

Cr-doped ZnO nanomaterials with different Cr concentrations (Zn0.97Cr0.03O, 

Zn0.95Cr0.05O, and Zn0.93Cr0.07O) have beensynthesized by co-precipitation method. A beaker 

has been used to take the precursor salts i.e. Zn(CH3COO)2·2H2O and Cr(CH3COO)3 in the 
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presence of double distilled water, which has been placed on a magnetic stirrer. Then NH4OH 

solution has been added to the previous mixture at a temperature of 60 oC in which the pH 

maintained is at ~ 9. As a result of the reaction, a mix of Zn(OH)2 and Cr(OH)3colloids is 

formed and collected for washing. After washing the pH becomes ~ 7. The supernatant is 

then removed, and the precipitates have been dried. The undoped ZnO is also prepared by the 

same method. Finally, the dried powders of undoped ZnO and different percentage of Cr-

doped ZnO have been annealed at 400 oC and are defined as C0Z4Cp, C3Z4Cp, C5Z4Cp, and 

C7Z4Cp. 

6.2.3 Hydrothermal synthesis of undoped ZnO and Cr-doped ZnO nanorods 

For hydrothermal synthesis route, excess ammonia has been added to the aqueous 

mixture solution of precursor salts to increase the pH to ~ 11. At this high value of pH, the 

colloidal suspension of hydrated ions like Zn(OH)4
2- and Cr(OH)6

3-have been formed. The 

colloidal suspension has been taken into a Teflon jacket of stainless-steel autoclave and it is 

kept inside the oven for 48 hours at 160 oC .At the end of these hours, the autoclave has to 

achieve room temperature (RT) naturally. The solid precipitates have been washed many 

times in order to reduce the pH to ~ 7. The undoped ZnO is also synthesized by the same 

method. Finally, the dried powders of undoped ZnO and different Cr-doped ZnO have been 

annealed at 400 oC and defined as C0Z4Ht, C3Z4Ht, C5Z4Ht, and C7Z4Ht. The whole 

preparation technique of undoped ZnO and 3, 5 and 7% Cr-doped ZnO nanomaterials via co-

precipitation (C0Z4Cp, C3Z4Cp, C5Z4Cp, and C7Z4Cp) and hydrothermal synthesis route 

(C0Z4Ht, C3Z4Ht, C5Z4Ht, and C7Z4Ht) is shown in Fig. 6.1.  
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Fig. 6.1 Flowchart of synthesis of undoped ZnO and 3, 5 and 7% Cr3+ ion-doped ZnO by co-

precipitation and hydrothermal synthesis route. 

6.2.4 Characterization techniques  

The XRD pattern of all the samples have been recorded in powder X-ray 

diffractometer, Model D8, BRUKER AXS, using Cu Kα radiation (λ = 1.5405 Å) in the range 

of 2θ from 20 to 80o. Field emission scanning electron microscope (FESEM) has been 

measured by using FESEM, INSPECT F50 (FEI, Netherland). The optical absorption (UV-

visible) spectrum has been conducted in the range of 250-500 nm using l25 

spectrophotometer, Perkin Elmer, Germany. By using Agilent 4294A Precision Impedance 

Analyzer, for frequency and temperature-dependent dielectric response measurement and 

impedance study of C0Z4Cp, C3Z4Cp, C5Z4Cp, C7Z4Cp nanoparticles and C0Z4Ht, 



Chapter 6 
 

Jadavpur University                                                                                                                  Page 119 
 

C3Z4Ht, C5Z4Ht, and C7Z4Ht nanoparticles of all the undoped and Cr-doped ZnO powder 

nanomaterials have been measured. 

6.3Results and Discussions                             

6.3.1. XRD Analysis 

Fig. 6.2 represents the Rietveld analysis of the X-ray diffraction (XRD) curves for all 

the samples.With the help of JCPDS file for ZnO (JCPDS file no-36-1451), the peaks 

obtained from XRD measurement has been assigned.No other impure phases have been 

detected within the detection limit of XRD which exhibits successful incorporation of Cr ion 

in host ZnO lattice. The peak broadening in the XRD patterns proves that the nanocrystals 

and lattice strain are present within the samples. We have esteemed the intensity and 

sharpness of XRD peaks for hydrothermally synthesized samples are more as compared to 

co-precipitated samples, which shows better crystallinity of the former as compared to the 

latter.  
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Fig. 6.2 XRD patterns and the Rietveld analysis of the samples (a) C3Z4Ht, (b) C3Z4Cp (c) 

C5Z4Ht (d) C5Z4Cp (e) C7Z4Ht and (f) C7Z4Cp. 

          The structural variation between the two sets of samples synthesized by co-

precipitation and hydrothermal method is significantly reflected in their corresponding 

diffraction peaks. The most acute peak for the co-precipitated sample presents the (101) 

plane, which is in good agreement with standard JCPDS file. Interestingly, all the 

hydrothermally synthesized samples have a very intense peak corresponding to the (100) 
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plane. Therefore, for a hydrothermally prepared sample a selected growth of the crystal along 

'a' axis is observed. ZnO nanorods are aligned in regular fashion along 'a’ axis [in comparison 

to ‘c’ axis] which proves to be very special for the powder sample. To get a proper 

observation we have determined an orientation parameter for all the samples. For all six 

samples, for a specified plane with Miller indices (h, k, l) the respective orientation 

parameter𝜈ℎ𝑖𝑘𝑖𝑙𝑖
is computed as [28] 

𝜸𝒉𝒊𝒌𝒊𝒍𝒊
=

𝑰𝒉𝒊𝒌𝒊𝒍𝒊

∑ 𝑰𝒉𝒊𝒌𝒊𝒍𝒊
𝒏
𝒊=𝟏

                           (6.1) 

          Where the calculation is executed by taking n = 5. For 3% doped hydrothermally 

prepared samples, the values of γ(100), γ(002), γ(101), γ(102)and γ(110)are 0.429, 0.0308, 0.3028, 

0.0301 and 0.1997 respectively whereas the corresponding values for co-precipitated samples 

are 0.298, 0.1174, 0.378, 0.056, 0.149 respectively. For hydrothermally prepared sample, the 

relative intensity of the plane (002) decreases. It is true for other doping concentrations also. 

Fig. 6.3 represents the orientation parameter for (100), (002), (101) and (110). The figure 

exhibits that the intensity of the planes (100) and (110) is higher for samples prepared by 

hydrothermal method as compared to a standard JCPDS spectra. Therefore, the growth along 

those planes is secured at the cost of (002), (101) planes. The orientation parameter cannot 

change instantly with doping for all samples that are incompatible to the previous results 

[29]. It is already been published that enhanced mobility of the atoms favours the growth of 

crystal planes [30]. Therefore, it can be understood that hydrothermally synthesized sample 

will exhibit different properties as compared to the co-precipitated sample. 
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Fig. 6.3 Orientation parameters of 3, 5 and 7% Cr-doped ZnO nanomaterials synthesized by 

hydrothermal and co-precipitation technique corresponding to the planes(a) (100), (b)(002), 

(c) (101) and (d) (110) 

          By using the software MAUD, different structural and microstructural parameters for 

all the samples have been carried out by the Rietveld analysis [31]. Pseudo Voigot function 

has been applied to fit the diffraction peaks and six coefficient polynomial functions have 

been employed to estimate the background. In Fig. 6.2, the observed and the fitted data of the 

X-ray diffraction (XRD) patterns for all the samples have been exhibited and Yobs(observed 

intensity), Ycal (calculated intensity) and Yobs-Ycal (comparison between observed and 

calculated intensities) have been extracted. From the Rietveld analysis of the diffraction 

pattern followed by Morkoç and Özgür, the values of various structural parameters like 

degree of distortion R, bond length (b), bond angles (θ, β), etc. have been calculated [32,33]. 

The extracted values have been shown in Table 6.1. The equations for computing the 

parameters are as follows 
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     𝒃 = 𝒖𝒄                                                    (6.2) 

Where,𝑢 =
1

3

𝑎2

𝑐2  +
1

4
is known as internal parameter. When the ratio c/a decreases or increases, 

u increases or decreases just as the values of four tetrahedral distances are found to benearly 

stable by a distortion of tetrahedral angles 

𝜽 =
ᴨ

𝟐
+ 𝒂𝒓𝒄𝒄𝒐𝒔

𝟏

√[𝟏+𝟑
𝒄𝟐

𝒂𝟐(−𝒖+
𝟏

𝟐
)𝟐]

               (6.3) 

𝜷 = 𝟐𝒂𝒓𝒄𝒔𝒊𝒏
𝟏

√[
𝟒

𝟑
+𝟒

𝒄𝟐

𝒂𝟐(−𝒖+
𝟏

𝟐
)𝟐]

                         (6.4) 

       Where, b represents the bond length and bond angles θ and β have been defined as 

average bond length of the base (Oa-Zn-Ob) and average apex angle of the base (Ob-Zn-Ob), 

respectively, here Oa and Ob represent O atom at the base of tetrahedral structure. Fig. 6.4 

shows the variation of lattice parameter with doping concentration. From the Fig. 6.4and 

Table 6.1, it is to be noted that for co-precipitated samples, the 'c' axis increases with doping, 

whereas for hydrothermally prepared sample opposite phenomena is occurred. A linear 

decrease in lattice parameter 'c' is very much expected as the effective radius of Zn2+ (0.74 Å) 

is larger than Cr3+ (0.63 Å). For co-precipitated samples the increase in 'c' is quite interesting. 

Due to a strong affinity of Cr for the octahedral site in spite of the tetrahedral site, a fraction 

of the Cr atom resides on the octahedral interstitial site [34]. Also, the lattice parameter 'a' 

calculated from the refinement increases for all the samples. Due to the existence of a few 

larger size Cr2+ (0.80 Å) ions within the interstitial position of the host lattice, the increase in 

'a' for co-precipitated samples is occurred. Though, for hydrothermally prepared samples the 

increase of ‘a’can be ascribed as the small distortion in Zn tetrahedron. In the direction of c 

and within the plane of ab, the Zn tetrahedron has a base and an apex respectively. Now, 

there will be increase in the average bond angles of base (Ob-Zn-Ob) and decrease in the 

average apex angles of the base (Ob-Zn-Oa) (in which Ob and Oa represents oxygen atoms 
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present in the base and apex respectively of the tetrahedron) due to incorporation of Cr ions 

in place of Zn ions which influences a slight rise in ‘a’ and a slight fall in ‘c’ parameter of the 

final lattice structure of ZnO [35]. Now, the values of base-apex angles and basal bond angles 

have been shown in Table 6.1 supporting the above explanation. For all samples the 

computed bond lengths agree well with the investigated Zn-O bond length (1.9767Å) in the 

unit cell. For co-precipitated samples, the increase of bond lengths with respect to the rise in 

dopant concentration has been credited to the segregation of Cr ions in host lattice. Therefore, 

it is to be noted that a proper incorporation of dopant in place of host cation is possible only 

for the hydrothermal procedure.  

 

 

Fig. 6.4 Variation of lattice parameters of (a) Lattice parameter a and (b) Lattice parameter c 

as a function of the doping concentrations (3, 5 and 7%) in Cr-doped ZnO nanomaterials 

synthesized via hydrothermal and co-precipitation route. 

          The crystal structure of co-precipitated Cr-doped ZnO nanomaterial derived 

theoretically as procured from the CIF file after the refinement is also assigned in Fig. 6.5 and 

the theoretically derived crystal structure of hydrothermally prepared Cr-doped ZnO 

nanomaterial as procured from the CIF file after the refinement has been studied in our earlier 
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publication [24]. It is also need to mention here that to maintain charge neutrality two Cr3+ 

ions replace three Zn2+ ions. The equation can be written as  

3Zn2+ = 2Cr3+ + VZn
2+                                                                  (6.5) 

          Therefore, proper substitution will form zinc vacancies/structural disorder inside the 

crystal which may influence the physical properties of the hydrothermally prepared sample. 

 

Fig. 6.5 Structural presentation of Cr-doped ZnO nanomaterial synthesized by co-

precipitation method. 

With increase of doping, the average crystallite size decreases for all the samples 

which suggest that the grains of the crystal have been stopped from growing due to the 

substitution of Cr cations within host lattice. The prevention in the movement of the grain 

boundaries can be explained on the basis of zener pinning discussed in our earlier paper [24]. 

The rate of decrement of average crystallite size with doping percentage is more for 

hydrothermally prepared samples. For co-precipitated samples, the increase in doping 

percentage causes a few larger size Cr+2 ions to locate within the interstitial positions which 

corresponds to slow down the decrement rate. The microstrain (𝜀) is proportional to the 

defect concentration within the crystal which is an important parameter. From the refinement 

for co-precipitated samples, the extracted microstrain varies from 5.90×10-5 to 1.01×104 
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whereas the microstrain obtained for hydrothermally prepared samples is comparatively 

higher and varies from 1.03×10-3 to 2.1×10-3. It has already been reported that the 

nanoparticles release the strain through lattice expansion [36]. Also, the oxygen vacancy 

plays a key role for generating the strain. The stress field present within the grain boundary is 

reduced by the decrease of oxygen defect concentration and the lattice strain decreases 

consequently [37]. To study the oxygen vacancy, the oxygen occupancy has been considered 

as free parameters during the refinement and the oxygen occupancy has been estimated as 

0.973, 0.952 and 0.928 respectively for hydrothermally prepared samples, on the other hand 

oxygen occupancy is one for all co-precipitated samples. 

          The dislocation density for nanorods is computed from the following equation [38]  

𝜹 =
𝟏𝟓

𝒂𝑫
                  (6.6) 

Here, 𝜀 represents the microstrain, 'a' is the lattice parameter and D signifies the 

crystallite size. The extracted dislocation density is more for hydrothermally prepared 

sample. The dislocation density is comparable to defect present in the sample and hardness of 

the sample. The large dislocation density exhibits that the hydrothermally prepared sample 

poses more defects than the co-precipitated sample.   

Table 6.1. Structural parameters of Cr-doped ZnO nanomaterial synthesized by co-

precipitation and hydrothermal method and calculated from Rietveld analysis. 

  Parameters  C3Z4Ht C3Z4Cp C5Z4Ht C5Z4Cp C7Z4Ht C7Z4Cp 

 Average 

 crystallite          

diameter 

(nm) 

     44 

  (0.23) 

     27 

  (1.80) 

     35 

  (1.21) 

     21 

  (1.12) 

 

     19 

  (1.63) 

 

     16 

  (0.94) 

        a (Å) 

 

  3.251 

(5.97×10-5) 

3.2482 

(2.92×10-4) 

 3.252 

(5.46×10-5) 

 3.249 

(1.38×10-4) 

 3.252 

(5.81×10-5) 

 3.2497 

(7.6×10-4) 
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c (Å) 

 

  5.207 

(1.73×10-4) 

  5.2045 

(6.36×10-4) 

  5.205 

(1.73×10-4) 

  5.209 

(8.32×10-4) 

  5.204 

(1.64×10-3) 

  5.213 

(1.6×10-3) 

 Degree  

 of distortion  

(R) 

   1.019    1.019    1.020   1.018   1.020  1.0178 

   DZn-O(Å)    1.978    1.976    1.978   1.978   1.978  1.979 

   Ob-Zn-Oa 

   (in degree) 
  108.445  108.447  108.374 108.4899 108.373  108.513 

   Ob-Zn-Ob  

   (in degree) 
  110.479  110.493  110.559 110.6199  110.549  110.602 

 Microstrain 

() 

  1.03×10-3  5.90×10-5  1.5×10-3 7.01×10-5  2.1×10-3 1.01×10-4 

   Dislocation 

Density 
1.08×1011  8.01×109  1.97×1011 1.15×1010  3.34×1011 1.79×1011 

 

6.3.2 FESEM analysis 

          Fig. 6.6 represents the FESEM images of some selected samples like C5Z4Ht, 

C5Z4Cp, C7Z4Ht and C7Z4Cp from the complete group of Cr-doped ZnO nanomaterials. 

Under hydrothermal synthesis route, FESEM images show rod-like grain morphologies of 

C5Z4Ht and C7Z4Ht [Fig. 6.6(a) and (c)] and under the co-precipitation method the FESEM 

images show nearly spherical grain morphologies of C5Z4Cp and C7Z4Cp [Fig. 6.6(b) and 

(d)]. Based on the kinetic point of view, the formation of rod-like structure of Cr-doped ZnO 

nanoparticles can be explained. In hydrothermal method, the growth process can be 

conducted by the development of constituents undergoing growth and these constituents can 

be blended at the interface of ZnO lattice structure during mechanism of the reaction, the 

inclusion of ample NH4OH produces huge amount of Zn(OH)4
2- and Cr(OH)6

3-growth 
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constituents [43]. Now, due to a high pH value of the supersaturated aqueous solution, a high 

pressure exists inside the autoclave. Under high pressure, the hydrated ions are bonded 

together through a dehydration reaction due to the diffusion of hydrated ions which 

culminates to a huge clump. When the critical size required to the formation of the grain 

reaches, the clump gets precipitated. Due to the high intermolecular force and high value of 

the surface energy of the growth units, the hydrated ions are adsorbed within the primary 

nuclei of Cr-doped ZnO nano-seeds and transformed into a hexagonal rod-like morphology 

having the average length of ~ 2-3 µm (measured with ImageJ software) for C5Z4Ht sample 

is shown in Fig. 6(a) as well as 1-2 µm (measured with ImageJ software) for C7Z4Ht sample 

is shown in Fig. 6(c). The FESEM images of nearly spherical C5Z4Cp and C7Z4Cp 

nanoparticles synthesized under the co-precipitation method is shown in Fig. 6.6(b) and (d) 

which is well established in many published articles. It is to be noted that to make a complete 

reaction between the precursor elements with NH4OH, the pH value under co-precipitation 

method is maintained at ~ 9. C5Z4Cp and C7Z4Cp nanoparticles have smaller grain sizes in 

the range of ~ 30-40 nm (measured using ImageJ software) that have been depicted in Fig. 

6.6(b) and (d). Thus, the typical synthesis process dependent grain growth and grain structure 

of the Cr-doped ZnO nanomaterials (C3Z4Ht, C5Z4Ht, C7Z4Ht, C3Z4Cp, C5Z4Cp and 

C7Z4Cp) have been justified with our XRD observation where hydrothermally prepared 

samples have large crystallite diameter as compared to co-precipitated one. We have studied 

the energy dispersive spectroscopy (EDX) of some selected samples like C7Z4Ht and 

C7Z4Cp and the EDX images have been depicted in Fig. 6.6(e) and (f).The EDX 

spectroscopy of both the samples (C7Z4Ht and C7Z4Cp) suggests the presence of both 

chromium (Cr) and zinc (Zn) cations within the lattice structure of host ZnO nanomaterials. 

The elemental study of C7Z4Ht and C7Z4Cp nanomaterials shows the presence of almost 7 

wt% of Cr cations within the lattice structure. So, the incorporation of Cr3+ ions within the 
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host ZnO nanomaterials is proper. Also, Fig. 6.6(g) to (j) shows the elemental mapping of 

C7Z4Ht and C7Z4Cp nanomaterials. Though, it is not easy to suggest the complete 

uniformity of distribution of Cr3+ ions within the structure of ZnO nanomaterials. Though, the 

elemental mapping of both C7Z4Ht and C7Z4Cp nanomaterials shown in Fig. 6.6(g) to (j) 

exhibit that the distribution of Cr3+ and Zn2+ ions within the lattice structure of host ZnO 

nanomaterials do not exist in the form of clusters. Thus, the representative FESEM images of 

the Cr-doped ZnO nanomaterials are well developed and due to the variation of synthesis 

process, the variation of grain morphology and size are very prominent.  

 

Fig. 6.6 FESEM images of rod-like structures of (a) C5Z4Ht, (c) C7Z4Ht, and spherical 

structures of (b) C5Z4Cp (d) C7Z4Cp, EDX of (e) C7Z4Ht and (f) C7Z4Cp, the distribution 

of Cr ions in (g) C7Z4Ht and (i) C7Z4Cp, also the distribution of Zn ions in (h) C7Z4Ht and 

(j) C7Z4Cp. 
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6.3.3 UV-visible absorption study and band gap analysis 

          The absorption spectra of C3Z4Ht, C5Z4Ht and C7Z4Ht nanorods and C3Z4Cp, 

C5Z4Cp and C7Z4Cp nanospheres have been studied in the wavelength range from 250 to 

500 nm. For all the hydrothermally synthesized nanomaterials (C3Z4Ht, C5Z4Ht and 

C7Z4Ht nanorods), broad absorption peaks have been observed at 283, 282 and 281 nm. 

Broad absorption peaks at 380, 378 and 376 nm have been observed for C3Z4Cp, C5Z4Cp 

and C7Z4Cp nanoparticles and depicted in Fig. 6.7(I) and (II), respectively. A clear blue shift 

has been occurred for C3Z4Ht, C5Z4Ht and C7Z4Ht nanorods as compared to bulk its bulk 

counterpart (3.35 eV), on the other hand a clear red shift has been detected for C3Z4Cp, 

C5Z4Cp and C7Z4Cp nanomaterials as compared to the bulk one.  
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Fig. 6.7 UV-visible absorbance spectra of Cr-doped ZnO nanoparticles prepared by (I) 

hydrothermal route (a) C3Z4Ht, (b) C5Z4Ht, (c) C7Z4Ht and (II) co-precipitation route (a) 

C3Z4Cp, (b) C5Z4Cp, (c) C7Z4Cp. 

          The shift of absorption spectra for C3Z4Cp, C5Z4Cp and C7Z4Cp nanoparticles to the 

higher wavelength region as compared to C3Z4Ht, C5Z4Ht and C7Z4Ht nanorods has been 

observed due to the effect of many factors like synthesis process dependent grain 

morphology, grain size, spin-exchange interactions, percentage of dopants within the ZnO 

lattice and the presence of different native defects [44-46]. The variation of the absorption 

spectra of C3Z4Cp, C5Z4Cp and C7Z4Cp nanoparticles can be demonstrated with regard to 

the exchanging of spins of electrons of the delocalized s or p shells of Zn and O atoms with 
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the electrons of the localized d shell of Cr cations [25]. This indicates the construction of 

band structure deformation due to the presence of Cr ions within the host ZnO lattice 

prepared under the co-precipitation method. Now the question arises, why red shift has been 

occurred for C3Z4Cp, C5Z4Cp and C7Z4Cp nanoparticles. In the co-precipitation process, 

the small size of C3Z4Cp, C5Z4Cp and C7Z4Cp nanoparticles brings the nanoparticles close 

to each other which enhance the interactions among the nanoparticles. This will help the s-d, 

p-d spin-exchange interactions more for C3Z4Cp, C5Z4Cp and C7Z4Cp nanoparticles. Due 

to these strong spin-exchange interactions, the position of the conduction band edge and the 

valence band edge of C3Z4Cp, C5Z4Cp and C7Z4Cp nanoparticles have been changed and 

the value of the band gap energies has been reduced. The calculated band gap energy of 

respective C3Z4Cp, C5Z4Cp, C7Z4Cp nanoparticles and C3Z4Ht, C5Z4Ht, C7Z4Ht 

nanorods are 3.02, 3.08, 3.21 and 4.36, 4.38, 4.38 eV. The decrement of bandgap energies of 

nanoparticles synthesized by co-precipitation route as compared to nanorods synthesized by 

hydrothermal route upgrade the semiconducting property. Therefore, due to the specific 

synthesis mechanism based spin-exchange interactions, the spectrum of absorption showing a 

red shift leads to a modulation of the energy band gap of Cr-doped ZnO nanomaterials.  

          The bandgap energy has been calculated using the Tauc plot relation given below [12] 

αhν = A(hν −Egc)
n                                                                       (6.7) 

          Where, hν is the energy of photon and Eg is the optical band gap energy. Here, for 

direct bandgap semiconductor, the value of n is 1/2. In the Tauc plot, the different values of 

band gap energies of C3Z4Ht, C5Z4Ht, C7Z4Ht nanorods and C3Z4Cp, C5Z4Cp, C7Z4Cp 

nanoparticles have been assigned in Fig. 6.8(a-f). The extracted value of optical band gap 

energies for C3Z4Ht, C5Z4Ht and C7Z4Ht nanorods are 4.36, 4.38 and 4.38 eV, respectively, 

that are comparatively high with respect to the bulk ZnO and the materials behave like 

insulator. The optical band gap energies of C3Z4Ht, C5Z4Ht and C7Z4Ht nanorods have 
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been enhanced due to the incorporation of Cr cations in the lattice site of Zn cations and 

thereby production of huge carrier concentration under hydrothermal synthesis process as 

compared to bulk ZnO. This large value of carrier concentration gives rise to the phenomena 

of Moss-Burstein effect of C3Z4Ht, C5Z4Ht and C7Z4Ht nanorods which leads to the 

broadening of the energy bandgap. Due to the Moss-Burstein effect, the detail of the bandgap 

modulation has been discussed in our earlier publications [12,43]. The smaller value of grain 

size of C3Z4Ht, C5Z4Ht, C7Z4Ht nanorods as compared to the bulk ZnO increases the 

bandgap energy which leads to a blue shift in C3Z4Ht, C5Z4Ht, and C7Z4Ht nanomaterials. 

The decrease in bandgap energy of C3Z4Cp, C5Z4Cp and C7Z4Cp nanomaterials (3.02, 3.08 

and 3.21 eV) is anticipated due to strong s-d, p-d spin-exchange interactions that turn over the 

effect of size-dependent optical response. The large value of bandgap energy for C3Z4Ht, 

C5Z4Ht, C7Z4Ht nanorods (4.36, 4.38 and 4.38 eV, respectively) helps to make it a good 

insulating material for dielectric responses. It is to be mentioned here that the grain size of 

C3Z4Ht, C5Z4Ht, C7Z4Ht nanorods is in the nanoscale regime and the incorporation of Cr 

ions are proper and thereby increasing the band gap as compared to the bulk ZnO followed by 

the phenomena of quantum size effect and Moss-Burstein effect. The bandgap energy has 

been reduced in the case of C3Z4Cp, C5Z4Cp, and C7Z4Cp nanoparticles due to the 

presence of closely placed small size nanoparticles which leads to get electron hopping 

within the structure of C3Z4Cp, C5Z4Cp, and C7Z4Cp nanoparticles and thereby lowering 

the dielectric constant and ac conductivity as explored in the dielectric section. The relative 

bandgap energy of C3Z4Ht, C5Z4Ht, C7Z4Ht nanorods need not change much because of 

the variation of concentration of Cr3+ within the ZnO lattice structure. Also, the relative 

bandgap energy of C3Z4Cp, C5Z4Cp, and C7Z4Cp nanoparticles has been developed due to 

Moss-Burstein effect. Thus, the physical properties of nanoparticles like bandgap energy can 

be modulated by the variation of synthesis procedure under which small grain size of Cr-
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doped ZnO is developed via co-precipitation route and large grain size of Cr-doped ZnO is 

developed via hydrothermal route.  

 

 

Fig. 6.8 Tauc plot of Cr-doped ZnO synthesized via hydrothermal method (a) C3Z4Ht, (b) 

C5Z4Ht (c) C7Z4Ht and co-precipitation method (d) C3Z4Cp, (e) C5Z4Cp, (f) C7Z4Cp. 

6.3.4 Dielectric study 

In this work, the relative dielectric constant of undoped and Cr-doped ZnO 

nanomaterials (C0Z4Ht, C3Z4Ht, C5Z4Ht, C7Z4Ht) prepared hydrothermally and undoped 

and Cr-doped ZnO nanomaterials (C0Z4Cp, C3Z4Cp, C5Z4Cp, C7Z4Cp) prepared by co-

precipitation method have been extracted by using the equation (6.8). 

        ε = ε′ - jε′′           (6.8) 

In equation (6.8), the former represents the real part of the relative dielectric constant 

(ε′) and the latter represents the imaginary part of the relative dielectric constant (ε′′). In the 

present report, the outcome of the external oscillating electric field on ε′ and ε′′ for the 
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samples taken, have been studied. The real part of the relative dielectric constant (ε′) and 

imaginary part of the relative dielectric constant (ε′′) have been observed for knowing about 

electrostatic energy storing ability and energy dissipation, in all the undoped and Cr-doped 

ZnO nanomaterials due to external oscillating field. The value of ε′ and ε′′ of C0Z4Ht, 

C3Z4Ht, C5Z4Ht, C7Z4Ht and C0Z4Cp, C3Z4Cp, C5Z4Cp, C7Z4Cp nanoparticles have 

been measured by     

                 ε′=
𝑪𝒅

Ɛ𝟎𝑨
                                       (6.9) 

       and    ε′′ = ε′ × tan𝜹                   (6.10) 

          Where, C represents the capacitance of the sample, d is the thickness and A is the area, 

of the pellet and 𝜀0 is the free space permittivity. The variation of both ε′ and ε′′ as a function 

of frequencyin the range of 40 Hz to 106 Hz for varying temperatures (30, 50 and 100 oC) of 

C0Z4Ht, C3Z4Ht, C5Z4Ht, C7Z4Ht and C0Z4Cp, C3Z4Cp, C5Z4Cp, C7Z4Cp nanoparticles 

respectively have been shown in Fig. 6.9(a-f) and Figures 10(a-f). The massive enhancement 

The hydrothermally prepared rod-like undoped and Cr-doped ZnO nanomaterials (C0Z4Ht, 

C3Z4Ht, C5Z4Ht, C7Z4Ht) have massive enhancement in the value of ε′ with respect to the 

spherical-like undoped and Cr-doped ZnO nanomaterials (C0Z4Cp, C3Z4Cp, C5Z4Cp, 

C7Z4Cp) in the frequency range from 40 Hz to 106 Hz for varying temperatures (30, 50 and 

100 oC) can be demonstrated on the basis of interfacial polarization, the symmetry dependent 

dielectric response, existence of doping constituents at lattice site and the interstitials within 

the lattice frame of host ZnO nanoparticles and the fact that electrons hop from one grain of 

the nanomaterials to another. The hydrothermally synthesized undoped and Cr-doped ZnO 

nanomaterials are fabricated with good conducting grains and poorly conducting grain 

boundaries with large thickness which is well supported by the well-known Koop's theory 

and is explained on the basis of proposition of Maxwell-Wigner-Sillars for inhomogeneous 
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lattices [48-52]. In the presence of applied electric field, the free charge bearers drift within 

the grains and get bounded at the grain boundaries when they come to the poorly conducting 

walls of the grains. The free charges within the grain, leads to huge polarizability which 

develops huge interfacial polarization with super high dielectric constant. The lower range of 

frequency can also show high value of dielectric constant due to space charge polarization 

which is attributed to various defects present within the host lattice structure, oxygen 

vacancies and grain boundary defects, etc. Also, ε′ decreases gradually with the increasing 

frequency and gets saturated at the high-frequency region. Such type of phenomena has been 

occurred because the electron cannot be able to follow rapid oscillations of the external 

electric field. The large dielectric constant of hydrothermally synthesized undoped and Cr-

doped ZnO has been explored in our early published article [12]. The rod-like C0Z4Ht, 

C3Z4Ht, C5Z4Ht, C7Z4Ht nanomaterials have structural deformity due to their1D growth 

along c-axis. The n-type semiconducting nature with excess conduction electron of the host 

semiconducting ZnO nanomaterial is due to the Cr3+ ion present at the lattice site and also the 

Cr3+ ion generated oxygen atom with double ionization (O2-) with regard to the vacancy at the 

zinc site. The development of these doubly ionized oxygen atoms (O2-) because of the 

incorporation of Cr3+ at the Zn lattice within the ZnO lattice framework can produce excess 

conduction electron during the annealing process and thereby enhancing the carrier density, 

which are finally bounded by the grain boundaries of hydrothermally synthesized Cr-doped 

ZnO nanomaterials and the interfacial polarization of rod-like Cr-doped ZnO nanomaterials 

(C3Z4Ht, C5Z4Ht and C7Z4Ht) has been enhanced as compared to the undoped ZnO 

nanomaterials (C0Z4Ht). The hopping of the charge carriers between the grains of the rod-

like undoped and Cr-doped ZnO nanomaterials have been prevented due the thick grain 

boundaries and this enhances overall dielectric contribution of the rod-like nanomaterials 

irrespective of the presence of Cr ions within the structure of host ZnO lattice. On the other 
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hand, C0Z4Cp, C3Z4Cp, C5Z4Cp, C7Z4Cp nanomaterials exhibit nearly spherical symmetry 

due to which the resultant dielectric constant is relatively low as compared to C0Z4Ht, 

C3Z4Ht, C5Z4Ht, C7Z4Ht nanomaterials. It has been observed in the Rietveld Refinement 

analysis that, for hydrothermally prepared nanoparticles the Cr3+ ions have been incorporated 

at the zinc lattice sites and for co-precipitated nanoparticles the Cr3+ ions have also been 

placed at the octahedral interstitial position within the lattice structure of host ZnO 

nanomaterials. The interfacial polarization of the hydrothermally synthesized Cr-doped ZnO 

nanomaterials has been enhanced by the presence of Cr3+ ions at the zinc lattice sites, on the 

other hand the interfacial polarization of the co-precipitated Cr-doped ZnO nanomaterials has 

been reduced by the presence of Cr3+ ions at the octahedral interstitial position within the 

lattice structure of host ZnO nanomaterials. The hopping effect of the free charge carriers 

between the grains as well as the grain boundaries increases with the size reduction of grain 

in the nanomaterials. The C0Z4Cp, C3Z4Cp, C5Z4Cp, C7Z4Cp nanoparticles have smaller 

size of their grains (diameter ~ 30-40 nm, measured using ImageJ software) as compared to 

C0Z4Ht, C3Z4Ht, C5Z4Ht, and C7Z4Ht nanorods (length ~1-3 µm and diameter ~ 500 nm, 

measured using ImageJ software). The grains are much closer to each other and connected 

with thin grain boundary due to the small size of C0Z4Cp, C3Z4Cp, C5Z4Cp, C7Z4Cp 

nanomaterials. So, the charge carriers can easily pass through one grain to another through 

conducting grain boundaries due to electron hopping mechanism. Thus, it exhibits some 

inconsistency of the modulation in the dielectric constant of the nanaomaterials prepared by 

co-precipitation method. The decrement in band gap energy of co-precipitated nanoparticles 

with values of 3.02, 3.08 and 3.21 eV, respectively, shows that the resultant co-precipitated 

nanomaterials are all semiconducting in nature. The improvement in the conductivity of 

nanomaterials due to the hopping of charge carriers through grain boundaries and thereby 

reducing the real part of dielectric constant of C0Z4Cp, C3Z4Cp, C5Z4Cp, C7Z4Cp 
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nanomaterials. Also, the electron hopping phenomenon increases when the specimens are 

subjected to increase in temperature from 30 oC to 100 oC. The heating effect increases the 

kinetic energy of the mobile charge carriers and enhances the movement of charge carriers 

from one grain to the others through grain boundaries and thereby decreasing the dielectric 

constant of all the undoped and Cr-doped ZnO nanomaterials which is independent of the 

synthesis procedures (hydrothermal and co-precipitation methods) demonstrated in this report 

as depicted in Fig. 6.9(a-f). So, the increase in temperature improves the conductivity of these 

n-type undoped and Cr-doped ZnO nanomaterials and also improves the dielectric constant 

irrespective of their synthesis procedure. When the synthesis process changes from co-

precipitation to hydrothermal, the modulation of ε′ of undoped ZnO and Cr-doped ZnO 

nanomaterials with various chromium (Cr) concentrations (3, 5 and 7 wt%) has been 

observed from ~ 487 (C0Z4Cp) to 178276 (C0Z4Ht), 664 (C3Z4Cp) to 475513  (C3Z4Ht), 

523 (C5Z4Cp) to 423032 (C5Z4Ht)  and 348 (C7Z4Cp) to 404005 (C7Z4Ht) at the applied 

frequency of  40 Hz and at 30 oC operating temperature, also the value of ε′ changes from ~ 

697 (C0Z4Cp) to 17653 (C0Z4Ht), 687 (C3Z4Cp) to 85075 (C3Z4Ht), 151 (C5Z4Cp) to 

39719 (C5Z4Ht)  and 186 (C7Z4Cp) to 36340 (C7Z4Ht) at the same frequency and at 100 oC  

temperature, also from ~ 130 (C0Z4Cp) to 4683 (C0Z4Ht), 36 (C3Z4Cp) to 18146 (C3Z4Ht), 

57 (C5Z4Cp) to 10256 (C5Z4Ht)  and 38 (C7Z4Cp) to 3238 (C7Z4Ht) at the frequency of 

104 Hz and at 30 oC temperature and from ~ 182 (C0Z4Cp) to 686 (C0Z4Ht), 180 (C3Z4Cp) 

to 7975 (C3Z4Ht), 43 (C5Z4Cp) to 1545 (C5Z4Ht)  and 44 (C7Z4Cp) to 1531 (C7Z4Ht) at 

the frequency of 104 Hz and at 100 oC as presented in Fig. 6.9. Thus, the observed value of ε′ 

of hydrothermally prepared undoped and Cr-doped ZnO nanomaterials (C0Z4Ht, C3Z4Ht, 

C5Z4Ht, C7Z4Ht) are comparatively high at RT with a large range of frequency (from 40 Hz 

to 104 Hz) as compared to the undoped and Cr-doped ZnO nanomaterials synthesized by the 

co-precipitation method (C0Z4Cp, C3Z4Cp, C5Z4Cp, C7Z4Cp). Also, it is to be mentioned 
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here that with the increase of doping concentration of Cr3+ ions within the host lattice 

structure of ZnO, the value of ε′ increases. Finally, as the temperature rises from 30 oC to 100 

oC, the value of ε′ decreases. Thus, it can be noted that hydrothermally synthesized rod-like 

grain structure and the incorporation of Cr3+ ions within the lattice structure of ZnO develop a 

superior dielectric response at RT of semiconducting ZnO nanomaterial. 

 

Fig. 6.9 Modulation of real part of dielectric constant (ε′) in relation to frequency of the 

samples C0Z4Ht, C3Z4Ht, C5Z4Ht and C7Z4Ht at (a) 30 oC, (c) 50 oC, (e) 100 oC and 

C0Z4Cp, C3Z4Cp, C5Z4Cp and C7Z4Cp at (b) 30 oC, (d) 50 oC, (f) 100 oC. 

The imaginary part of the relative dielectric constant (ε′′) i.e. the dielectric energy loss 

has been represented in Figures10(a-f) which exhibits the presence of large space charge 

polarization effect of C0Z4Ht, C3Z4Ht, C5Z4Ht, and C7Z4Ht nanoparticles with respect to 

the C0Z4Cp, C3Z4Cp, C5Z4Cp, C7Z4Cp nanomaterials. A very high value of ε′′ has been 

observed for hydrothermally prepared undoped and Cr-doped ZnO nanomaterials (C0Z4Ht, 

C3Z4Ht, C5Z4Ht, and C7Z4Ht) in the entire frequency range due to the conversion of a large 
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amount of electrical energy into heat energy. Such phenomena occur because of the effect of 

huge interfacial polarization in the C0Z4Ht, C3Z4Ht, C5Z4Ht, and C7Z4Ht nanomaterials. 

Under the influence of external alternating the electric field space charge polarization present 

in C0Z4Ht, C3Z4Ht, C5Z4Ht, and C7Z4Ht nanomaterials aligns its rotational direction 

following the frequency of the alternating field that reduces at the high frequency region as 

the polarizations cannot follow the high frequency of the applied electric field. An additional 

amount of heat energy is produced due to the movement of the free charge carriers within the 

large size conducting grains. The production of heat loss because of this conduction loss also 

enhances ε′′ of C0Z4Ht, C3Z4Ht, C5Z4Ht, and C7Z4Ht nanomaterials as compared to 

C0Z4Cp, C3Z4Cp, C5Z4Cp, C7Z4Cp nanomaterials. The measured value of ε′′ has been 

estimated for C0Z4Ht, C3Z4Ht, C5Z4Ht, C7Z4Ht and C0Z4Cp, C3Z4Cp, C5Z4Cp, C7Z4Cp 

nanomaterials are high for lower frequency (40 Hz) and larger frequency (104 Hz) region that 

has been shown in Fig. 6.10(a-f). Fig. 6.9 and 10 show that the hydrothermally prepared Cr-

doped ZnO nanomaterials (C0Z4Ht, C3Z4Ht, C5Z4Ht, and C7Z4Ht) have more localized 

electrons and also more interfacial polarization effect with respect to C0Z4Cp, C3Z4Cp, 

C5Z4Cp, C7Z4Cp nanomaterials that consist more delocalized electrons. Now, it is clear 

from the present work that enhanced dielectric response can be achieved by the proper 

selection of synthesis procedures of n-type doped ZnO nanomaterials. Also, significant 

variation of the dielectric response of nanomaterials can be detected due to the variation of 

dopant concentration as well as the variation of temperature. The enhancement of conduction 

electrons within the host lattice due to the increase of temperature produces improvement of 

the dielectric energy loss by the production of more heat energy within ZnO nanomaterials. 
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Fig. 6.10 Variation of imaginary part of dielectric constant (ε′′) in relation to frequency of the 

samples C0Z4Ht, C3Z4Ht, C5Z4Ht and C7Z4Ht at (a) 30 oC, (c) 50 oC, (e) 100 oC and 

C0Z4Cp,C3Z4Cp, C5Z4Cp and C7Z4Cp at (b) 30 oC, (d) 50 oC, (f) 100 oC. 

          The phase loss or loss tangent (tanδof C0Z4Ht, C3Z4Ht, C5Z4Ht, C7Z4Ht and 

C0Z4Cp, C3Z4Cp, C5Z4Cp, C7Z4Cp respectively, at three different temperatures (30, 50 

and 100 oC) in the frequency range of 40 Hz to 106 Hz is represented in Fig. 6.11. The loss 

tangent (tanδfor all the samples have been estimated by 

 

𝐭𝐚𝐧𝛅 =  
𝛚𝛆′′+ 𝛔 

𝛚𝛆′
                    (6.11) 

          Where, w is the angular frequency and σ is the conductivity of the free charge carriers 

within the nanomaterials. The argument of this present work from both the observation has 

been made even stronger. The loss tangent (tanC0Z4Ht, C3Z4Ht, C5Z4Ht, C7Z4Ht 

nanomaterials are more as compared to C0Z4Cp, C3Z4Cp, C5Z4Cp, C7Z4Cp nanomaterials 
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that has been shown in Fig. 6.11(a-f). The tanδmeasures the rate of loss of energy of the 

alternating applied electric field and the observed estimate of rate of loss of energy for an 

ideal dielectric material is insignificant so it can be used as an ideal capacitor. But for real 

dielectric substance, the rate of loss of energy enhances with the existence of a factor that is 

based on resistance known as equivalent series resistance (ESR), that represents a factor that 

depends on frequency in relation to the active current counterpart (representing the σ in 

equation 11) through grains that are conducting corresponding to the reactive current 

counterpart based on relaxation of bound dipoles that depends on frequency (representing 

ωε′′ in equation 11). For a dielectric material that is ideal, the ESR estimate will be very low 

or negligible and for real dielectric substance the ESR estimate will be more. The large tanδ 

in the hydrothermally synthesized nanoparticles (C0Z4Ht, C3Z4Ht, C5Z4Ht, and C7Z4Ht) 

have been measured due to the polarization based on the relaxation of dipoles at the interface 

produced by the charge bearers which are in bound state of undoped and Cr-doped ZnO 

nanomaterials as well as the equivalent series resistance (ESR) produced by the active current 

counterpart through these large size grains which are conducting. Also, at high frequency 

region a distinct hump has been observed in the case of C7Z4Ht nanomaterials at 30 oC 

because the orientational and space charge polarization becomes less prominent at high 

frequency region. So, in the high frequency region, the hump can be assigned as electronic 

and ionic polarization which has lesser response time as compared to bulk polarization. The 

resonant occurs in the atomic level at high frequency of the applied external electric field 

which generates heat corresponds to the greater loss. Thus, it is clear that there is a very good 

contribution of polarization in the hydrothermally synthesized nanomaterials. The large 

interfacial polarization effect as well as drift motion of bound charge carriers within the 

grains of C0Z4Ht, C3Z4Ht, C5Z4Ht, and C7Z4Ht nanomaterials exhibits that the 

hydrothermally synthesized nanomaterials are super dielectric materials which are useful for 
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different device applications. The value of tanalso supports the superior dielectric response 

of the nanomaterials. An observation is made that there is a decrement in the dielectric 

constant but the conductivity increases with increment of temperature from 30 to 100oC of 

the dielectric measurement, irrespective of the Cr doping concentration and synthesis 

procedure. The tanvalue of the nanomaterials has been found elevated with the increase of 

conductivity due to the enhancement in temperature that has been observed in Fig. 6.11(a-f).  

 

 

Fig. 6.11 Variation of loss tangent (tan) with frequency of the samples C0Z4Ht, C3Z4Ht, 

C5Z4Ht and C7Z4Ht at (a) 30 oC, (c) 50 oC, (e) 100 oC and C0Z4Cp, C3Z4Cp, C5Z4Cp and 

C7Z4Cp at (b) 30 oC, (d) 50 oC, (f) 100 oC 
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          The ac conductivity (σac) of C0Z4Ht, C3Z4Ht, C5Z4Ht, C7Z4Ht and C0Z4Cp, 

C3Z4Cp, C5Z4Cp, C7Z4Cp nanoparticles have been shown in Fig. 6.12(a-f). The σac is a 

short-range conductivity because it can only be detected in the low frequency region in the 

range of 40 Hz to 106 Hz. Fig. 6.12 shows that the value of ac for C0Z4Ht, C3Z4Ht, 

C5Z4Ht, C7Z4Ht nanomaterials is higher as compared to C0Z4Cp, C3Z4Cp, C5Z4Cp, 

C7Z4Cp nanomaterials. A conductivity develops whose range is small because of the drifting 

of electric charges that are induced by applied oscillating electric field within electric dipoles. 

The substitution of Cr cations in place of Zn in ZnO lattice as well as the formation of rod-

like structure with thick grain boundaries produce and bound the large charge carriers for all 

the hydrothermally synthesized nanomaterials (C0Z4Ht, C3Z4Ht, C5Z4Ht, C7Z4Ht). Also, 

the presence of Cr ions at the Zn lattice sites in the ZnO lattice structure produce a large 

amount of charge carriers for all the co-precipitated nanomaterials (C0Z4Cp, C3Z4Cp, 

C5Z4Cp and C7Z4Cp) but the presence of small grain size and thin grain boundary produce 

long range conductivity corresponding to electron hopping phenomenon and the value of this 

long-range conductivity is not very eminent in the frequency range of 40 Hz to 106 Hz. Also, 

a better semiconducting behavior with a bang gap range of 3.08 to 3.21 eV of co-precipitated 

nanomaterials reduces the ac in the frequency range of 40 to 106 Hz in comparison to the 

hydrothermally synthesized nanomaterials. The ac study of the present investigation with a 

comparatively low value corresponding to the co-precipitated nanomaterials suggests that if a 

semiconducting nanomaterial is subjected to an alternating electric field the conductivity can 

only be observed at the surface of the materials and also the frequency-dependent 

conductivity of the nanomaterial gets reduced. Along with that as mentioned in the XRD 

section, the presence of Cr3+ ions at the interstitial position in the C0Z4Cp, C3Z4Cp, 

C5Z4Cp, C7Z4Cp nanomaterials reduce the charge carrier density within the ZnO lattice 

structure in order to neutralize themselves. This decrease in charge carrier density of 
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C0Z4Cp, C3Z4Cp, C5Z4Cp, C7Z4Cp nanomaterials also reduce the ac of the nanomaterials. 

Also, the value of ac in the high-frequency region has been enhanced in the samples that are 

without doping as well as Cr-doped ZnO due to the fact that at high frequency the rate of 

hopping of charge between Zn2+ and Cr3+ ions have been improved. In this report, in the 

temperature-dependent ac study corresponding to the nanomaterials synthesized by both 

hydrothermal and co-precipitation method no significant modulation has been observed when 

the measurement temperature increase from 30 to 100oC. The enhancement of conduction 

charges with the increase in temperature charges can only improve the surface current of the 

materials keeping their frequency-dependent ac constant. In this present work, the observed 

dielectric value of C0Z4Ht, C3Z4Ht, C5Z4Ht, C7Z4Ht and C0Z4Cp, C3Z4Cp, C5Z4Cp, 

C7Z4Cp nanomaterials exhibit that the overall dielectric property can be modulated by the 

proper selection of synthesis mechanism to these n-type doped ZnO nanomaterials. 
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Fig. 6.12 Modulation of ac conductivity (σac) with frequency of the samples C0Z4Ht, 

C3Z4Ht, C5Z4Ht and C7Z4Ht at (a) 30 oC, (c) 50 oC, (e) 100 oC and C0Z4Cp, C3Z4Cp, 

C5Z4Cp and C7Z4Cp at (b) 30 oC, (d) 50 oC, (f) 100 oC. 

6.3.5 Impedance spectroscopy study 

 To analyze the impedance of grains separated from one another and the electrodes as 

impedance sources, the impedance spectroscopy study is one of the most important 

measurements of semiconducting undoped and Cr-doped ZnO nanomaterials [53]. Debye 

proposed the classical model of complex impedance (Z*) to explain the behavior of 

impedance of various materials and the complex impedance (Z*) can be written as [54] 

                     Z* = Z' + jZ'' = 
𝑹

𝟏 + 𝒋𝝎𝝉
                     (6.12) 
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          Here, Z' and Z'' respectively are the real part of complex impedance and the imaginary 

part of complex impedance of the corresponding materials [54] 

        Z' = 
𝑹

𝟏 + (𝝎𝑹𝑪)𝟐                  (6.13) 

        Z'' = 
𝝎𝑹𝟐𝑪

𝟏 + (𝝎𝑹𝑪)𝟐                   (6.14) 

          Here, ω is the angular frequency and τ = RC is the relaxation time. The impedance of 

these nanomaterials depends on the synthesis mechanism, type of dopants, distribution of 

dopants grain size, structures, etc [55, 56]. The impedance properties of these undoped and 

Cr-doped ZnO nanomaterials depend on the microstructural impact of the ZnO lattice 

structure. In this report the variation in the real part (Z') and imaginary part (Z'') of the 

complex impedance as a function of frequency in the range from 40 Hz to 106 Hz for varying 

temperatures (30, 50 and 100 oC) have been shown in Fig. 6.13(I) and (II). The Nyquist plot 

or Cole-Cole plot between the imaginary part (Z'') and the real part (Z') of complex 

impedance (Z*) of C0Z4Ht, C3Z4Ht, C5Z4Ht, C7Z4Ht and C0Z4Cp, C3Z4Cp, C5Z4Cp, 

C7Z4Cp nanomaterials respectively, at three different temperatures (30, 50 and 100oC) has 

been shown in Fig. 6.14[57]. 

         Fig. 6.13(I) and (II) represent the change in the real part (Z') and imaginary part (Z'') of 

the complex impedance (Z*) as a function of frequency. The details about different electrical 

properties like capacitance, resistance, conducting behavior of undoped and Cr-doped ZnO 

nanomaterials have been provided by both these graphical representations. It is found from 

the impedance spectra analysis that the value of Z' is high at the low-frequency region and it 

shows a decrement with the increment of frequency and at it obtains a value that is relatively 

stable at the high frequency region. Also, the value of Z'' is low at low-frequency region and 

with the increase in frequency it increases and attains a maximum value and further the value 

of Z'' start decreasing with the increase in frequency and gets lower at high frequency region. 
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The Z' value of all the undoped and doped ZnO nanoparticles reduces either due to the 

participation of space charges through the grain boundaries or due to the conduction process 

inside the material. The large value of Z' at lower range of frequency and the reduction in Z' 

with the rise of frequency exhibits the increase in polarization effect or the short-range ac 

conductivity (σac) of the nanoparticles and the results are consistence with the dielectric 

property observed in the earlier section. This impedance reduction phenomena for large 

polarization effect have been observed in all the hydrothermally synthesized undoped and Cr-

doped ZnO nanomaterials (C0Z4Ht, C3Z4Ht, C5Z4Ht, C7Z4Ht). For all the hydrothermally 

synthesized undoped and Cr-doped ZnO nanomaterials (C0Z4Ht, C3Z4Ht, C5Z4Ht, 

C7Z4Ht), large polarization effect is the main reason for the generation of large capacitive 

action through the grain boundaries suggests the reduction of Z'. Also, for the hydrothermally 

synthesized samples, the presence of drift motion of free charge carriers in the conducting 

large grain structure reduces impedance (large σac) of frequency dependent real part (Z') of 

complex impedance measurement as compared to the co-precipitated undoped and Cr-doped 

ZnO nanomaterials (C0Z4Cp, C3Z4Cp, C5Z4Cp, C7Z4Cp). For the co-precipitated 

nanomaterials, the charge carriers will move only at the surface give rise to the reduction of 

bulk resistance of the co-precipitated nanomaterials. At room temperature, the plots of Z'' 

versus frequency in Fig. 6.13(II) show wide Debye peaks for C0Z4Cp, C3Z4Cp, C5Z4Cp, 

C7Z4Cp nanoparticles as compared to the C0Z4Ht, C3Z4Ht, C5Z4Ht, C7Z4Ht nanoparticles 

manifests the presence of the large reactive imaginary part of impedance for C0Z4Cp, 

C3Z4Cp, C5Z4Cp, C7Z4Cp nanomaterials appeared due to the presence of the large bulk 

resistance within the co-precipitated nanomaterials. Also, the plots of the Z'' versus frequency 

exhibit wide Debye peaks for all the nanomaterials except the hydrothermally synthesized 

undoped and Cr-doped ZnO nanomaterials (C0Z4Ht, C3Z4Ht, C5Z4Ht, C7Z4Ht) at room 

temperature because of polarization based on space-charge and due to the presence of space-
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charge relaxation of co-precipitated undoped and Cr-doped ZnO nanomaterials (C0Z4Cp, 

C3Z4Cp, C5Z4Cp, C7Z4Cp).  
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Fig. 6.13 Modulation of (I) real part impedance (Z') and (II) imaginary part of impedance 

(Z'') with frequency of the samples C0Z4Ht, C3Z4Ht, C5Z4Ht and C7Z4Ht at (a) 30 oC, (b) 

50 oC, (c) 100 oC and C0Z4Cp, C3Z4Cp, C5Z4Cp and C7Z4Cp at (d) 30 oC, (e) 50 oC, (f)100 

oC. 

          It is clear from the variation of Z'' as a function of Z' of hydrothermally synthesized Cr-

doped ZnO nanomaterials (C0Z4Ht, C3Z4Ht, C5Z4Ht, C7Z4Ht) at all three temperatures (30 

oC, 50 oC and 100 oC) coexist two semicircular regions that has been shown in Fig. 6.14(a-c). 

From Fig. 6.14(a-c), it is quite clear that the tip of the curvature moves to the higher 

impedance value with the increment of temperature from 30 oC to 100 oC for the undoped and 

Cr-doped ZnO nanomaterials synthesized by hydrothermally synthesis route. On the other 

hand, for all the co-precipitated samples (C0Z4Cp, C3Z4Cp, C5Z4Cp, C7Z4Cp) at all the 
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three temperatures (30 oC, 50 oC and 100 oC), the presence of single semicircular regions are 

very much clear and distinct that have been shown in Fig. 6.14(d-f). Also, for all the undoped 

and Cr-doped ZnO nanomaterials prepared by co-precipitation method, Fig. 6.14(d) and (e) 

indicate the peak of the curvature shifts towards the higher impedance value with the 

enhancement of temperature from 30 oC to 50 oC and Fig. 6.14(f) indicates that the peak of 

the curvature gets reduced to the lower impedance for C0Z4Cp, C3Z4Cp, C5Z4Cp, C7Z4Cp 

nanomaterials at 100 oC. Also, the Cole-Cole plots indicate that impedance value for co-

precipitated nanomaterials (C0Z4Cp, C3Z4Cp, C5Z4Cp, C7Z4Cp) are comparatively high as 

compared to the rod-like undoped and Cr-doped ZnO nanomaterials (C0Z4Ht, C3Z4Ht, 

C5Z4Ht, C7Z4Ht). For hydrothermally prepared nanomaterials (C0Z4Ht, C3Z4Ht, C5Z4Ht 

and C7Z4Ht), the presence of two semicircular regions is the signature pattern due to both the 

grain contributions, one is the grain boundary contributions in electric charge transport 

phenomenon which is a signature pattern with a large dielectric response and the 

corresponding high internal capacitance through the grains of hydrothermally prepared 

nanomaterials. On the other hand, for co-precipitated nanomaterials (C0Z4Cp, C3Z4Cp, 

C5Z4Cp and C7Z4Cp) the presence of a single semicircular region is the signature pattern 

with only the grain contributions in the electric charge transport phenomena and the low 

internal capacitance across the grains. This is quite clear of having a low 

dielectric/polarization response of the co-precipitated nanoparticles. Also, for all the co-

precipitated samples (C0Z4Cp, C3Z4Cp, C5Z4Cp and C7Z4Cp), the high value of 

impedance is the clear indication of having low σac corresponding to the low dielectric 

response of these nanomaterials as compared to the hydrothermally prepared 

nanomaterials(C0Z4Ht, C3Z4Ht, C5Z4Ht and C7Z4Ht) which have comparatively large σac 

corresponding to the large dielectric response. 

 



Chapter 6 
 

Jadavpur University                                                                                                                  Page 152 
 

 

 

Fig. 6.14 Cole-cole plot between an imaginary part (Z'') and the real part (Z') of complex 

impedance of the samples C0Z4Ht, C3Z4Ht, C5Z4Ht and C7Z4Ht at (a) 30 oC, (c) 50 oC, (e) 

100 oC and C0Z4Cp, C3Z4Cp, C5Z4Cp and C7Z4Cp at (b) 30 oC, (d) 50 oC, (f)100 oC. 

6.4 Conclusion 

          The undoped ZnO and Cr-doped ZnO nanoparticles have been obtained through co-

precipitation and hydrothermal route. In many articles, the detail of both the synthesis 

methods have been discussed but no one has investigated the detail comparison of these two 

methods corresponding to the dielectric response in an extensive manner. FESEM study 

furnishes clear evidence of co-precipitated Cr-doped ZnO nanomaterials with a nearly 

spherical shape and hexagonal rod-like grain structure of Cr-doped ZnO nanomaterials under 

hydrothermal synthesis route. UV-visible absorption spectroscopy study suggests a 
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significant change in bandgap that has been perceived for rod-like Cr-doped ZnO 

nanomaterial as compared to nearly spherical shaped Cr-doped ZnO nanoparticles. In 

dielectric response study, for rod-like Cr-doped ZnO nanomaterials, the dielectric constant 

with ~ 344538 is complementary in nature with dielectric constant ~ 92 of spherical shaped 

Cr-doped ZnO nanoparticles at low frequency region. For complex impedance study, the 

Nyquist plot of hydrothermally synthesized rod-like grain structure exhibits the presence of 

grain and grain boundary effect in the charge transport phenomenon whereas the Nyquist plot 

for co-precipitated nearly spherical grain structure exhibits the presence of only grain in the 

electric charge conduction mechanism. It is to be noted here that the selection of dopant and 

annealing temperature change the physical properties of nanomaterials within an acceptable 

range but the selection of synthesis mechanism can enhance the physical properties like 

dielectric response in a complimentary manner. This work inspired us about the preparation 

of these nanomaterials which will be satisfactory for the fabrication of various device in the 

field of dielectric applications. 
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a b s t r a c t

Y3þ ions doped zinc oxide nanoparticles were prepared by hydrothermal method. The desired nano-
crystalline phase and intrinsic defects inside the host ZnO nanoparticles was obtained by taking the as
prepared samples, doped with different Y3þ ion concentrations, at 400 �C for 6 h in vacuum atmosphere.
The crystallinity and morphology of all the samples were investigated using X-ray diffraction (XRD) and
field emission scanning electron microscopy (FESEM). Atomic vibrational mode of the samples has been
investigated by FTIR spectroscopy. The formation of oxygen vacancy and the trapping of electron in Y3þ

ions doped ZnO nanorods were also confirmed by PL and Raman analysis which are very useful for the
determination of different types of defect in the sample. Magnetic measurement shows the presence of
room temperature ferromagnetism in the samples which has been successfully explained by the vacancy
assisted bound magnetic polaron model. Frequency as well as temperature dependent dielectric constant
of the samples was also investigated. High value of dielectric constant in the Y3þ ions doped ZnO sample
was obtained.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

Zinc oxide (ZnO) is a well known IIeVI semiconducting material
with direct band gap energy (3.37 eV) and large exciton binding
energy (60 meV) and it has attracted considerable interest in the
research community [1e3]. Although ZnO had been considered for
research in the past decades and the renewed interests are focused
on the low-dimensional nanostructures, such as nanoparticles,
nanowires, nanorods, and nanotubes, due to brand newelementary
physical properties and applications of nano-devices [4e7].
Advance studies on the performance enhancement of these low-
dimensional nanostructures of ZnOs for various device applica-
tions have been performed by various growth methods, such as
coprecipitation method, hydrothermal methods, metal organic
vapor-phase epitaxy method and pulsed laser deposition and
doped with impurity atoms, such as Ag, Li, and P [8e14]. Besides,
effective mass production process of ZnO nanowires by a modified
carbothermic reductionmethod has also been reported [15]. Recent
researches denoted that nanostructured ZnO with large surface

area is very much suitable for ultraviolet and photovoltaic device
applications, such as light-emitting diodes, nanolasers, photode-
tectors, field emitters, chemical sensors, and photo-electrodes in
dye-sensitized solar cells [16e21]. Recently, the observation of
ferromagnetic ordering at room temperature (RT) along with high
Curie temperature in III-V and II-VI semiconductors has also
attracted a great deal of attentions [22e24]. RT ferromagnetic
ordering of transition metal ions doped ZnO nanoparticles has been
also theoretically predicted and experimentally confirmed for
spintronic applications [25,26]. In order to construct diluted mag-
netic semiconductors (DMSs), ZnO nanostructures have been
doped with magnetic metal elements, such as Mn, Co, or Ni [27].
Recently, some research works have declared that ferromagnetic
ordering had been obtained from undoped and doped nano-
structured ZnO and suggested to be induced by intrinsic defects
[28]. Non-magnetic elements, such Bi or Li, have been doped into
ZnO and RT ferromagnetism has been also observed [29,30].
Therefore, ferromagnetic ordering would not originate from the
non-magnetic dopant since they do not contribute to ferromag-
netism. Based on the earlier reports, one of the most useful ways to
approach the optical, magnetic and dielectric properties of these
nanostructured materials is the doping with careful choice of* Corresponding author.
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elements. By choosing suitable rare-earth dopant, modification of
the properties can be anticipated. In recent times many research
works have been reported on rare-earth (Dy3þ, Tb3þ, Tm3þ, Gd3þ,
etc.) doped ZnO nanoparticles. The enhance optical, magnetic and
dielectric properties of the rare-earth doped ZnO nanoparticles
have been observed due to the presence of intrinsic defects in the
structure of the doped ZnO nanomaterials. The various types of
intrinsic defects such as, oxygen vacancies, zinc vacancies, in-
terstitials and others in the structure of the doped ZnO nano-
materials develop because the ionic radius of those dopant ions are
sufficiently large as compared to the ionic radius of the host zinc
ion. In this connection the ionic radius of yttrium ion (0.89 Å) is
quite larger than the ionic radius of the zinc ion (0.74 Å). So the
substitution of Zn ion by the large size yttrium ion can produce
large internal strain which in turn can generate large numbers of
intrinsic defects in the structure of ZnO. Also the major benefits of
yttrium doping are (i) it can reduce the energy band gap of ZnO [31]
(iii) Y3þ surface improvement hinders crystallite growth [32] (iii)
the surface isolation of Y3þ boosts oxygen vacancies creation [32].
All these facts motivated us to explore the optical, magnetic and
dielectric properties of Y3þ ions doped ZnO nanoparticles. In these
direction Y3þ ions doped ZnO has been considered recently for
extensive research for the very interesting optical properties shown
by them. So far of our knowledge, the optical properties of Y3þ ions
doped ZnO have been reported by many researchers but the detail
magnetic or dielectric properties of Y3þ ions doped ZnO have not
yet been reported [33e35]. In this paper, optical, magnetic and
dielectric properties of nanocrystalline Y3þ ions doped ZnO pre-
pared by hydrothermal method have been reported. The origin of
the ferromagnetic ordering at room temperature (RT) and the
intrinsic defect induced dielectric properties in the Y3þ ions doped
ZnO nanoparticles was also discussed. Based on the reports, this
material is suitable for many electromagnetic device applications.

2. Experimental

2.1. Materials

Y3þ ions doped nanoparticles of ZnO were prepared by hydro-
thermal method. All the precursor materials used for the prepara-
tion of Zn1-xYxO (x ¼ 0.03, 0.05 and 0.07) are zinc acetate dihydrate
Zn(CH3COO)2· 2H2O (Sigma Aldrich, 99%), yttrium nitrate hexahy-
drate YN3O9

· 6H2O (Sigma Aldrich, 99%), ammonium hydroxide
NH4OH (concentration ~ 25%). All the chemicals were taken with
analytical grade.

2.2. Synthesis of Y3þ ions doped ZnO nanoparticles by co-
precipitation method

Nanoparticles of Y3þ ions doped ZnO were prepared by using
simple co-precipitation method. zinc acetate dihydrate
Zn(CH3COO)2· 2H2O and yttrium nitrate hexahydrate YN3O9

· 6H2O
were the precursor materials taken in milli-Q water (resistivity
value 16e17 MU cm @ 25 �C, Heal force ASTM Type-I Easy Series
model) and the aqueous solution of both the salts were taken in a
beaker. The beaker was then placed over a magnetic stirrer. Molar
concentration of yttrium salt that has been taken in the aqueous
solutionwas set at 3, 5, and 7% to that of the molar concentration of
zinc salt. The mixed solution was then stirred for 4 h to get ho-
mogeneous solution of the precursor salts. Thereafter NH4OH so-
lution added in the precursor solution for co-precipitation and the
final pH of the solution was kept at ~10. Rigorous stirring process
was maintained during the whole course of the sample preparation
by co-precipitation method. After that the co-precipitated particles
were collected properly for washing. The whole course of washing

of the co-precipitated particles has been done several times by
usingmilli-Q water and ethyl alcohol to neutralize the pH as well as
to remove the extra ions. A through washing process brings up the
pH of the as-prepared particles back to ~6.

2.3. Nucleation of Y3þ ions doped ZnO nanoparticles by
hydrothermal process

After washing the precipitationwas dissolved inmilli-Qwater to
form a 40ml solution and it was taken intoTeflon jacket. The Teflon
jacket has been taken in the autoclave and the autoclavewas placed
in an oven at 160 �C for 2 days. Hydrothermal technique initiates
the nucleation of the ZnO nanoparticles inside the Teflon jacket
which was executed under the effect of high pressure and tem-
perature resulting from thermal expansion of air initially present in
it. This ambiance inside Teflon jacket favours the surface growth of
rod like ZnO nanoparticles. After 2 days the autoclave was
permitted to cool down naturally to RT. The supernatant was then
removed and the solid precipitates at the underside of the Teflon
jacket were collected and washed several times with milli-Q water
to remove unreacted reagents from precipitation. It was then dried
in a vacuum desiccator at RT. Now the dried powder was sintered at
400 �C in vacuum atmosphere to eliminate unreacted precursor
waste and to get better crystallographic phase formation. The
sample name and the corresponding sample specifications were
given in Table 1.

2.4. Characterization techniques

The XRD pattern of all the samples were recorded in powder X-
ray diffractometer, Model D8, BRUKER AXS, using Cu Ka radiation
(l ¼ 1.5405 Å) in the range of 2q from 10 to 80�. Field emission
scanning electron microscope (FESEM) was employed for
morphological study using INSPECT F50 (FEI, Netherland). FTIR
measurement of the samples was recorded in JASCO FTIR instru-
ment - 410 (USA). The photoluminescence spectroscopy (PL) study
was also done using a spectroflurometer, Perkin Elmer Germany
with an excitation wavelength (lex) of 325 nm. The Raman spec-
troscopy study was employed using Newport RS 2000TM. Magne-
tization versus applied magnetic field (M � H) data of the samples
at RT and at different low temperatures was recorded by a SQUID
magnetometer (MPMS XL 7, Quantum Design), where the
maximum applied field was 50 kOe. Electrical conduction mecha-
nism was investigated by dielectric measurement using Agilent
4294A Precision Impedance Analyzer.

3. Result and discussions

3.1. XRD and FESEM analysis

XRD patterns of undoped ZnO and Y3þ ions doped ZnO nano-
particles were depicted in Fig. 1. All the peaks have been assigned
with the help of the JCPDS (file no. 36-1451). All the peaks in the
XRD pattern of Fig. 1 are matched very well with that of the desired
phase of the hexagonal wurtzite structure of ZnO (space group

Table 1
The sample name and the corresponding sample specifications for undoped and Yþ3

ions doped ZnO samples.

Sample specification Sample details

ZnO Undoped ZnO
ZnOY3 3% yttrium ions doped ZnO (Zn0.97Y0.03O)
ZnOY5 5% yttrium ions doped ZnO (Zn0.95Y0.05O)
ZnOY7 7% yttrium ions doped ZnO (Zn0.93Y0.07O)

T. Debnath et al. / Journal of Alloys and Compounds 696 (2017) 670e681 671



P63mc). Also, no peak corresponding to any other impurity phase
like Y2O3 etc. has been found in the XRD patterns. This indicates the
homogeneous incorporation of Y3þ ions at the tetrahedral site of
Zn2þ ions in the wurtzite structure of ZnO. The average nano-
crystallite diameter of undoped ZnO and Y3þ ions doped ZnO
nanoparticles was calculated from the broadening of the peak (101)
of each sample by using the well known Debye-Scherrer equation.

<D> ð101Þ ¼
0:9l
b1

2
cosq

(1)

It is noticed that the average nanocrystallite diameter increases
with the increased doping percentage of Y3þ ions in the ZnO
nanoparticles. The observed change in nanocrystallite diameter
occurs due to the presence of distortional effect in the host ZnO
lattice by the incorporation of the doped Y3þ ions. The corre-
sponding value of micro strain (ε) of the doped ZnO nanoparticles is
also given in Table 2 using the formula

Micro strainðεÞ ¼
b1

2
cosq

4
(2)

The other important information pertaining to the microstruc-
tural analysis such as unit cell parameters ‘a’ and ‘c’, c/a ratio, vol-
ume per unit cell (V), bond length (L), internal positional parameter
(u) and dislocation density (d) calculated from the XRD data for

different doped ZnO samples are given in Table 2. Now for Y3þ ions
in the ZnO nanoparticles, lattice parameter ‘a’ is found to be higher
as compared to undoped ZnO nanoparticles and ‘c’ is found to be
lower as compared to undoped ZnO nanoparticles. The increase/
decrease in lattice constants with increasing concentration of Y3þ

ion in the ZnO nanostructure confirms the substitution of Y3þ ions
at Zn sites as the bigger ionic radius (0.89 Å) of Y3þ ions as
compared to Zn2þ ion (0.74 Å) produces internal lattice strain.
Doping of Y3þ ions into ZnO nanostructure should lead the in-
crease/decrease of a and c-axis lattice constants and consequently,
the shift of all diffraction peaks towards lower 2q angle. The ratio of
c/a has also been measured to show a good agreement with
perfectly hexagonal close packed structure. The volume of unit cell
for hexagonal system has been calculated from the following
equation

V ¼ 0:866� a2 � c (3)

Increased value of cell volume (V) indicates the substitution of
Y3þ ions in the tetrahedral site of Zn. Dislocation density (d) is a
prominent signature of the occurrence of defect in the Y3þ ions
doped ZnO samples. Dislocation density is defined as the length of
dislocation lines per unit volume of the crystal and has been
calculated using equation

Fig. 1. XRD patterns of the samples (a) ZnO, (b) ZnOY3, (c) ZnOY5 and (d) ZnOY7.

Table 2
Structural parameters calculated fromXRD data are average nanocrystallite diameter (D), lattice parameter (a, c), c/a ratio, micro strain (ε), unit cell volume (V), bond length (L)
and dislocation density (d).

Average crystallite Lattice parameter
(Å)

c/a ratio Micro strain (ε)
(10�4)

Unit cell volume
V (Å)3

ZneO bond length (Å) Dislocation density (Å)�2

d (10�6)

Sample Diameter
D (nm) (101)

a c

ZnO 84.44 3.2514 5.212 1.605 3.728 47.66 1.9783 1.158
ZnOY3 87.06 3.2516 5.209 1.603 3.966 47.69 1.9787 1.312
ZnOY5 88.86 3.2518 5.207 1.601 4.061 47.74 1.9791 1.375
ZnOY7 89.19 3.2520 5.204 1.600 4.132 47.78 1.9796 1.432
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d ¼ 1
D2 (4)

The ZneO bond length has been calculated using the
relationship

L ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
a2

3
þ
�
1
2
� u

�2
c2

s
(5)

Where the u is the positional parameter for wurtzite structure and
it can be calculated from the equation

u ¼ a2

3c2
þ 0:25 (6)

It is observed that bond length increases gradually with the
increase in Y3þ ions content in the ZnO nanostructure. This can be
due to the fact that once Y3þ ions replace Zn2þ ions, YeO bonds are
also created in ZneO lattice, whose bond length is higher than
ZneO bond length.

The structural morphology of all the samples has been observed
and some representative micrographs are shown in Fig. 2. Fig. 2aed
shows the morphology of undoped ZnO and Y3þ ions doped ZnO
nanoparticles obtained by means of FESEM. It is clear from
Fig. 2aed that the micrographs of all the samples are rod like in
nature with hexagonal cross-section. Fig. 2a represents the micro-
graph of undoped ZnO nanoparticles and it shows rod like structure
and the entire rod like structures are very much clear and distin-
guishable from one another and the clustering occurred in the
micrographs formed large size grains. Fig. 2bed shows the micro-
graphs of ZnOY3, ZnOY5 and ZnOY7 nanoparticles respectively. In
all the micrographs the structural morphology of Y3þ ions doped
ZnO nanoparticles are also rod like in nature with the same
signature of orientation to that of undoped ZnO nanoparticles. The
change in morphology with the increase in doping percentages
signifies the successful incorporation of the Y3þ ions in the

structure of ZnO nanoparticles. Interestingly, all the nanorods in
different micrographs are nearly uniform in size and the particles
are not yet agglomerated.

3.2. FTIR studies

The FTIR spectra of undoped ZnO and other Y3þ ions doped ZnO
samples are shown in Fig. 3. FTIR spectroscopy is an important
measurement to investigate the atomic vibrational mode of bonded
molecules in undoped ZnO and Y3þ ions doped ZnO powders
annealed at 400 �C. It is quite clear from Fig. 3 that a weak doublets
at around 2366, 2348, 2347 and 2357 cm�1 of the samples of

Fig. 2. SEM images of the samples (a) ZnO, (b) ZnOY3, (c) ZnOY5 and (d) ZnOY7.

Fig. 3. FTIR transmittance spectra of the samples (a) ZnO, (b) ZnOY3, (c) ZnOY5 and (d)
ZnOY7.
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undoped ZnO and Y3þ ions doped ZnO (ZnOY3, ZnOY5 and ZnOY7)
respectively, have been ascertained due to the presence of CO2
molecule in air [36]. It is not related to any kind of impurity present
in the samples. The samples might have trapped some CO2 from the
atmosphere duringmeasurement and this absorbed CO2 raise these
modes. The peak recorded at about 1513,1529,1536,1348 cm�1 and
1406,1413,1401,1404 cm�1 of the samples of undoped ZnO, ZnOY3,
ZnOY5 and ZnOY7, respectively, appears due to the C]O stretching
(symmetric and asymmetric) mode arises from the absorbed CO2
resides on the outer surface of the ZnO nanoparticles [37]. Among
the three infrared absorption bands in the range of 400e600 cm�1,
the two most strong absorption bands are observed at 443-
452 cm�1, which may be attributed due to ZneO stretching of ZnO
nanoparticles. The band observed at 525-531 cm�1 may be attrib-
uted due to the existence of oxygen deficiency and/or oxygen va-
cancy (Vo) present in ZnO which is naturally formed during the
annealing of the samples in vacuum atmosphere. However, the
mismatch between the ionic radii of Zn2þ ion (~0.74 Å) and Y3þ ion
(~0.89 Å) results in more number of different kinds of structural/
vacancy defects such as oxygen vacancies, zinc interstitials and zinc
vacancies in the host ZnO nanoparticles. The presence of different
kinds of defects and their consequences will be discussed in the
later sections.

3.3. Photoluminescence studies

Photoluminescence study is an important tool to find out optical
properties of the samples. RT photoluminescence spectra for all the
samples have been measured and are given in Fig. 4(I)(a-d)
respectively. Photoluminescence study on undoped ZnO and Y3þ

ions doped ZnO nanorods was carried out with excitation wave-
length of 325 nm at RT. The PL spectra of undoped ZnO and Y3þ ions
doped ZnO nanorods show a sharp UV emission at 360 and 388 nm.
In ultraviolet region, the emission were found almost at the same
position for all the samples which arises due to the recombination
of free excitons through exciton-exciton collision process and are
generally assigned as a near-band-edge (NBE) emission band. In
visible region violet emission at 411 nm is attributed due to the
electronic transition from zinc interstitial level (IZn) to top of the

valance band. Blue emission located at 454 nm is designated due to
the electronic transition from zinc interstitial level (IZn) to zinc
vacancy level (VZn) for all the samples [38]. Green emission at
498 nm in all the samples is assigned due to electronic transition
from bottom of the conduction band to the oxygen vacancy level
(Vo). A clear red shift of excitonic emission peak of in all the samples
were detected which can be assumed to be due to incorporation of
Y3þ ions within ZnO matrix. This prediction is in well agreement
with our analysis of defect in Raman spectroscopy measurement
discussed later. A comparison between undoped ZnO and Y3þ ions
doped ZnO nanorods shows that the relative intensity of Y3þ ions
doped ZnO nanorods is smaller than that of undoped ZnO nano-
rods, illustrating that Y3þ ions doping can increase the intrinsic
defects and oxygen vacancies in doped ZnO nanorods [39e42].

3.4. Raman spectroscopy studies

Raman spectra were taken for undoped ZnO and Y3þ ions doped
ZnO nanorods in the range of 50e550 cm�1. Raman spectroscopy is
a nondestructive procedure to obtain more information about
microstructure of undoped ZnO and Y3þ ions doped ZnO nanorods
such as, its quality of crystallinity, structural disorderness and
intrinsic defects etc. The wurtzite ZnO consists six Raman-active
phonon modes at 101 [E2 (low)], 225 [2E2 (low)], 330 (E2H-E2L),
380 [A1 (TO)], 410 [E1 (TO)] and 437 cm�1 [E2 (high)] respectively, at
RT and the corresponding Raman spectrum have been shown in
Fig. 4(II) (a) [43e45]. As compared to undoped ZnO, low frequency
E2 mode [E2 (low)] in Y3þ ions doped ZnO samples exhibits a blue
shift from 100 cm�1 to 108 cm�1 and the high frequency E2 mode
[E2 (high)] in Y3þ ions doped ZnO samples exhibits a blue shift from
428 cm�1 to 437 cm�1. Generally, the shift in the position and
reduction in intensity of Raman modes appear due to the local
stress arising as a result of the formation of structural defects and
local lattice distortions due to the incorporation of Y3þ ions into the
Zn2þ lattice sites inside the ZnO nanostructure. In the present case,
Y3þ ion doping can be considered as a main factor which causes the
lattice distortions due to the mismatching in the ionic radius be-
tween Zn2þ ion (~0.76 Å) and Y3þ ion (~0.89 Å). The peak at
329 cm�1 is referred as E2 (high)eE2 (low) mode (E2HeE2L) and

Fig. 4. (I) Photoluminescence spectra of the samples (a) ZnO, (b) ZnOY3, (c) ZnOY5 and (d) ZnOY7 and (II) Characteristic Raman vibrational modes of the samples (a) ZnO, (b) ZnOY3,
(c) ZnOY5 and (d) ZnOY7.
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arises from zone-boundary phonon scattering. The peaks around
530-560 cm�1 occur due to E1 symmetry with LO modes. It has
been accepted that the E1 (LO) peak is caused by the defect due to
oxygen vacancy, zinc interstitial defect states and free carriers.
Therefore, the observation of E1 (LO) peak indicates that oxygen
vacancies or zinc interstitials present in the sample of Y3þ ions
doped ZnO nanoparticles pronounced variation in width and po-
sition of E2H mode (428-437 cm�1) which is characteristic of
wurtzite structure in different percentage of Y3þ ions doped ZnO
compared to the undoped ZnO were noticed. This variation in fre-
quency is a consequence of the formation of local defect, lattice
strain or distortion which causes phonon localization and creates
corresponding peak shift. It can be mentioned here that these
changes are not due to laser induced heating in the nanostructure.
Therefore it confirms the change in isotopic mass of atom consti-
tuting ZnO by the substitution of Y atom.

3.5. Static magnetic measurement

We have measured the magnetic field (H) dependent magneti-
zation (M) curves at various temperatures (300,150 and 10 K) using
SQUID magnetometer in the applied magnetic field range from 0 to
50 kOe. The M � H curves of ZnOY3 and ZnOY7 exhibit ferromag-
netic (FM) phase with almost saturation magnetization at RT (see
Fig. 5a, and f), while at low temperature (10 K) the observed

hysteresis loops are not saturated which indicates the co-existence
of paramagnetic (PM) phase together with the FM phase [46,47].
Thus in these samples the PM contribution dominates over FM
contribution at lower temperatures. On the other hand, in case of
ZnOY5 the hysteresis loops are not saturated at all temperatures
even at highest magnetic field which certainly indicates the co-
existence of PM phase and FM phase at all temperatures (see
Fig. 5c, d and e). Our result is in consistent with previous results
obtained by the other researchers. For example Liu et al. obtained
similar result for V-doped ZnO sample where magnetic contribu-
tion occurs due to dominated PM phase and weak FM phase [48].
Jing et al. also reported the co-existence of PM and FM phase in Er-
doped ZnO system in their work [49]. The variations in maximum
magnetization (Mmax), remanent magnetization (Mr) and coercive
field (Hc) for different Y3þ ions doped ZnO samples have been given
in Table 3. A similar result was also found by other researchers for
Nd doped ZnO thin films and transition metal doped ZnO nano-
particles [50,51]. Now to get the information about the origin of
observed RT ferromagnetism in Y3þ ions doped ZnO, the amount of
structural defects/oxygen vacancy is absolutely an inevitable factor
according to the previous literature. The FTIR, Raman spectra and PL
results imply that all the Y3þ ions doped ZnO samples have a single
wurtzite phase without any secondary phases. So the effect of
secondary impurity on the magnetic contribution in the present
case can be ruled out. However, in the samples of Y3þ ions doped

Fig. 5. Static hysteresis (MeH) loops of different sample ZnOY3 (a) 300 K and (b) 10 K, ZnOY5 (c) 300 K, (d) 150 K and (e) 10 K and ZnOY7 (f) 300 K, (g) 150 K and (h) 10 K.
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ZnO nanoparticles the observed ferromagnetism cannot arise from
carrier-mediated mechanism because of the low electron concen-
tration in Y3þ ions doped ZnO samples which is confirmed by
dielectric measurement of the samples. The value of dielectric
constant of all the samples indicates semi-insulating nature of the
materials, which is in consistent with the theory predicted by Dietl
et al. [52]. Although the exact mechanism of intrinsic ferromag-
netism in ZnO-based DMSs is still under debate but the defects are
considered as the most essential factor to play an important role in

observed ferromagnetism. Kohan et al. calculated formation en-
ergies and electronic structure of native point defects in ZnO by
using the first-principle pseudo potential method [53]. Their
calculation showed that, the two most common defects in ZnO are
likely to be oxygen vacancy and zinc vacancy (Vo and VZn). In
particular, oxygen vacancy (Vo) has lower formation energy than
the zinc vacancy (VZn) and hence should be more abundant in Zn-
rich conditions and correspondingly, zinc vacancy (VZn) should
dominate in O-rich conditions. So, it is quite reasonable to conclude

Table 3
Maximum Magnetization (Mmax), Remanence (Mr), Coercivity (Hc) of the samples (a) ZnOY3, (b) ZnOY5 and (c) ZnOY7 recorded at different temperature from 300 K to 10 K.

Sample ID Measuring temperature (T)
(In K)

Maximum magnetization
(Mmax) (emu/g)

Remanence (Mr)
(emu/g)

Coactivity (Hc)
(Oe)

ZnOY3 300 0.0028 0.000165 59.18
10 0.2755 0.000720 89.44

ZnOY5 300 0.0334 0.000662 80.05
150 0.0530 0.000730 155.97
10 0.3173 0.006301 464.25

ZnOY7 300 0.0043 0.000108 40.25
150 0.0044 0.000365 124.30
10 0.2809 0.001070 160.13

Fig. 6. Initial Magnetization vs field curve fitted by BMP model at 300 K (a) ZnOY3, (b) ZnOY5 and (c) ZnOY7.
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that abundant Oxygen vacancy and a part of zinc vacancy may exist
in the Y3þ ions doped ZnO samples. The analyses of result of Raman,
FTIR and PL observations also indicate the presence of defects
particularly oxygen vacancies in the sample. It has been observed
that the oxygen vacancy (Vo) contributed much more than zinc
vacancy (VZn) for the dilute ferromagnetism, as the doping of
trivalent ions would induce more oxygen vacancy (Vo) [54].
Considering the low dopant density and unsaturated hysteresis
loop at lower temperature, the ferromagnetic behavior may be
explained by the BMP model introduced by Coey et al. which is
suitable for low conductive or high resistive (as evident from
dielectric behavior) samples having localized carriers [55]. In the
present case, a locally trapped electron in oxygen vacancy (Vo) plays
an important role for the spin orientations of neighboring Y3þ ions.
The magnetic exchange interaction between oxygen vacancies (Vo)
and Y3þ ions align some of the Y3þ spins around the oxygen va-
cancies (Vo), forming BMPs. If sufficient oxygen vacancies (Vo) are
not present in the sample, neighboring Y3þ ions which were
coupled via oxygen vacancies (Vo) (ferromagnetic exchange) are
now being coupled by an oxygen bond (super exchange interac-
tion), causing destruction of magnetic ordering. That is why oxygen
vacancies (Vo) play an important role in RTFM. According to Coey's
model, the measured magnetization due to interaction between
BMPs can be described as [56].

M ¼ M0LðxÞ þ cmH (7)

Here the first term signifies the contribution due to BMP and the
second term appears due to the presence of paramagnetic part [57].
According to the above equation, the sample is observed as mixed
up state of BMPs where localized charge carrier strongly interacts
with doped Y3þ ions. The fraction of doped Y3þ ions which do not
contribute in the BMP interaction are anticipated to behave like an
independent paramagnetic part and contribute towards the para-
magnetism. The spontaneous moment of the system can bewritten
as

M0 ¼ Nms (8)

where ms is the actual spontaneous moment of each BMP and N is
the number of BMPs per unit volume. The Langevin function is

ðxÞ ¼ cothx� 1
x

(9)

where x can be written as

Fig. 7. Variation of Dielectric constant with frequency for samples (a) ZnO, (b) ZnOY3, (c) ZnOY5 and (d) ZnOY7.
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x ¼ Hmeff
.
TKB

(10)

here meff is the effective spontaneous magnetic moment of each
BMP. It is to be noted here that we have neglected the interaction
between the BMPs and thus fitting procedure is done by pretending
ms ¼ meff . The respective fittings of M � H curve at RT of all the
samples are shown in Fig. 6(aec). It is evident from the fitting that
in case of ZnOY5 sample the paramagnetic contribution is almost
~40 times greater than that of other two samples. Thus hysteresis
curve of ZnOY5 at RT does not reach its saturation value compared
to other two doped samples due to the presence of PM phase. Note
that, in all the cases the number of BMPs at RT are of the order of
~1013-1014 but as the temperature decreases the number of BMPs
increases up to ~1017-1018. Thus at higher temperature the Y3þ ions
are distributed as a part of uncoupled spin or isolated BMPs which
results fraction of BMPs can overlap and leads to FM phase mixed
with PM phase. As temperature decreases further, the polaron
concentration increases and their overlapping produces larger FM
contribution and prominent hysteresis loop with enhanced
magnetization, coercivity and remanence in some cases. On the
other hand, paramagnetic contribution also increases with
decrease of temperaturewhich in turn results the robust increase of
net magnetization at lower temperature as well as non-saturation
of hysteresis loop. For a given sample M0 is found to increase
which is due to interaction between BMPs and the paramagnetic
matrix. The possible reason for low value of meff at lower temper-
ature may be due to the reduced size of the BMPs [58]. The origin of
such reduced BMP size can be due to the presence of competing

magnetic interaction [59]. The distribution of Y3þ ions in ZnO host
matrix can be divided into three parts (i) AFM coupled Y3þ ions
with at least one neighboring Y3þ ions, (ii) isolated Y3þ ions, which
behave paramagnetically and contribute to magnetization at low
temperature and (iii) the Y3þ ions within BMPs which couple fer-
romagnetically via the donor electrons associated with defects.
Variation in Y concentration in ZnO leads to a change in the nature
of magnetic coupling resulting in a change of its magnetic state. In
ZnOY7, the average distance between the neighboring Y atoms is
reduces due to the increased concentration of Y3þ ions (7 at %),
which will favor direct exchange interaction. The exchange
coupling between Y-Y adjacent neighbors in ZnO is expected to be
antiferromagnetic due to overlapping of Y d-states with the valence
band. Thus increase of Y3þ ions concentration above 5% results the
increase of first contribution i.e. antiferromagnetic exchange be-
tween two neighboring Y3þ ions which results decrease of
magnetization of ZnOY7 compared to that of the others.

3.6. Dielectric measurement

The effect of sintering temperature and applied alternating
electric field on the real part of dielectric constant (ε0) and loss
tangent (tand) of the samples have been studied. Here the value of
the real part of dielectric constant (ε0) and loss tangent (tand) has
been determined to understand the effect of electrostatic energy
storing ability and energy dissipation, respectively by the material
in presence of applied alternating electric field. Dielectric constant
(ε0) or relative permeability of the sample has been calculated by
using the formula

Fig. 8. Plot of loss tangent (tand) vs frequency at different temperature for the samples (a) ZnO, (b) ZnOY3, (c) ZnOY5 and (d) ZnOY7.
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ε
0 ¼ Cd

Ɛ0A
(11)

Where, C is the capacitance of the sample, d and A are thickness
and area, respectively of the pellet and ε0 is the free space
permittivity. Fig. 7 shows the variation of real part of dielectric
constant (ε0) as a function of frequency for undoped ZnO and Y3þ

ions doped ZnO nanoparticles, ranging from 40 Hz to 0.1 MHz at
different temperatures. The observed large value of the real part of
dielectric constant (ε0) can be explained on the basis of electron
hopping between Zn2þ and Y3þ ions in the nanostructures of Y3þ

ions doped ZnO, which act as permanent electric dipoles under the
presence of the applied alternating electric field. The observed
frequency dependent dielectric behavior can also be explained by
Maxwell-Wagner type of relaxation. Some microscopic phenome-
non like electronic, ionic, dipolar and space charge polarization etc.

significantly contribute towards the dielectric behavior of nano-
structured materials. High value of dielectric constant at low fre-
quency region may also appear due to the contribution from the
space charge polarization. All these different types of polarization
in the Y3þ ions doped ZnO nanoparticles can be obtained due to the
fact that the predominance of the different defects such as grain
boundary defects, oxygen vacancies etc. It is also observed that the
value of real part of dielectric constant (ε0) decreased with increase
in frequency. The trend of this decrement is rapid at low frequency
and then reaches at a constant value at higher frequency [60,61].
The polarization decreases with the increase in frequency,
approaching to frequency independent behavior which is due to
the fact that beyond a certain frequency of external field the hop-
ping of the electrons between different metal ions (Zn2þ, Y3þ) can
not follow the alternating field and hence lagging behind the
applied electric field. The variation of dielectric loss (tand) versus
frequency of the applied electric field in the range from 40 Hz to

Fig. 9. Variation of dielectric constant with temperature for the samples (a) ZnO, (b) ZnOY3, (c) ZnOY5 and (d) ZnOY7.
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10 MHz (maximum) with temperature as the function is shown in
Fig. 8. The dielectric loss (tand) represents the energy dissipation in
the dielectric system. It can be observed that initially dielectric loss
(tand) increases with the increase of the frequency, showing rela-
tively higher value and afterwards it decreases with the increase of
frequency for the undoped ZnO and Y3þ ions doped ZnO nano-
particles which might be due to the presence of space charge po-
larization in the sample. On the other hand, the high value of loss
has been obtained for undoped ZnO sample compared to the 3 and
5% Y3þ ions doped ZnO nanoparticles and it increases again for 7%
Y3þ ions doped ZnO nanoparticles. Therefore, it can be concluded
that the Y3þ ions doped ZnO nanostructure can be applied for the
high frequency device applications. Fig. 9 shows the temperature
variation in the range of 30e350 �C of the real part of dielectric
constant (ε0) for the undoped ZnO and Y3þ ions doped ZnO nano-
particles. The measurement has been taken for three different
frequencies i.e., 1 kHz, 10 kHz and 100 kHz, respectively. In all the
cases the curve shows ferroelectric to paraelectric transition but the
transition temperatures are different for different samples [62]. It is
noted that themaximumvalue of the real part of dielectric constant
is quite high. This high value of the real part of dielectric constant
(ε0) may be attributed to the presence of the interfacial polarization
inside the samples. This doped ZnO nanoparticles with high
dielectric property would be suitable for application in devices.

4. Conclusions

Y3þ ions doped ZnO nanorods have been successfully synthe-
sized using co-precipitation process followed by hydrothermal
method. For the first time the correlation between the Y3þ ions
doped induced intrinsic defects in the Y3þ ions doped ZnO nano-
rods and their structural, optical, magnetic and dielectric properties
were studied in details. It was found that the doping of Y3þ ions
results in the increase of many different intrinsic defects which also
affects the corresponding structural, optical, magnetic and dielec-
tric properties of the ZnO nanorods. The XRD spectra show that
crystallization is suppressed by the doping of Y3þ ions in the ZnO
nanorods. The increase of visible emission in room temperature PL
spectra and E1 (LO) intensity in Raman spectra demonstrates that
the doping of Y3þ ions will increase the doping-induced intrinsic
defects in the ZnO nanorods. Magnetization curve measurements
show the room temperature ferromagnetism in the doped ZnO
nanorods and themaximum of coercivity was obtained with 5% Y3þ

ions doped ZnO nanorods. The dielectric data of the nanorods
shows that the samples are very much suitable for the high fre-
quency device applications. Finally, the combination of the optical,
magnetic and dielectric measurement results reveals that the ox-
ygen defects play a crucial role in all properties and it introduces
ferromagnetism at RT which can be enhanced by the critical doping
percentage of Y3þ ions in the ZnO nanorods.
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The influence of the hydrothermal synthesis route on the grain morphology and thereby the

modulation of dielectric response of undoped and Cr3þ ion doped semiconducting ZnO

nanoparticles is investigated in this report. The X-ray diffraction study reveals that all the samples

are in a polycrystalline single phase of a hexagonal wurtzite structure of ZnO. The field emission

scanning electron microscopy study reveals the rod like structure of all the samples. The formation

of synthesis route dependent morphology and the morphology dependent physical property of all

the samples are the characteristic features of the present work and to date it has not been considered

as the specific tool of dielectric property modulation by anyone else. The ultraviolet-visible mea-

surement signifies the superior control over the charge density of the host semiconducting material

due to the presence of Cr3þ ions in the structure of ZnO. In the photoluminescence measurement,

no significant peak has been observed in the visible region. The frequency and temperature depen-

dent dielectric constants of all the samples were investigated. The consequences of the dielectric

measurement suggest that the hydrothermal synthesis route influences the growth mechanism of

the semiconducting nanoparticles mostly towards the rod like structure and the doping element

influences the charge density, nature of defects, and the defect densities inside the structure of ZnO

nanomaterials. All these factors together make the semiconducting ZnO nanomaterials more

effective for tailor made applications in magneto-dielectric devices. Published by AIP Publishing.
https://doi.org/10.1063/1.5017792

I. INTRODUCTION

Over the last few decades, nanomaterials have gained

much attention from various research groups of theoretical

and experimental backgrounds as an advanced research topic

since they have a small grain dimension, large grain bound-

ary, quantum size effect, and sufficiently large surface to vol-

ume ratio in contrast to their bulk counterpart.1–3 In the

nanoscale regime, all the characteristic physical properties of

nanomaterials, e.g., microstructural, mechanical, thermal,

optical, magnetic, dielectric, and electrical, show modulation

due to the variation of structural symmetry, grain morphol-

ogy, band gap, charge density, micro strain, and numerous

other intrinsic defects caused by the choice of a proper

synthesis route and nature of dopants.4–7 In recent years,

many different undoped and doped semiconducting metal

oxide nanomaterials such as indium oxide (In2O3), titanium

oxide (TiO2), silicon oxide (SiO2), tin oxide (SnO2), zirco-

nium oxide (ZrO2), zinc oxide (ZnO), etc., have been consid-

ered as the subject of comprehensive investigation for their

interesting physical properties and applications in various

optical, magnetic, dielectric, and magneto-electronic devi-

ces.8–20 In this direction, zinc oxide (ZnO) with a direct band

gap energy of 3.37 eV and a high excitation binding energy

of 60 meV is a well known II–VI semiconductor material

having n-type semiconducting behaviour.21–23 But in the

case of doped ZnO nanoparticles, both n-type and p-type

behaviours are expected. However, it is necessary to mention

here that the nature (n-type/p-type) of the semiconducting

nanomaterials of doped ZnO or any other doped metal

oxide nanomaterials depends on the selective choice of dop-

ants.24,25 ZnO has also attracted considerable interest of the

research community due to its fundamental and technologi-

cal importance. Although ZnO nanoparticles have been

considered the prime topic of experimental research over the

past few decades, the enhanced interest is now given on the

undoped and doped ZnO nanostructures with a very low-

dimension. In this regard, nanospheres, nanowires, nano-

flowers, nanobolt, nanorods, nanotubes, etc., are the most

interesting nanostructures due to their brand new elementary

physical properties and many fascinating applications in

future devices.26–30 Also, in many articles, it has been

reported that different physical and chemical properties of

ZnO nanomaterials can be modulated by the choice of a

proper doping mechanism and dopants.31–33 Selective dop-

ants, based on their atomic radius and charge valence state,

can produce immense impact on the growth mechanism of

the nanomaterial as well as the formation of native defects

inside the nanostructures. In our previous publications, we

have shown that dopants with a 3þ valence state can produce

different types of vacancies in the form of zinc vacancies

and oxygen vacancies.5,12 These native defects in the form

of vacancies can produce the effect of quantum confinement

by reducing the average size of the ZnO nanomaterials. Thisa)Author to whom correspondence should be addressed: sds.phy1@gmail.com
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quantum confinement is responsible for the change of the

band gap of the nanomaterials towards a high frequency

region commonly known as a blue shift.34,35 Many articles

also report that the presence of oxygen vacancies can pro-

duce room temperature ferromagnetism in the doped ZnO

nanomaterials.36 Also, the dielectric property of the ZnO

nanomaterial can be immensely influenced due to the pres-

ence of native defects in the form of grain size modulation,

grain boundary modulation, zinc vacancies, zinc interstitials,

dandling bond, oxygen vacancies, etc., by the effect of a

proper choice of dopants and doping engineering, which is

the main theme of this work. Moreover, the undoped and

doped semiconducting ZnO nanomaterials have numerous

other exciting physical and chemical properties such as a

high degree of transparency, high electron mobility, superior

optical emission, and excellent chemical stability. All these

can be achieved by the proper selection of the synthesis

technique among the conventional techniques such as the

co-precipitation method, sol-gel method, hydrothermal

method, solvothermal method, solid state reaction method,

mechanical milling method, pulsed laser deposition method,

etc., formulated over the years.37–40 These nanostructured

undoped or doped semiconducting ZnO nanomaterials, pre-

pared by the above-mentioned chemical/physical synthesis

routes, are very much suitable for ultraviolet and photovoltaic

device applications such as light-emitting diodes, nanolasers,

photodetectors, field emitters, chemical sensors, and photo-

electrodes in dye-sensitized solar cells, supercapacitors,

etc.41–49 Along with the choice of the synthesis technique, the

superior control over the various physical properties such as

charge densities, dielectric constant, conductivity, etc., can be

made by the choice of suitable doping elements. Both these

factors, e.g., selection of the synthesis technique and choice

of dopants, play the key roles in the modulation of some spe-

cific physical properties and tailor made applications can be

obtained from these semiconducting nanomaterials. By the

careful selection of transition metal ions (Co2þ, Cu2þ, Ni2þ,

Mn2þ, etc.) and/or rare earth ions (Gd3þ, Er3þ, Eu3þ, Tb3þ,

Yb3þ, Sm3þ, etc.), further modulation of the physical proper-

ties of zinc oxide in the desired direction is expected.50–53

In the present work, among all other synthesis techni-

ques, the hydrothermal preparation technique has been

selected for the synthesis of undoped and Cr3þ ion doped

semiconducting ZnO nanoparticles. In this synthesis process,

the morphology of the nanoparticles can be made cylindrical

or rod like and this fact has already been proved and also

mentioned but insignificantly in various articles published

by the various research groups.54–58 In addition, the proper

choices of temperature, pressure, time, and the pH value of

hydrothermal synthesis are the key factors for the develop-

ment of the desired and detectable rod like structure of

undoped and Cr3þ ion doped semiconducting ZnO nanopar-

ticles. These cylindrical or rod like microstructures are very

much essential and they also play the key role in the modula-

tion of some specific physical properties, one of which is the

goal of our present work. The targeted modulation of the

dielectric properties of the undoped and Cr3þ ion doped

semiconducting ZnO nanomaterial prepared by hydrothermal

synthesis route as compared to the dielectric properties

investigated so far by other researchers in different synthesis

routes is the endeavor of our present work. So far, no one

has mentioned or focussed on the specific synthesis route

dependent dielectric property of the semiconducting nano-

materials. We have done it for the first time and the explana-

tion is given in this report. In this report, among all other

elements from different groups of transition and/or rare earth

elements, chromium (Cr) has been selected as the dopant for

the further enhancement of the dielectric and other physical

properties such as optical, magnetic, and electrical. One of

the reasons for the selection of chromium is that the radius

of Zn2þ (0.74
�̊
A) is comparable to that of Cr3þ (0.63

�̊
A) and

it indicates that when Cr3þ ions are doped into the wurtzite

lattice structure of ZnO, the Cr3þ ions can substitute the

Zn2þ ions from the crystal lattice position of ZnO and this

substitution creates a large amount of microstrain and vari-

ous intrinsic defects inside the lattice structure of ZnO. A

high value of the dielectric constant in the nanoscale regime

can be obtained by the proper choice of trivalent cations as

the dopant along with the other two basic factors such as

semiconducting nanomaterials and the hydrothermal synthe-

sis route. Basically, the selected trivalent cationic dopant,

i.e., Cr3þ ions can improve the amount of free charge density

inside the ZnO nanomaterials which reside at the surface of

the poorly conducting grain boundaries in the presence of

externally applied electric field. The comparable ionic radius

of the Cr3þ ion with the Zn2þ ion makes the incorporation of

the Cr3þ ion into the ZnO lattice very easy and induces more

free electrons inside ZnO. Thus, the substitution process

with the Cr3þ ion and thereby the production of free charge

density inside ZnO will be more effective than any other

usual trivalent dopants such as Gd3þ, Er3þ, Y3þ, Al3þ, and

Co3þ. In addition, Cr3þ ion substitution mediated intrinsic

defects have various forms, e.g., oxygen vacancy defects,

zinc vacancy defects, interstitials, dandling bond, and others.

Now these intrinsic defects in the lattice structure and the

enhancement of the charge density of the doped semicon-

ducting ZnO nanoparticles are developed because of the

presence of both the ionic radius mismatching and 3þ vacant

states of the chromium atoms, and in addition to that, the

hydrothermal synthesis route is also responsible for this. The

successful substitution of doped cations in the wurtzite lat-

tice structure of Zn2þ induces a large number of cationic

vacancies to maintain electrical neutrality in the ZnO matrix.

Also, in the present study, the Cr3þ ion has been selected as

the potential dopant for the substitution of Zn2þ ions from

the ZnO wurtzite lattice structure because theoretical calcu-

lations indicate that Cr3þ ion doped ZnO should exhibit sta-

ble ferromagnetism. In addition, it has to be mentioned here

that the enhancement of ferromagnetic behaviour of doped

ZnO nanomaterials by two cations has been considered as

the topic of recent research due to their reliable usefulness in

the data storage industry and many other interesting applica-

tions.59,60 However, in the present work, we have not consid-

ered the comprehensive optical and magnetic properties of

the Cr3þ ion doped ZnO nanoparticles and will be considered

in our research work at the later time. In the present report,

we have done our study on the dielectric property of the

undoped and Cr3þ ion doped semiconducting ZnO
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nanoparticles and the dielectric response of the doped sam-

ples has been enhanced largely with respect to the undoped

one, and also for the undoped ZnO, the dielectric response

has been improved in comparison to the other reports.

II. EXPERIMENTAL

A. Materials

The nanoparticles of Zn1-xCrxO (x¼ 0.03, 0.05, and

0.07) with different compositions were prepared by the first

co-precipitation method and there after the co-precipitated

materials were taken for the controlled nucleation process by

the hydrothermal synthesis method. The detailed preparation

technique was also given in our earlier reports.5,12 Zinc ace-

tate dehydrate Zn(O2CCH3)2�2H2O (Sigma Aldrich, 99%),

chromium acetate Cr(CH3COO)3 (Sigma Aldrich, 99%), and

ammonium hydroxide NH4OH (concentration �25%) were

used as the precursor materials with analytical grade and

without any further purification.

B. Synthesis of Cr31 ion doped ZnO nanoparticles by
the co-precipitation method

Nanoparticles of Cr3þ ion doped ZnO nanoseeds were

prepared by using a simple co-precipitation method. Zinc

acetate dihydrate Zn(CH3COO)2�2H2O and chromium ace-

tate Cr(CH3COO)3 were the precursor materials taken in a

beaker with triple distilled water. The beaker was then

placed over a magnetic stirrer. The stoichiometry of chro-

mium salt that has been taken in the aqueous solution was

set at three different concentrations such as 3%, 5%, and 7%

to that of the zinc salt. The mixed solution was then stirred

for several hours to get a homogeneous solution of the pre-

cursor salts. Thereafter, NH4OH solution was added into the

precursor solution for co-precipitation and the final pH of the

solution was kept at �10. A rigorous stirring process was

continued during the whole course of the sample preparation

under a co-precipitation method. After that, the newly pre-

pared colloidal solution of Zn(OH)2 for undoped ZnO and

the colloidal mixture of Zn(OH)2 and Cr(OH)3 for Cr3þ ion

doped ZnO were collected properly for washing. The whole

course of washing of the co-precipitated particles has been

done several times by using triple distilled water and ethyl

alcohol to neutralize the pH as well as to remove the extra

ions. A thorough washing process brings up the pH of the as-

prepared particles back to �6.

C. Nucleation of Cr31 ion doped ZnO nanoparticles by
a hydrothermal process

After the completion of the washing process, the newly

prepared colloidal solution of Zn(OH)2 for undoped ZnO

and the colloidal solution of Zn(OH)2 and Cr(OH)3 for Cr3þ

doped ZnO were dissolved in the mixture of triple distilled

water to form a 40 ml solution. The excess ammonia was

added into the aqueous solution to enhance the pH value of

the solution and it was then taken into a Teflon jacket. The

Teflon jacket has been taken in an autoclave, and the auto-

clave was placed in an oven at 160 �C for 48 h. The hydro-

thermal technique initiates the nucleation process of the

undoped and Cr3þ ion doped ZnO nanoseeds towards the rod

like structure inside the Teflon jacket which was executed

under the effect of high pressure and temperature resulting

from thermal expansion of air initially present in the Teflon

jacket. This ambience inside the Teflon jacket favours the

surface as well as interfacial growth of undoped and Cr3þ

ion doped ZnO nanoseeds into rod like structures. After 48 h,

the autoclave was permitted to cool down naturally to RT.

The supernatant was then removed, and the solid precipitates

at the bottom of the Teflon jacket were collected and washed

several times with triple distilled water to remove unreacted

reagents from precipitation. It was then dried in a vacuum

desiccator at RT. Now the dried powder was sintered at

400 �C in a vacuum atmosphere to eliminate unreacted pre-

cursor waste and to get better crystallographic phase forma-

tion. The synthesis mechanism is shown in Fig. 1, and the

detailed synthesis procedure is given in Sec. III B. The sam-

ple name and the corresponding sample specifications are

given in Table I.

FIG. 1. Flowchart of the prepa-

ration of undoped and Cr3þ ion

doped ZnO by the hydrothermal

synthesis route.
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D. Characterization techniques

The XRD pattern of all the samples was recorded in a

powder X-ray diffractometer, Model D8, BRUKER AXS,

using Cu Ka radiation (k¼ 1.5405 Å) in the range of 2h from

20� to 80�. A field emission scanning electron microscope

(FESEM) was employed for the morphological study using

an INSPECT F50 (FEI, Netherland). The optical absorption

(UV-visible) spectrum of the synthesized nanoparticles was

taken in the range of 240–350 nm using a l25 spectrophotom-

eter, Perkin Elmer, Germany. The photoluminescence (PL)

spectroscopy was also carried out using a spectroflurometer,

Perkin Elmer, Germany, with an excitation wavelength (kex)

of 300 nm. The electrical conduction mechanism was investi-

gated by dielectric measurements using an Agilent 4294A

Precision Impedance Analyzer.

III. RESULTS AND DISCUSSION

A. XRD analysis

X-ray diffractograms of undoped ZnO (PZ4) and Cr3þ

ion doped ZnO nanoparticles (CZ34, CZ54, and CZ74) are

depicted in Fig. 2. The positions and relative intensities of

diffraction peaks of undoped and Cr3þ ion doped ZnO nano-

particles are in good agreement with the hexagonal wurtzite

structure of ZnO (space group P63mc). All the peaks

have been assigned with the help of the JCPDS (file No.

36-1451). Also, no peak corresponding to any other impurity

phase has been detected in the XRD patterns. This specific

pattern indicates the homogeneous and successful

incorporation of Cr3þ ions at the tetrahedral site of Zn2þ

ions in the wurtzite structure of ZnO. The average crystallite

diameters of undoped and Cr3þ ions doped ZnO nanopar-

ticles were calculated from the broadening of the peak (100)

of each sample by using the well known Debye-Scherrer

equation

hDi 100ð Þ ¼
0:9k

b1
2
cosh

: (1)

Here, D is the crystallite diameter, k is the wavelength of the

incident X-ray beam, h is the corresponding Braggs angle,

and b1
2

is the full width at half maximum (FWHM) of the

(100) peak. The crystallite diameters (D) for different sam-

ples were found within the range of 34–40 nm. The different

values of interplaner spacing (d) were calculated from the

following Bragg’s equation:

2d sin h ¼ nk; (2)

where “n” is the order of diffraction, “k” is the wavelength

of the X-rays, and “h” is the angle of diffraction. The lattice

parameter of hexagonal undoped and Cr3þ ion doped ZnO

was calculated from the relation

1

d2
¼ 4

3

h2 þ hk þ k2

a2
þ l2

c2
: (3)

Here, “a” and “c” are the lattice parameters and h, k, and

l are the Miller indices, respectively, and d is the interplanar

spacing of the specific plane (hkl). The crystallite diameters

and the corresponding lattice parameters of PZ4, CZ34,

CZ54, and CZ74 nanoparticles are given in Table II and it

was found that both got reduced with the increasing doping

percentage of Cr3þ ions in the wurtzite structure of ZnO.

Also, the intensity of the peak along the (002) crystalline

plane of the Cr3þ ion doped ZnO nanoparticles decreases and

the intensity of the peak along the (100) crystalline plane

increases with respect to the undoped ZnO nanoparticles.

This change in the crystalline plane indicates the preferred

growth of the doped ZnO nanoparticles along the (100) plane,

and this change also indicates the successful incorporation of

Cr3þ ions inside the structure of ZnO nanomaterials.

The observed change in the crystallite diameter and lat-

tice parameter occurs due to the presence of a distortional

effect in the host ZnO lattice by the incorporation of the

Cr3þ ions. Actually, with the increasing doping percentage

of Cr3þ ions in the wurtzite ZnO, more and more zinc vacan-

cies would create inside the structure of ZnO to maintain

charge equality. This induced cationic vacancies/zinc vacan-

cies created by Cr3þ ion doping in the ZnO matrix (up to

7%) are responsible for the decrease in the crystallite diame-

ter. It is well known that during doping three Zn2þ ions are

substituted by the two Cr3þ ions and due to that the effective

diameter of the nanocrystallite gets reduced with respect to

undoped ZnO. For higher doping percentages of Cr3þ ions in

the host lattice, the average nanocrystalline diameters

decrease gradually. This is a clear evidence of having Cr3þ

ions in the host lattice of ZnO. Moreover, the XRD measure-

ment shows that no unwanted phase of Cr2O3 has been found

TABLE I. The sample name and the corresponding sample specifications

for undoped and Crþ3 ion doped ZnO samples.

Sample name Sample specification

PZ4 Undoped ZnO sintered at 400 �C

CZ34 3% Cr3þ ion doped ZnO (Zn0.97Cr0.03O) sintered at 400 �C

CZ54 5% Cr3þ ion doped ZnO (Zn0.95Cr0.05O) sintered at 400 �C

CZ74 7% Cr3þ ion doped ZnO (Zn0.93Cr0.07O) sintered at 400 �C

FIG. 2. XRD patterns of the samples (a) PZ4, (b) CZ34, (c) CZ54, and (d)

CZ74.
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in any of the given three doped ZnO nanomaterials, not even

with 3%, 5%, and 7% Cr3þ ion doped ZnO samples. Thus,

the overall XRD information of undoped and doped ZnO

indicates that Cr3þ ions are present inside the lattice struc-

ture of ZnO by replacing some of the Zn2þ ions from their

lattice position and without the formation of any oxide phase

related to chromium. In addition, the radius of the Cr3þ ion

(0.63 Å) is different from that of the Zn2þ ion (0.74 Å), and

this difference in the dimension of the ionic radius induces

internal lattice strain inside the lattice structure of Cr3þ ion

doped ZnO nanomaterials. The corresponding values of

internal lattice strain/micro strain (�) of the Cr3þ ion doped

ZnO nanoparticles are more when compared to those of the

undoped ZnO nanoparticles and they increase gradually with

the increasing doping percentages of Cr3þ ions in the struc-

ture of ZnO. The values of internal lattice strain/microstrain

(�) for all the samples are given in Table II using the formula

Microstrain �ð Þ ¼
b1

2
cosh

4
: (4)

The volume of the unit cell for the hexagonal system

has been calculated from the following equation:

V ¼ 0:866 � a2 � c: (5)

The decreasing value of the unit cell volume (V) with

the increasing doping percentage of Cr3þ ions also indicates

the substitution of Zn2þ ions from the tetrahedral site of ZnO

by the Cr3þ ions. Dislocation density (d) is a prominent sig-

nature of the presence of various forms of defects in the

Cr3þ ion doped ZnO samples. Dislocation density can be

defined as the length of dislocation lines present per unit vol-

ume inside the crystal lattice and has been calculated using

the following equation:

d ¼ 1

D2
: (6)

It has been observed from the measured value of dislo-

cation density (d) that the magnitude of dislocation density

increases with the increasing doping percentage of Cr3þ ions

in the ZnO nanostructure. Such types of variations of dislo-

cation density indicate that the magnitude of defects

increases with the increasing doping percentage of Cr3þ ions

in the ZnO nanostructure.

The Zn-O bond length has been calculated using the

relationship

L ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
a2

3
þ 1

2
� u

� �2

c2;

s
(7)

where u is the positional parameter for the wurtzite structure

and it can be calculated from the following equation:

u ¼ a2

3c2
þ 0:25: (8)

It has been observed that the bond length increases grad-

ually with the increase in the Cr3þ ion content in the ZnO

nanostructure. This occurs due to the fact that once Zn2þ

ions are replaced by the Cr3þ ions, the Cr-O bonds are also

created inside the ZnO lattice, whose bond length is higher

than the Zn-O bond length. All the parameters extracted

from the XRD analysis are clear evidence of the presence of

structural irregularities/defects in doped ZnO nanomaterials

and all these will help the nanomaterials to enormously mod-

ulate their different physical properties such as dielectric

properties significantly.

B. FESEM analysis

The XRD analysis shows that due to the incorporation

of Cr3þ ions into the structure of ZnO, various forms of

defects have been generated and these defects inside the

structure of the hexagonal rod like ZnO nanomaterials are

responsible for the enhancement of the dielectric property.

But, so far, the cause behind the growth mechanism of the

undoped and Cr3þ ion doped ZnO nanomaterials into the rod

like morphology from its initial nanoseed like structure has

not been explained in this report. The explanation is given in

Sec. III B with some representative micrographs shown in

Fig. 3 and it will help us to understand the reason behind the

TABLE II. Structural parameters calculated from XRD data are the crystallite diameter (D), lattice parameters (a and c), micro strain (e), unit cell volume (V),

bond length (L), and dislocation density (d).

Lattice parameter (Å)
Micro strain (10�4)

Sample

Average crystallite

diameter D (nm) (100) a c e
Unit cell volume

V (Å)3

Zn-O bond

length (Å)

Dislocation density

(Å)�2 d (10�6)

PZ4 39.62 3.24 5.18 8.787 47.09 1.9583 6.371

CZ34 36.47 3.23 5.17 9.581 46.71 1.9666 7.518

CZ54 35.83 3.21 5.15 9.671 45.95 1.9554 7.789

CZ74 34.73 3.20 5.13 10.022 45.49 1.9597 8.291

FIG. 3. SEM images of the samples (a) PZ4 and (b) CZ54.
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formation of rod like morphology of undoped and Cr3þ ion

doped ZnO nanomaterials under a hydrothermal synthesis

route. It follows that the crystal growth mechanism of nano-

materials can be explained from the kinetic point of view. In

this direction, it has to be assumed that the growth mecha-

nism mainly contains the formation of growth units and the

incorporation of growth units into the crystal lattice at the

interface. The formation of micro/nano-structures with rod

like morphologies for all the samples mostly depends on the

pH value of aqueous solution. We have found that the rod

like morphologies of all the samples were formed with the

pH value close to 9 or 10, which is relatively very high. At

this high pH and at high temperature (�160 �C), sufficient

numbers of growth units in the form of Zn(OH)4
2� and

Cr(OH)6
3� would develop in the aqueous solution when the

solution is subjected under the autoclave and inside the

Teflon jacket. The formation of Zn(OH)4
2� and Cr(OH)6

3�

inside the solution for undoped and doped ZnO samples

under the hydrothermal synthesis route is shown in Fig. 1.

Now, in the supersaturation solution, due to the diffusion

of ions under high pressure of the autoclave, and also due to

deregulation movement among molecules and ions, growth

units Zn(OH)4
2� in the case of undoped ZnO and

Zn(OH)4
2� and Cr(OH)6

3� in the case of undoped and doped

ZnO are bounded together in the solution through a dehydra-

tion reaction and decomposed into a large size cluster of

ZniOj(OH)k
(i-2j–2k)– and CriOj(OH)k

(i-2j–2k)– and when the

critical size of the cluster reaches the value required for the

formation of ZnO powder, the cluster of ZniOj(OH)k
(i-2j–2k)–

is precipitated. A similar phenomenon is expected for the

Cr3þ ion doped ZnO with selective stoichiometry. It has to

be mentioned here that the subscripts i, j, and k represent the

numbers of Zn2þ, Cr3þ, O2�, and OH� within the crystal,

respectively. Thereafter, the ions are adsorbed in the primary

nuclei due to the high value of surface energy and intermo-

lecular force and the ZnO nanoseeds are grown in the form

of hexagonal rodlike structures. This type of morphology

may also be formed due to excessive air pressure present

inside the Teflon jacket. At high pH, the solubility of NH3

decreases and it comes out from the solution. The liberation

of NH3 from the solution produces high pressure inside the

Teflon jacket. At such a high pressure, the early stage of

reaction contains sufficient numbers of growth units which

will be diffused and decomposed into a large size grain, and

results in distinct rodlike structures. In this way, the high pH

and high pressure help the undoped and doped ZnO nano-

seeds to grow into the nano rodlike structures through the

hydrothermal process. From Fig. 3, it is clear that the micro-

graphs of all the samples are rodlike in nature with a hexago-

nal cross-section being the signature morphology of the ZnO

nanomaterials prepared by the hydrothermal synthesis route.

Figure 3(a) represents the micrograph of PZ4 and it shows a

rodlike structure, where individual rods are very much clear

and distinguishable from one another. In addition, a very

important and interesting observation has been found in the

FESEM analysis. It has been found that the clustering effect

occurs within the very small size nanostructure, and finally,

they grow into large size microstructures. Figure 3(b) shows

the micrograph of CZ54 where the morphology of CZ54 is

also rodlike in nature and similar to that of PZ4, but the size

of the microstructure of CZ54 is large as compared to PZ4.

From the FESEM micrograph, it has been found that the

length and cross-section of the microstructure of the doped

sample (CZ54) are larger than those of the undoped sample

(PZ4). The crystallite diameter of the doped samples

decreases gradually with the increasing Cr3þ doping percen-

tages as compared to the PZ4, but from the FESEM micro-

graphs, it is quite clear that the microstructure of the doped

samples increases gradually with the increasing Cr3þ doping

percentages as compared to the PZ4. Actually, the surface

energy of the nanoparticle increases with decreasing crystal-

lite diameter.47 Large surface energy comprises the large

growth rate of the nanoparticles at a certain temperature.

Thus, the samples of a small nanocrystallite diameter can

produce large microstructures of the material and it happens

especially in the process of hydrothermal synthesis where

diffusion and decomposition of the growth units play an

important role in the formation of the microsize grains under

high pH and high pressure. Therefore, the microstructures of

the doped ZnO samples increase gradually with increasing

doping percentages of Cr3þ ions with reference to the

undoped ZnO. In addition, the change in morphology and

the variation of the microstructure with the increase in Cr3þ

ion doping percentages signify the successful incorporation

of the Cr3þ ions into the structure of ZnO nanoparticles.

Interestingly, all the nanorods in different micrographs for a

particular sample are nearly uniform in size and not yet

agglomerated.

C. UV-visible absorption study

UV-visible absorption spectroscopy is taken to investi-

gate the optical properties of direct band gap semiconducting

materials. In addition, the band gap energy of undoped ZnO

and Cr3þ ions doped semiconducting ZnO nanoparticles can

be estimated using UV-visible absorption spectroscopy. The

band gap energy of the semiconductor material changes with

the crystal imperfection developing inside the material

induced by the doping concentration of the foreign elements.

The optical absorption spectra of undoped ZnO and Cr3þ ion

doped semiconducting ZnO nanoparticles have been investi-

gated in the wavelength range of 240–350 nm and are

depicted in Fig. 4. Various positions of absorption edges of

the doped ZnO samples show blue shift with respect to the

undoped ZnO sample with the increase in Cr3þ ion concen-

tration inside the semiconducting host ZnO nanoparticles.

The absorbance can vary with various factors such as particle

size, band gap, oxygen vacancy, surface roughness, defects

in the grain structure, etc., in the semiconducting host ZnO

nanoparticles. ZnO is one of the well known direct band gap

semiconductors, and the optical band gap of the nanopar-

ticles was estimated using the following Tauc plot relation:

ah� ¼ A h� � Egð Þn; (9)

where h� and Eg are the photon energy and the optical band

gap energy, in eV, respectively. Other two terms a is the

absorption coefficient (a¼ 2.303A/t, here A is the absor-

bance and t is the thickness of the cuvette) and A is a
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constant, respectively. The value of n¼ 1/2, 3/2, 2, or 3

depends on the nature of the electronic transition responsible

for absorption and n¼ 1/2 for the direct band gap semicon-

ductor. In the Tauc plot, an investigation of the linear region

of a plot of (ah�)2 on the abscissa vs. photon energy (h�) on

the ordinate gives the different values of the optical band

gap for different samples and is given in Fig. 5. The band

gap energy sharply increases from 4.32 to 4.40 eV with the

increase in Cr3þ ion doping percentage. Similar observation

was reported by Mariappan et al.61 The calculated value of

the band gap energy of undoped ZnO nanoparticles is rela-

tively higher as compared to that of their bulk counterpart

and it shows a clear blue shift in the absorption band edge

which could be attributed to the very well known quantum

size effect of direct band gap semiconductors, indicating the

increase in the band gap with the decrease in the particle

size.62–64 It has been explained in Sec. III A that with the

increasing doping percentage of Cr3þ ions in the ZnO, more

and more zinc vacancies would create inside the structure of

wurtzite ZnO nanoparticles. These induced cationic vacan-

cies/zinc vacancies, created by Cr3þ ion doping in the ZnO

nanoparticles, are responsible for the decrease in the particle

size and lattice parameter and increase in the band gap

energy. Along with the quantum confinement, the enhance-

ment in band gap energy with the increase in Cr3þ ion dop-

ing percentage can also be explained on the basis of the

Moss-Burstein effect. ZnO is a well known n-type semicon-

ductor having donor electrons. In the Cr3þ ion doped ZnO

nanomaterial, three Zn2þ ions are substituted by two Cr3þ

ions to maintain the charge neutrality. Now, the third oxygen

with two excess electrons (O2�) becomes neutral just by

releasing the extra electrons present within it. These extra

electrons are the donor electrons and they enhance the resul-

tant charge density of the doped semiconducting ZnO nano-

materials with the increasing percentages of Cr3þ ions. In

addition, in Cr3þ ion doped semiconducting ZnO nanopar-

ticles, the donor electrons generally occupy the state at the

bottom of the conduction band. According to the Pauli prin-

ciple, those electrons are restricted to get a doubly occupied

state. Due to the vertical nature of optical transition, these

valence electrons need extra energy to be excited into the

higher energy state in the conduction band and that causes

broadening of the energy band gap. When Cr3þ ions are

FIG. 4. UV-visible absorbance spectra of the samples (a) PZ4, (b) CZ34, (c)

CZ54 and (d) CZ74.

FIG. 5. Plot of (ahV)2 vs (hV) of the

samples (a) PZ4, (b) CZ34, (c) CZ54

and (d) CZ74.

194101-7 Debnath et al. J. Appl. Phys. 123, 194101 (2018)



implanted into the ZnO wurtzite structure by replacing Zn2þ

ions, free charge carriers are released within the ZnO struc-

ture. Therefore, the top most electronic state level of the

valence band becomes vacant and the Fermi level shifted

inside the conduction band filling up all the electronic state

level just below it. Absorption transition then occurs in

between the top of the valence band and the Fermi level

inside the conduction band. Therefore, this upward shift of

the absorption band edge toward the high photon energy is

the main reason for the significant increase in the bang gap

energy for Cr3þ ion doped ZnO nanoparticles. The above

observation indicates that the increase in the band gap occurs

due to both decreases in the particle size known as quantum

confinement and the increase in free charge carrier or donor

electrons inside the grain structure known as the Moss-

Burstein effect. The quantum confinement makes the optical

property insignificant, but the Moss-Burstein effect increases

charge density which in turn increases the dielectric constant

of the host semiconducting ZnO nanomaterials.

D. Photoluminescence study

Room temperature photoluminescence (PL) spectra of

all the undoped and Cr3þ ion doped ZnO nanomaterials have

been observed, and the PL spectrum is shown in Fig. 6. The

proper selection of the preparation technique, stoichiometry,

choice of dopant, and post sintering process are all very sen-

sitive for the outcome of PL measurements. The surface

morphologies and microstructural defects for the undoped

and Cr3þ ion doped ZnO samples in the nanoscale range are

mostly controlled by the above-mentioned factors, and the

corresponding PL intensity is directly correlated with surface

morphologies and various forms of defects created in or

around the nanomaterials. The PL study of undoped and

Cr3þ ion doped ZnO nanoparticles was carried out with an

excitation wavelength of 290 nm. The PL spectra of undoped

and Cr3þ ion doped ZnO nanoparticles show a prominent

UV emission at 326 and 336 nm. In the ultraviolet region,

the emissions of both undoped and doped ZnO nanomaterials

were found almost at the same position and these peaks

appeared due to the recombination of free excitons through

the exciton-exciton collision process and are generally

assigned to a near-band-edge (NBE) emission band. In the

visible region, violet emission at 396 nm is attributed due to

the electronic transition from the zinc interstitial level (IZn)

to the top of the valence band and this peak has been found

for all the undoped and Cr3þ ion doped ZnO samples. A

clear change in the intensity of the excitonic emission peak

for all the samples was detected which can be assumed due

to incorporation of Cr3þ ions within the ZnO matrix. But in

the visible region and at different positions corresponding to

the blue, green, and red emissions, no prominent peaks have

been observed in any of the present samples. It has been

mentioned in earlier reports that UV and visible emission are

competing with each other and nanocrystals with a large size

and a nearly perfect crystalline structure generally show

stronger UV emission. In the case of the rodlike nanostruc-

ture prepared by the hydrothermal process, it has been found

that the intensity ratio of the UV emission to visible emission

is very high, whereas a weak intensity ratio of the UV emis-

sion to visible emission and strong intensity ratio of the visi-

ble emission to UV emission is expected for the spherical or

nearly spherical nanomaterials. It has to be mentioned here

that the transfer of optical energy emission from the UV

region to the visible region, as well as their intensity in the

case of doped ZnO nanoparticles, depends on the number of

surface defects as well as the defect centers present inside

the lattice structure of Cr3þ ion doped ZnO nanomaterials. If

there are a large number of surface defects, which is

expected to be more in the case of the spherical structure and

less in the case of the rodlike structure, and a large variety of

defect centers are present inside ZnO samples, the electronic

transition between two energy states is possible, but if the

defect centers related to deep hole trapped levels above the

valence band are present at the surface, the photogenerated

electrons will be trapped at the surface of the Cr3þ ion doped

ZnO nanomaterials and the visible emission gets reduced. In

the present research on Cr3þ ion doped ZnO samples, very

fewer numbers of surface defects are present due to the rod-

like structure of all the samples and also fewer numbers of

defect centers are present in the ZnO related to deep donor lev-

els, deep acceptor levels, and oxygen vacancies and most of

the defect centers are available related to deep hole trapped

levels at the surface. So, from FESEM and PL measurements,

it can be inferred that in the hydrothermal process the rodlike

structures of doped ZnO nanoparticles can be obtained and this

process is not very much suitable for the better modulation of

the optical properties. Also, in Fig. 6, if we compare the indi-

vidual PL intensities of all the samples, it can be found that the

UV emission intensity decreases with the increasing percen-

tages of Cr3þ ions in the ZnO and the luminescence band of

Cr3þ ion doped ZnO nanoparticles is slightly larger than that

of undoped ZnO nanoparticles, illustrating that the doping

effect of Cr3þ ions can increase the surface defects and oxygen

vacancies slightly in ZnO nanoparticles.

E. Dielectric study

The shape and dopant dependent dielectric response of

undoped and doped semiconducting ZnO nanomaterials are
FIG. 6. Photoluminescence spectra of the samples (a) PZ4, (b) CZ34, (c)

CZ54, and (d) CZ74.
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an important field of research for the advancement of science

and technology. It can give us superior control over the

dielectric property of the nanomaterials in a very simple

way. So far, it has been observed in many articles that the

dielectric response of the semiconducting ZnO based nano-

materials fairly depends on their grain morphologies.

Basically, the shape dependent different physical properties

are competing with each other. Sometimes, a particular phys-

ical property shows superiority over other physical properties

when it evolves with a meticulous structure, whereas the

same physical property becomes less significant or even

insignificant with respect to the others when the same mate-

rial appears with other structural forms. In this direction, the

spherical structure prepared by different soft chemical routes

such as sol-gel, co-precipitation, etc., comprises relatively

low values of the dielectric constant and the rodlike structure

of ZnO based nanomaterials, rather in true sense most of the

semiconducting transition metal oxide nanomaterials (doped

or undoped) prepared by the hydrothermal synthesis route

comprises relatively high or ultrahigh values of the dielectric

constant. The dielectric constant of the rodlike structure pre-

pared by the hydrothermal synthesis route can be found

within the range of 105 or 106, and the materials are called

super dielectric materials (SDM). These SDMs are highly

acceptable for advanced research in the field of super capaci-

tor application, high electric breakdown strength applica-

tions, sensor applications, ferroelectric or piezoelectric

applications, and many more. To date, no one has given

emphasis on this study and the reason behind the shape

dependent dielectric response of ZnO based nanomaterials is

yet to explain. Here, in this section, we have tried to find out

the possible reasons behind these high or ultrahigh values of

the dielectric constant of the nanomaterials, and in this

regard, we have discussed the dielectric response of undoped

and Cr3þ ion doped ZnO nanomaterials. Also, in this section,

we have discussed how the synthesis technique modulates

and enhances the dielectric response of the nanomaterials.

The dielectric constant is represented by

e ¼ e0 � j e00: (10)

The first term is the real part of the dielectric constant (e0),
and the second term is the imaginary part of the dielectric

constant (e00). The effect of externally applied alternating

electric field and temperature on e0 and e00 of all the samples

has been measured. Here, the values of e0 and e00 have been

determined to understand the effect of electrostatic energy

storing ability and energy dissipation, respectively, by the

material in the presence of externally applied alternating

electric field. The real part of the dielectric constant (e0) and

the imaginary part of the dielectric constant (e00) of all the

samples have been calculated by using the formula

e0 ¼ Cd

e0A
(11)

and

e00 ¼ e0 � tan d; (12)

where C is the capacitance of the sample, d and A are thick-

ness and area of the pellet, respectively, and e0 is the free

space permittivity. Figure 7 shows the variation of e0 as a

function of frequency for undoped and Cr3þ ion doped ZnO

nanoparticles, ranging from 40 Hz to 1 kHz at different tem-

peratures (RT to 200 �C), and Fig. 8 represents the e00 for

undoped and Cr3þ ion doped ZnO nanoparticles with the

40 Hz to 10 kHz frequency range and at different tempera-

tures (RT to 80 �C). The observed enhancement of both e0

and e00 of the Cr3þ ion doped ZnO nanomaterials (CZ34,

CZ54, and CZ74) with respect to the undoped ZnO

FIG. 7. Variation of real part of dielec-

tric constant (e0) with frequency at dif-

ferent temperatures of the samples (a)

PZ4, (b) CZ34, (c) CZ54, and (d)

CZ74.
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nanomaterial (PZ4) can be explained on the basis of electron

hopping between Zn2þ and Cr3þ ions in the nanostructures

of Cr3þ ion doped ZnO, which act as permanent electric

dipoles under the presence of the externally applied alternat-

ing electric field. The observed frequency dependent dielec-

tric response of the nanomaterials can be explained on the

basis of Koop’s theory which, on the other hand, depends on

the Maxwell-Wagner-Sillars model for the nanostruc-

tures.65–67 According to this model, a dielectric medium is

expected to be made of well conducting grains and each

grain is isolated from its surroundings by the poorly conduct-

ing grain boundary. Under the influence of externally applied

alternating electric field, the free charge carriers (generated

inside the material due to the effect of Cr3þ ion doping) can

easily drift inside the grains but they are accumulated at the

grain boundaries. These accumulation of free charge carriers

at the edge of the grain boundaries process large polarizabil-

ity on the materials, which in turn produces large polariza-

tion and ultrahigh dielectric constant of the materials. Some

microscopic phenomena such as electronic, ionic, dipolar,

and space charge polarization significantly contribute

towards the dielectric response of nanomaterials. A high

value of dielectric constant in a low frequency region may

also appear due to the contribution that comes from the inter-

facial/space charge polarization in inhomogeneous nano-

structures. All these different types of polarization in the

Cr3þ ion doped ZnO nanoparticles can be obtained due to

the presence of the different defects such as grain boundary

defects, interstitials, vacancies, dandling bonds, etc. It is also

observed that the values of both e0 and e00 decreased with the

increase in frequency of the externally applied alternating

electric field. The tendency of this decrement is fast in the

low frequency region, and finally, it reaches a constant value

at a higher frequency.1,68 The polarization decreases with the

increase in frequency, approaching frequency independent

behavior, and this type of behaviour is observed due to the

fact that beyond a certain frequency range of the externally

applied alternating electric field the hopping of the electrons

between different metal cations (Zn2þ, Cr3þ) cannot follow

the frequency and hence lagging behind the frequency. In the

present work, the dielectric constants of CZ34, CZ54, and

CZ74 are higher as compared to those of PZ4, but the dielec-

tric constants of CZ54 and CZ74 decrease gradually as com-

pared to those of CZ34. This ultrahigh value of the dielectric

constant, highest ever found for Cr3þ ion doped ZnO nano-

particles as well as for any other nanomaterials (�524 160 at

40 Hz), has been observed for the sample CZ34. The high

dielectric constant of CZ34, CZ54, and CZ74 as compared to

that of PZ4 appears due to the presence of Cr3þ ions in the

nanostructure of ZnO as discussed earlier, along with other

factors such as the large grain size, thin grain boundary, etc.

The presence of Cr3þ ions inside the ZnO nanostructure

enhances defects and by this way improves inhomogeneties

in the nanostructures. In addition, the charge hopping mecha-

nism between the metal cations becomes more effective

due to the presence of Cr3þ ions along with Zn2þ ions inside

the doped ZnO nanostructure. All these phenomena improve

the dielectric constant of CZ34, CZ54, and CZ74 as com-

pared to PZ4. It has been observed that e0 decreases with the

increase in the Cr3þ ion concentration. The increase in the

real part of the dielectric constant (e0) indicates the formation

of more numbers of microstructures of undoped or doped

ZnO grains surrounded by insulating grain boundaries, and

the decrease in the real part of the dielectric constant (e0)
indicates the formation of fewer numbers of microstructures

with undoped or doped ZnO grains surrounded by insulating

grain boundaries and also suggests the variation of interfacial

states across the grain boundaries. The grain size of CZ34 is

less as compared to that of CZ54 and CZ74, and it increases

gradually for both CZ54 and CZ74. As it has been already

FIG. 8. Variation of imaginary part of

dielectric constant (e0 0) with frequency

at different temperatures of the sam-

ples (a) PZ4, (b) CZ34, (c) CZ54, and

(d) CZ74.
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mentioned that the dielectric constant is a function of the

number of grains or the amount of effective grain boundaries

present in the samples, the large grain structure reduces the

number of grains or the amount of effective grain boundaries

in the samples, and thereby it reduces the dielectric constant

of the materials.64 Since the grain size increases gradually

for both CZ54 and CZ74 as compared to CZ34 (explanation

given in Sec. III B), the dielectric constant for both CZ54

and CZ74 decreases gradually as compared to that of CZ34.

Here, it is necessary to mention that though the dielec-

tric constant of a nanomaterial depends on the number of

grains and the grain boundaries present inside the material,

the expected presence of rodlike nanostructures inside the

microstructures plays the most crucial role in the modulation

of the dielectric constant of the material. The fundamental

cause for this speculation regarding the dielectric constant

has been discussed in this section. It has also been mentioned

in the earlier discussion that the enhancement of the dielec-

tric constants of CZ34, CZ54, and CZ74 as compared to that

of PZ4 appears due to the presence of Cr3þ ions in the struc-

ture of ZnO (electron hopping effect) and the decrement of

the dielectric constants with increasing percentages of Cr3þ

ions in the structure of ZnO (grain size effect), but the over-

all enhancement of the dielectric constants by multi-fold of

all the undoped and doped ZnO samples as compared to any

other previous reports is yet to be explained. To date, no one

has explained why the dielectric constants of rodlike

undoped or doped ZnO samples are so much large with

respect to any other structures reported earlier and how we

could achieve this ultrahigh dielectric constant for undoped

or doped ZnO samples preferable for many important device

applications. In the present case, the nanostructures are accu-

mulated inside the microstructure, and finally, they can be

obtained with preferable growth along the c-axis. This type

of growth of the nanostructures inside the microstructure

appears due to the hydrothermal synthesis route in which

nanostructures grow under high pH value and high pressure.

Different synthesis routes other than the hydrothermal syn-

thesis route can produce nanostructures with different geo-

metrical shapes such as spherical, flack, bolt, flower, etc. All

these structures are quite different from the rodlike nano- as

well as microstructures developed under the hydrothermal

synthesis route and may not be suitable to get the ultrahigh

value of the dielectric constant. Each rodlike nanostructure

acts as a nano-dipole and the cumulative effect of all the

nano-dipoles inside the microstructures contribute towards

the resultant dielectric constant of the material. In general,

the dielectric constant depends on the cumulative effect of

dipole moments for the dipoles present inside the system and

the value of the dipole moment for each dipole depends on

the product of the amount of total charge at the interface

with the free path length. Now, for the doped ZnO sample

(CZ34), larger path length and also more free charge carriers

can be found inside each microstructure in comparison to the

undoped ZnO sample (PZ4) and it shows a larger dielectric

constant. But with the increasing percentages of Cr3þ ions in

the ZnO structure, the dielectric constant decreases due to (i)

the step-down effect of the number of grain boundaries and

(ii) the step-down effect of the effective grain boundary

thickness. It has to be mentioned here that the dielectric con-

stant of the material depends on the thickness of the grain

boundary. Thinner the grain boundary layer, the higher is the

dielectric constant. In comparison to CZ34, both CZ54 and

CZ74 contain more numbers of growth units and so that the

grain boundary thickness of both CZ54 and CZ74 will be

more than that of CZ34 and this will reduce the dielectric

constant of the materials accordingly. In addition, the main

contribution of the dielectric constant of the material is due

to the presence of space charge polarization which, on the

other hand, depends on the number of microstructural grains

and grain boundaries. As discussed in Sec. III B that the

number of microstructural grains and grain boundaries are

more inside CZ34 as compared to CZ54 and CZ74, so CZ34

shows large value of dielectric constant as compared to

others. Thus, the rodlike nano- as well as microstructures of

the undoped and doped ZnO materials under hydrothermal

synthesis route acts as the frontier of dielectric property and

it is probably the most effective way to get the ultrahigh

value of dielectric constant for most of the undoped and

doped semiconducting transition metal oxide nanomaterials.

In the future, we will extend our research work on different

other semiconducting oxide nanomaterials and with different

other dopants to generalize this fact more significantly.

The variation of dielectric loss (tan d) versus frequency

of the applied alternating electric field in the range from

40 Hz to 10 kHz with temperature as the function is shown in

Fig. 9. The dielectric loss (tan d) represents the energy dissi-

pation in the dielectric system and it is considered to be

caused by the domain wall resonance. According to Eq. (12),

dielectric loss (tan d) is expressed as the ratio of the imagi-

nary part of the dielectric constant (e00) to the real part of the

dielectric constant (e0). Figure 9 shows the variation of

dielectric loss (tan d) as a function of frequency at different

temperatures (RT to 80 �C). From Fig. 9, it is quite clear that

the dielectric loss (tan d) decreases with the increase in fre-

quency at different temperatures. This type of variation of

dielectric loss (tan d) appears due to the space charge polari-

zation. According to Eq. (12), dielectric loss (tan d) is pro-

portional to the imaginary part of the dielectric constant (e00),
so exhibits similar dispersion behavior. It is also noticeable

that dielectric loss (tan d) is maximum when there is no dop-

ing and decreases gradually with the increase in the Cr3þ ion

doping percentage. Hence, we can conclude that these Cr3þ

ion doped samples show the capability to be used in high

frequency device applications. None of the plots display

small peaks in the higher frequency region which represents

the relaxation processes or loss peaks. The peaking behavior

occurs when the hopping frequency of the localized electric

charge carrier approximately equals to that of frequency of

the externally applied alternating electric field.

Figure 10 shows the temperature variation in the range

of 25–120 �C of the real part of dielectric constant (e0) for the

undoped ZnO and Cr3þ ion doped ZnO nanoparticles. The

measurement has been taken for three different frequencies,

i.e., 1 kHz, 10 kHz, and 100 kHz, respectively. In all the

cases, the curve shows ferroelectric to paraelectric transition

at around 30 �C. It is noted that the maximum value of the

real part of dielectric constants (e0) for all the samples is
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quite high and the highest value of the real part of dielectric

constant (e0) (�65595) has been found at 1 kHz frequency

and specifically for 3% Cr3þ ion doped ZnO (CZ34) system.

This high value of e0 may be attributed to the presence of the

interfacial polarization inside the samples.

In addition, it has to be mentioned here that the bulk

ZnO is an n-type semiconducting material with large free

electron density inside the material, but in the nanoscale

regime, a large amount of grain boundaries are present inside

the ZnO nanomaterials. Although the ZnO grains are good

conductors, the grain boundaries are poor conductors.

Therefore, when the ZnO nanomaterial consists of large

numbers of grain boundaries and the ZnO nano-grains are

separated from one another by poorly conducting grain

boundaries, the conduction property of the nanomaterial

does not hold good. Thus, the motion of free charge particles

inside ZnO nanomaterial is completely restricted by the grain

boundaries. Now, in the presence of external electric field,

the free charge particles reside at the surface of poorly con-

ducting grain boundaries inside ZnO nanomaterials and

thereby enhance interfacial polarization inside the sample.

On the other hand, the charge density and the corresponding

interfacial polarization inside the ZnO nanomaterials can be

enhanced largely over the usual amount of charge density of

FIG. 9. Plot of dielectric loss (tan d) vs

frequency at different temperature of

the samples (a) PZ4, (b) CZ34, (c)

CZ54, and (d) CZ74.

FIG. 10. Variation of real part of

dielectric constant (e0) with tempera-

ture at different frequencies of the

samples (a) PZ4, (b) CZ34, (c) CZ54,

and (d) CZ74.
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the host ZnO nanomaterial by the doping of Cr3þ ions. Cr3þ

is an important transition metal element and it has a close

ionic radius parameter to that of Zn2þ, which means that

Cr3þ can easily penetrate into the ZnO crystal lattice or sub-

stitute Zn2þ ions from the host crystal lattice.69 Due to this

specific nature of Cr3þ ions, three Zn2þ ions can be replaced

very easily by two Cr3þ ions to maintain electrical neutrality,

and due to this distribution of Cr3þ ions inside the structure

of ZnO, both free charge carriers and cationic vacancy in

form of zinc vacancy are generated. The doubly ionized oxy-

gen atom (O2�) corresponding to each zinc vacancy inside

the structure of ZnO can liberate its excess electron to be

neutralized itself and thereby the process further improves

the free charge density and the corresponding interfacial

polarization of ZnO nanomaterial. In addition, the oxygen

vacancy generates inside ZnO in this process. It has to be

mentioned here that the main contribution of the dielectric

property comes from the interfacial polarization of the ZnO

nanomaterial, but the presence other native defects such as

zinc vacancy, zinc interstitial, and oxygen vacancy inside the

structure of the ZnO nanomaterial can also further improve

the dielectric constant of the nanomaterial over the expected

value. Thus, it can be inferred that the doping of a trivalent

cation such as the Cr3þ ion inside the structure of ZnO nano-

material is one of the key factors for the significant improve-

ment of the dielectric constant of the nanomaterial. Thus,

these Cr3þ ion doped ZnO nanoparticles with high dielectric

property would be suitable for application in devices.

IV. CONCLUSION

In this work, we have carried out an experimental study

to modulate the dielectric property in highly crystalline Cr3þ

ion doped semiconducting ZnO nanoparticles prepared by

the hydrothermal synthesis route. All the nanostructures as

well as microstructures of undoped and Cr3þ ions doped

semiconducting ZnO nanomaterials have been grown up into

hexagonal rodlike structures under high pH and high pres-

sure of hydrothermal process and the presence of rodlike

structures of all the undoped and doped ZnO samples has

been confirmed by the FESEM micrograph. It has been

found in the present work that these rodlike structures of

undoped and doped semiconducting ZnO samples are play-

ing the key role in the modulation of the dielectric property,

and the normal dielectric materials with a moderate dielec-

tric constant having any form of microstructures other than

rodlike structures can be achieved as the super dielectric

material with a very high value of the dielectric constant

when the material is found in the rodlike structures. It has to

be mentioned here that this hydrothermal synthesis route is

not only effective for the improvement of the dielectric

response of the undoped and doped ZnO samples, but it is

also very effective and probably the inevitable one for all the

other semiconducting metal oxide nanomaterials when it is

the question of their dielectric response and dielectric

constant. In addition, the substitution of Cr3þ ions improves

the charge density, and thereby it enhances the dielectric

response of the semiconducting host ZnO nanomaterials.

Thus, by using the low cost hydrothermal synthesis route,

many undoped and TM or REE ion doped semiconducting

oxide materials can be prepared into rod like structures with

an exceptionally high dielectric constant. Furthermore, a

high dielectric constant (�524 160 at 40 Hz) in Cr3þ ion

doped ZnO nanoparticles was observed at the low frequency

side and a ferroelectric to paraelectric phase transition at

30 �C was observed at various frequencies. Such a high value

of the dielectric constant of undoped and Cr3þ ion doped

ZnO nanoparticles improves its dielectric property towards

nanoscale charge storage devices, sensor device applications,

high electric breakdown strength for non-conducting coating

materials, and ferroelectric or piezoelectric applications,

which is an essential requirement for device applications in

the field of modern technology.
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A B S T R A C T

ZnO nanomaterials with different doping concentrations of Cr ions have been prepared by the hydrothermal
method. The crystallographic parameters have been estimated by Rietveld analysis. The diffraction pattern in-
dicates the preferential growth of the nanomaterials along ‘a’ axis. Photoluminescence (PL) and electron para-
magnetic resonance (EPR) spectra reveal the presence of various defect states and singly ionized oxygen vacancy
in all the Cr-doped ZnO nanomaterials. M-T curve suggests that all the magnetic phases (para, ferro, and anti-
ferro) are present in the total magnetization of the Cr-doped ZnO nanomaterials. The calculation shows that 7%
Cr-doped ZnO has the highest magnetic moment among others, though the ferromagnetic contribution (˜ 89.1%)
in the total magnetization is more for 5% Cr-doped ZnO sample. The widely accepted bound magnetic polaron
theory has been proposed here to explain the modulation of the magnetic behavior of doped ZnO nanomaterials
due to the variation of the doping concentration of Cr ions.

1. Introduction

ZnO is one of the most promising and widely studied II-VI semi-
conductor materials with a large direct band gap energy of 3.37 eV and
a large exciton binding energy of 60meV. ZnO nanostructures such as
nanospheres, nanorods, nanobolts, nanoflowers, nanowires, etc. with
size modulations show fascinating optical, dielectric and many other
physical properties which establish this nanostructure ZnO as the most
significant candidate for the fabrication of nano-devices [1–3]. More-
over, in recent reports, it has already been established through ex-
perimental observation that ZnO nanomaterial can possess feeble
magnetic ordering though its origin is still under doubt [4,5]. The small
spin-orbit coupling and corresponding large spin coherence length
make ZnO a potential candidate/host for spintronic devices [6]. In this
direction, few atomic percentages of transition metal (TM) doping can
generate some fascinating physical properties of ZnO and these can be
integrated with magnetic properties to satisfy the needs for formulating
spin-based devices such as spin-valve transistors, non-volatile memory,
logic device and many more [7,8]. The TM doping also initiates the
debates about the generation of room temperature ferromagnetism

(RTFM) in ZnO due to the possible existence of ferromagnetic clusters/
secondary phases related to the well known magnetic metal cations (Co,
Ni, Fe). These secondary phases are the most vital concerns in any di-
luted magnetic system as a source of the spurious magnetic signal
[9,10]. Therefore, the non-ferromagnetic element doping in the lattice
structure of host ZnO is the most constructive method to find out the
origin of intrinsic ferromagnetism. Another serious issue is the low
magnetization value (nearly ˜ 10-4 to 10-3 emu/g) of TM doped ZnO
nanomaterials which restrict their application in high-speed data pro-
cessing systems [11,12]. This particular drawback related to the mag-
netic response of TM doped ZnO nanomaterials and the requirement for
the fabrication of high-speed next-generation logic device has moti-
vated us to do research work on the Cr doped ZnO system. Here in the
present work, Cr is chosen as the preferred TM dopant because (i) Sato
and Katayama-Yoshida et al., predicted theoretically that FM in Cr-
doped ZnO is more stable and energetically favourable than most
widely studied Co-doped ZnO [13], (ii) Cr3+ ion has smaller atomic
radius (0.63 Ǻ) than the atomic radius of Zn2+ ion (0.74 Ǻ) and ex-
pected to easily enter into ZnO crystal lattice or substitute Zn position
in the crystal forming a solid solution [14], (iii) Cr metal is
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paramagnetic at high temperature and antiferromagnetic below 311 K.
These features make Cr a promising doping element to distinguish in-
trinsic FM, (iv) trivalent Cr3+ ions exhibit 3d3 high-spin configuration,
which may help to produce large magnetic moments in the host lattice
and (v) we expect that substitution of divalent zinc cations by the tri-
valent chromium cations can produce a large number of defect states
inside the structure of ZnO such as zinc vacancy defect, zinc interstitial
defect, oxygen vacancy defect, dangling bond, etc. to maintain the
charge neutrality which may initiate desired magnetic ordering
[15,16]. After the detail experimental and theoretical observations, it is
now accepted that the structural defects are basically the cause of the
RTFM in TM doped ZnO. [17,18]. In addition exchange interaction
between magnetic moments localized at the TM sites mediated by free
charge carriers known as Ruderman–Kittel–Kasuya–Yosida (RKKY) is
also believed to be the other reason for magnetic ordering [19,20]. In
this direction only a few reports are available and the systems have
been reported to display the presence of ferromagnetic, paramagnetic
or spin glass behavior, depending on the sample preparation para-
meters [21,22]. Thus contradictory results on magnetic ordering still
open up a void space for the researchers to work with Cr-doped ZnO
nanomaterials. Subsequently, to date, no consensus has been reached
regarding the coupling mechanism or the origin of the magnetic or-
dering of TM doped ZnO. In line with this, we have doped various
concentrations of Cr3+ ions (3, 5 and 7%) in host ZnO nanomaterial. In
the present study, we have used the hydrothermal synthesis route
which gives us a better opportunity to develop ZnO nanomaterials,
particularly, for the preparation of TM doped ZnO nanomaterials. The
goal of this study is to reveal the exact origin of magnetic ordering as
well as to evaluate and substantiate the influence of Cr content on the
structural and magnetic properties of ZnO nanomaterial.

2. Experimental

2.1. Materials and methods

In the present article different measurements were conducted on Cr-
ions doped ZnO nanomaterials for the determination of structural,
magnetic and other co-related physical properties. Cr-doped ZnO na-
nomaterials with different compositional ratio, i.e., Zn1-xCrxO
(x=0.00, 0.03, 0.05 and 0.07) were prepared by co-precipitation
method followed by hydrothermal synthesis route. The detail

preparation technique has been provided in our earlier publications
[23–26]. Zinc acetate dehydrate Zn(CH3COO)2·2H2O (Sigma Aldrich,
99%), chromium acetate Cr(CH3COO)3 (Sigma Aldrich, 99%) were used
as the precursor salts with analytical grade and without any further
purification, and ammonium hydroxide NH4OH (concentration ˜ 25%)
was also used in the co-precipitation process. Zinc acetate dihydrate Zn
(CH3COO)2·2H2O and chromium acetate Cr(CH3COO)3 salts were taken
in a beaker with triple distilled water. The solutions of precursor salts
were stirred on a magnetic stirrer for an hour at a temperature of 60 °C
and NH4OH solution was added in the solutions of precursor salts for
the synthesis of both undoped and Cr-doped ZnO nanoseeds. Excess
ammonia was added in the aqueous solution to enhance the pH value of
the resultant solution to ˜ 10 and the resultant solution was then
transferred into the Teflon jacket. The Teflon jacket was placed in the
stainless steel autoclave and the whole system was placed inside a hot
air oven at 160 °C for 48 hrs. After 48 hrs the system was allowed to
cool down naturally to RT. The supernatant was removed from the
Teflon jacket and the solid precipitates at the bottom of the Teflon
jacket were collected for washing. The solid precipitates were washed
several times with triple distilled water and ethyl alcohol. The solid
precipitates were kept inside the vacuum oven at 50 °C for another
48 hrs in order to make it dry and finally, the dried as-prepared powder
samples of undoped and Cr-doped ZnO nanomaterials were collected.
Now, the as-prepared nanomaterials were annealed at 400 °C to get the
desired crystallographic phase of the resultant undoped and Cr-doped
ZnO nanomaterials. The whole synthesis mechanism has been depicted
in Fig. 1.

In the present study, the crystal growth mechanism of undoped and
Cr-doped ZnO nanomaterials into rod-like grain structure can be ex-
plained on the basis of the kinetic point of view. Under the hydro-
thermal synthesis route, growth mechanism is assisted by the formation
of growth units and thereafter the growth units will assimilate at the
interface of the ZnO lattice site. The high pH value of aqueous solution ˜
10 also plays the most significant role in the development of micro-
structures with rod-like in nature for undoped and Cr-doped ZnO na-
nomaterials. During the reaction process, the addition of excess NH4OH
helps to create a large number of growth units in the form of hydrated
ions such as Zn(OH)42- and Cr(OH)63-. Now, the high pressure inside
autoclave helps to get diffusion of hydrated ions and the deregulation
movement between the molecules and ions. These hydrated ions are
finally bonded together through a dehydration reaction and as a result,

Fig. 1. Flowchart of the preparation of undoped and Cr-doped ZnO by hydrothermal synthesis route.
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they decomposed into a large size cluster. As the size of the cluster
satisfies the critical limit required to form grain, the cluster gets pre-
cipitated. Thus, this hydrothermal synthesis route is very much helpful
for the modulation of grain structures of undoped and Cr-doped ZnO
nanomaterials into rod-like in nature as well as this process also helps to
get large internal strain inside the lattice structure of host ZnO nano-
materials. This internal lattice strain is one of the important factors due
to which the desired modification in various physical properties such as
optical and magnetic properties can be made and it has been discussed
in the XRD section.

2.2. Characterization techniques

The XRD patterns of all the samples were recorded in powder X-ray
diffractometer, Model D8, BRUKER AXS, using Cu Kα radiation (λ
=1.5405 Å) in the range of 2θ from 20 to 80°. Field emission scanning
electron microscope (FESEM) was employed for morphological study
using INSPECT F50 (FEI, Netherland). The photoluminescence (PL)
emission spectroscopy was also conducted by using a spectro-
flourometer, Perkin Elmer Germany with an excitation wavelength
(λex) of 325 nm. The electron paramagnetic resonance (EPR) mea-
surement was conducted by using the EPR spectrometer model E500
Bruker. Magnetization versus applied magnetic field (M-H) data of the
samples at RT and at different low temperatures was recorded by a
SQUID magnetometer (MPMS XL 7, Quantum Design), where the
maximum applied field was 50000 Oe.

3. Result and discussions

3.1. XRD analysis

The structural properties of undoped and Cr-doped ZnO nanoma-
terials have been investigated by the use of X-ray diffraction (XRD)
patterns and the respective patterns of all the samples viz., (C0Z4,
C3Z4, C5Z4, and C7Z4) have been depicted in Fig. 2(a)-(d). The XRD
patterns of these samples are in good agreement with the JCPDS (File
no. 36-1451) standard data of the wurtzite hexagonal lattice structure
of ZnO. The X-ray diffraction patterns of all the undoped and Cr-doped
ZnO nanomaterials exhibit a series of diffraction peaks corresponding to
Bragg planes (100), (002), (101), (102), (110), (103), (200), (112),
(201) and (202) with the space group P63mc. Rietveld refinement has
been considered in the present report and the corresponding analysis
tells us that the samples are all in the single phase of the hexagonal
wurtzite lattice structure of ZnO and no trace of any other impurities
have been observed within the detection limit of powder XRD pattern.
The maximum doping percentage of Cr ion in the present study is 7%
and this higher doping percentage may influence the Cr ions to occupy
vacant octahedral (Cr3+) and tetrahedral (Cr6+) sites sequentially in-
side the host ZnO lattice. These site selections of higher valency Cr ions
act as precursors for different secondary oxide phases such as anti-
ferromagnetic Cr2O3 and ZnCr2O4, paramagnetic Cr2O3 and ferromag-
netic CrO2, etc. These secondary phases are the sources of various forms
of magnetic responses and they are not intrinsic in nature [27]. It is to
be mentioned here that we are very much concerned about the phase
purity for Cr-doped ZnO nanomaterials throughout the entire course of
sample preparation. Since the formation of any secondary phase in Cr-
doped ZnO nanomaterials may mislead us to draw conclusions about
the intrinsic behavior of the FM ordering at RT present in the samples. It
has been noticed from Fig. 2 that all the undoped and Cr-doped ZnO
nanomaterials have a common preferential growth pattern along (100)
Bragg plane whereas the slandered JCPDS file shows that the intensity
of (101) plane is high as compared to the (100) plane. The preferential
growth of the ZnO nanomaterials along ‘a’ axis has been appeared due
to the nucleation of the undoped and Cr-doped ZnO nanoseeds along
(100) plane under high pressure and temperature of the autoclave
during the hydrothermal synthesis route. Also, this nucleation process

under high pressure and temperature of the autoclave influences the
resultant products of ZnO to be evolved as rods like in nature. The well-
ordered alignment of ZnO nanorods along ‘a’ axis [compared to ‘c’ axis]
is very much scarce in available literature and perhaps for the first time,
this type of growth pattern of undoped and Cr-doped ZnO nanorods
have been found. The lower intensity of (002) peaks for all the samples
is also in good agreement with the fact that the growth of all the un-
doped and Cr-doped ZnO nanorods has appeared along ‘a’ axis rather
than ‘c’ axis. The degree of a-orientation can be illustrated by the re-
lative texture coefficient as shown in equation 1 [28]
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Where I100 and I101 are the measured diffraction intensities due to (100)
and (101) planes of undoped and Cr-doped ZnO nanorods and I0100 and
I0101 are the diffraction intensities of standard ZnO sample as obtained
from JCPDS (File no. 36-1451). The texture coefficients for C0Z4, C3Z4,
C5Z4, and C7Z4 are 0.678, 0.672, 0.674 and 0.683 respectively, which
indicates that the preferential growth of all the ZnO nanomaterials has
appeared along (100) plane. This growth pattern is almost independent
of Cr doping concentration and the nucleation of ZnO nanoseeds into
ZnO nanorods along (100) plane depends mostly on the preparation
techniques/parameters such as pH value of the solution, pressure, and
temperature inside the autoclave, etc. under hydrothermal synthesis
route.

The X-ray powder diffraction (XRPD) profile at any diffraction angle
(θ) can be described as:

= × × +Y θ B I I θ Bkg(2 ) [ ( )](2 )c S A (2)

Here B is the true specimen broadening describing the microstructural
broadening, IS is the symmetric part of the instrumental function, IA is
the asymmetric part of the instrumental function and Bkg is the back-
ground of the diffraction pattern [29]. In the present article, the
structural (lattice parameters, unit cell volume, etc.) and micro-
structural (coherent domain size/crystallite size, microstrain, etc.)
parameters have been estimated from Rietveld analysis with the help of
the software MAUD [30]. Small values of χ2 (goodness-of-fit quality
factor) and different profile parameters viz, Rp (profile fitting R-value),
Rwp (weighted profile R-value) recommend that Cr-doped ZnO nano-
materials are all in single crystallographic phase corresponding to the
hexagonal wurtzite structure of ZnO. The observed patterns are all well
fitted by the generated patterns in the Rietveld refinement and the
parameters are reproducible too. The lattice parameters (a and c) ex-
tracted from Rietveld refinement are plotted in Fig. 3 as a function of Cr
doping concentration (x). The values of lattice parameters (a and c),
extracted from Rietveld refinement for the variation of Cr doping
concentration have been shown in Table 1. From Table 1, it is quite
clear that the lattice parameters (a and c) do not change significantly
due to the increase in Cr doping concentration inside the structure of
host ZnO nanomaterials. However, a closer observation (Fig. 3) reveals
that there is a small increase in the lattice parameter ‘a’ and a small
decrease in the lattice parameter ‘c’ due to the increase in Cr doping
concentration in host ZnO nanomaterials. In the present study, the
change in lattice parameters (a and c) has also been observed due to the
generation of distortion effect in the host ZnO lattice structure by the
incorporation of the Cr3+ ions. Actually, with the increasing doping
percentage of Cr3+ ions (Zn1-xCrxO (x= 0.03, 0.05 and 0.07)), more
and more zinc vacancies would generate inside the lattice structure of
host ZnO to maintain charge equality. These induced zinc vacancies
generated due to the doping of Cr3+ ions in the ZnO lattice are re-
sponsible for the change in the lattice parameters (a and c). During
doping of Cr3+ ions in the lattice structure of host ZnO, three Zn2+ ions
get removed from host lattice by the two Cr3+ ions and due to that, the
effective lattice parameters of the nanocrystallite gets changed with
respect to undoped ZnO. Also, the decrease in ‘c’ may be appeared due
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to the incorporation of smaller size Cr3+ ion (0.63 Ǻ) at the site of Zn2+

(0.74 Ǻ) ions inside the lattice structure of host ZnO. However, the
increase of the lattice parameter ‘a’ cannot be accounted by this logic
and this change has been appeared due to the small distortion at Zn-

tetrahedron. Normally in the wurtzite ZnO structure, the Zn-tetra-
hedron has its base in the ab-plane and the apex along the c-direction.
Now, the replacement (doping) of Zn2+ ions by Cr3+ ions increases the
average basal bond angles (Ob-Zn-Ob) of the wurtzite ZnO structure and
it also decreases the average base-apex angles (Ob-Zn-Oa) (where Ob

and Oa are oxygen atoms in the base and at the apex respectively, of the
tetrahedron) leading to the small increment in the lattice parameter ‘a’
and small decrement in the lattice parameter ‘c’ of the resultant ZnO
lattice structure [31]. To substantiate this explanation, we have

Fig. 2. XRD patterns along with the Rietveld analysis of the samples (a) undoped ZnO (C0Z4), (b) 3% Cr-doped ZnO (CZ34), (c) 5% Cr-doped ZnO (CZ54) and (d) 7%
Cr-doped ZnO (CZ74).

Fig. 3. Variations of lattice parameters ‘a’ and ‘c’ as a function of Cr ion doping
concentration in ZnO.

Table 1
Structural parameters of undoped and Cr-doped ZnO nanomaterials extracted
from Rietveld analysis.

Parameters C0Z4 C3Z4 C5Z4 C7Z4

Crystallite Size (nm) 57 44 35 29
a (Å) 3.249 3.251 3.252 3.252
c (Å) 5.208 5.207 5.205 5.204
Biso 1.262 1.403 1.750 1.101
Δgo 1.000 0.027 0.048 0.072
Degree of distortion (R) 1.018 1.019 1.020 1.020
DZn-O (Å) 1.977 1.978 1.978 1.978
Ob-Zn-Oa (in degree) 108.468 108.445 108.374 108.373
Ob-Zn-Ob (in degree) 110.422 110.479 110.559 110.549
Microstrain 5.62× 10-4 1.03× 10-3 1.5× 10-3 2.1× 10-3
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evaluated the bond angles as well as the bond lengths of undoped and
Cr-doped ZnO nanomaterials from Rietveld analysis and the corre-
sponding values are also presented in Table 1. The values of bond an-
gles and bond lengths reveal that the base-apex angles decrease from
108.47° to 108.45° and basal bond angle increases from 110.42° to
110.48°. The representative crystal structure of one such Cr-doped ZnO
nanomaterials i.e., 3% Cr-doped ZnO nanomaterial (C3Z4) has been
derived from Rietveld analysis and the structure has been shown in
Fig. 4. Therefore, the distortion in the Zn-tetrahedron arises due to the
variations of bond lengths and bond angles between the lattice atoms.
The other factors such as zinc antisites, oxygen vacancies, and extended
defects are also responsible for the enhancement of the lattice constant
as proposed by Ozagur et al. [32]. An additional Rietveld refinement
has been performed in the present report in order to understand the
presence of oxygen occupancies in each Cr-doped ZnO nanomaterial.
The oxygen occupancy estimated for C0Z4, C3Z4, C5Z4, and C7Z4
nanomaterials are 1, 0.973, 0.952, and 0.928 respectively. The varia-
tion of the oxygen occupancy for each sample has been defined as [33]

= − −Δg g
g

go ZnO o ZnO
o Cr doped ZnO

o ZnO
( ) ( )

( )

( ) (3)

Where go refers to oxygen site occupancy. The positive value of all the
Cr-doped ZnO nanomaterials (summarized in Table 1) indicates that
oxygen vacancy increases with the increase of Cr doping concentration
inside the lattice structure of host ZnO.

Therefore, we conclude that Cr3+ ions get incorporated successfully
in the lattice structure of host ZnO and it influences both oxygen va-
cancies and lattice distortion in the Cr-doped ZnO nanomaterials. The
degree of distortion (R) has been calculated by the following relation:

=R a
c

8
3 (4)

The value of R is 1 for an ideal structure. The gradual increase of R
has been shown in Fig. 5 and it suggests that R increases with increasing
Cr-concentration. In order to determine the size and strain parameters
of undoped and Cr-doped ZnO nanomaterials, the whole profile has
been fitted again by the isotropic size strain model. The average crys-
tallite size in the present study decreases from 57 to 29 nm when Cr
doping concentration varies from 0% to 7%. It indicates that the pre-
sence of Cr ions in the ZnO lattice structure prevents the growth of
crystal grains and it also slows down the motion of the grain bound-
aries. The interruption on the movement of the grain boundaries can be
well explained by Zener pinning [34]. If the retarding force of the
moving boundary is attached to the zinc interstitial and if the con-
centration of Cr ions is more than the driving force required for grain
growth, then the particle growth will be restricted and the particle
cannot grow any longer. Subsequently, the substitution of Zn2+ ions by
the Cr3+ ions produces crystal defects which act as nucleation center

[35]. Therefore, crystal growth is inhibited. The lattice strain of C0Z4,
C3Z4, C5Z4, and C7Z4 has also been estimated from Rietveld analysis
and the corresponding values have been provided in Table 1. In the
present study, undoped and Cr-doped ZnO nanomaterials are all pre-
pared by the hydrothermal method. Now, under the hydrothermal
synthesis route inside autoclave high pressure has been developed in
the lattice structure of host ZnO nanomaterials which also develops
large internal compressive stress on the crystal planes in the host ZnO
structure. This large internal compressive stress on undoped and Cr-
doped ZnO nanomaterials also develops large internal strain on the
lattice structure. Now, it is well known that the large internal lattice
strain can shift the position of any particular XRD peak towards the
higher 2θ value. Along with the internal lattice strain present inside the
host lattice structure of ZnO due to the high pressure effect under the
hydrothermal synthesis route, the addition amount of internal lattice
strain would develop inside the lattice structure of the host ZnO due to
the presence of Cr3+ ions as dopant. It is to be mentioned here that the
radius of Cr3+ ion (0.63 Å) is different from the radius of Zn2+ ion
(0.74 Å). Therefore, when Zn2+ ions are substituted by Cr3+ ions the
internal lattice strain inside the lattice structure of Cr-doped ZnO na-
nomaterials would develop due to this difference in the dimension of
the ionic radius of these two cations. The corresponding values of the
internal lattice strain/microstrain of Cr-doped ZnO nanoparticles are
more as compared to the undoped ZnO nanoparticles and it increases
gradually with the increasing doping percentages of Cr3+ ions in the
structure of host ZnO nanomaterials. In the present report, the values of
internal lattice strain/microstrain for all the nanomaterials (C0Z4,
C3Z4, C5Z4, and C7Z4) are given in Table 1 and the values are in good
agreement with that of the enhancement of lattice distortion observed
in the lattice structure of Cr-doped ZnO nanomaterials. Thus, the im-
provement of the internal lattice strain due to the incorporation of the

Fig. 4. Structure representation of 3% Cr-doped ZnO.

Fig. 5. Variations of the degree of distortion (R) as a function of Cr ion con-
centration in ZnO.
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Cr3+ ions in the structure of host ZnO nanomaterials is the main cause
behind this shift in diffraction peak positions in the XRD observation.

3.2. FESEM analysis

In order to get a clear idea about the growth mechanism and the
variation of surface morphologies of undoped and Cr-doped ZnO na-
nomaterials under the hydrothermal synthesis route, the FESEM mea-
surement has been conducted and some selected micrographs have
been shown in Fig. 6. Fig. 6 (a) and (b), respectively, show the surface
morphologies of undoped ZnO (C0Z4) and 5% Cr-doped ZnO (C5Z4)
nanomaterials observed in their FESEM measurements. It is quite clear
from Fig. 6(a) and (b) that the micrographs of both the samples are rod-
like in nature and a clear variation of their morphologies has also been
observed in the representative micrographs. Fig. 6(a) represents the
micrograph of undoped ZnO nanomaterial (C0Z4) and it shows the rod-
like structure of C0Z4 with the needle like end. In the given micrograph
all the rod-like structures are very much clear and distinguishable from
one another, though the presence of agglomeration effect at the growth
centers of C0Z4 cannot be ruled out completely. Fig. 6(b) shows the
micrograph of 5% Cr-doped ZnO nanomaterial (C5Z4). In the given
micrograph the surface morphology of C5Z4 is also rod-like in nature
with hexagonal ends and it also shows a similar pattern that we have
observed for C0Z4. Thus, the formation of rod-like grain morphologies
of C0Z4 and C5Z4 nanomaterials from their nanoseeds like structures is
the signature pattern of hydrothermal synthesis of undoped or Cr-doped
ZnO nanomaterials. Now, the formation of growth units in form of
hydrated ions like, Zn(OH)42- and Cr(OH)63- under high pH (˜ 10) and
thereafter the diffusion process of these hydrated ions under high
pressure and temperature (˜ 160 °C) in the aqueous solution, actually
controls the growth mechanism of the undoped and Cr-doped ZnO
nanomaterials under hydrothermal process. The detail of the growth
mechanism of undoped and Cr-doped ZnO nanomaterials has been
given in our earlier publication [23]. After the end of the hydrothermal
process, the structural variations have been observed for both the rod-
like C0Z4 and C5Z4 nanomaterials. The first one shows its rod-like
structure with the needle like end and the latter one shows its rod-like
structure with a nearly uniform hexagonal end. This change in surface
morphologies of both C0Z4 and C5Z4 nanomaterials appears due to the
presence of elemental dissimilarity in form of Cr3+ ions between un-
doped ZnO and Cr-doped ZnO nanomaterials. The presence of Cr3+ ions
inside Cr-doped ZnO nanomaterials has changed the requisite condi-
tions for the formation of precipitation of Cr-doped ZnO nanomaterials
under hydrothermal synthesis route in comparison to that of undoped
ZnO nanomaterials [36]. These changes in grain morphologies due to
the presence of dopant ions inside host nanomaterials have also been

reported in our earlier publication [23]. Thus, these changes in mor-
phology with the doping of Cr3+ ions in the structure of ZnO signify the
successful incorporation of the Cr3+ ions inside the wurtzite lattice
structure of ZnO nanomaterials. Interestingly, all the nanorods in dif-
ferent micrographs are nearly uniform in size and the particles are not
much agglomerated.

3.3. Photoluminescence study

Photoluminescence (PL) spectra of all the hydrothermally prepared
Cr3+ ions doped ZnO nanomaterials (C3Z4, C5Z4, and C7Z4) have been
measured and the corresponding broad PL spectra have been decon-
voluted. These deconvoluted PL spectra for all the Cr-doped ZnO na-
nomaterials have been depicted in Fig. 7(a-c). The schematic diagram
of band gap energies of the given PL spectra corresponding to each
sample has also been depicted in Fig. 7(d). It is well accepted that the
PL emission spectra depend on many factors associated with the re-
sultant nanomaterials such as preparation technique, stoichiometry,
selection of dopant, doping percentage and annealing temperature, etc.
All these factors are responsible for the desired outcome of PL emission
spectra. Depending on the above mentioned factors the grain mor-
phology and various native defect states in form of oxygen vacancy
defects (Vo), oxygen interstitial defects (Io), zinc vacancy defects (VZn),
zinc interstitial defects (IZn), etc., present inside the structure of Cr-
doped ZnO nanomaterials can be modulated and the corresponding PL
emission spectra vary accordingly. The PL study of Cr-doped ZnO na-
nomaterials has been conducted with an excitation wavelength of
325 nm. The PL spectra of all the Cr-doped ZnO nanomaterials (C3Z4,
C5Z4, and C7Z4) show a broad UV emission peak centered at 380 nm.
In the ultraviolet region, the emission peak of Cr-doped ZnO nanoma-
terials has been found almost at the similar positions for all the nano-
materials and the emission peak has been developed due to the re-
combination of free excitons through the exciton-exciton collision
process. Also, the emission peak can be appeared in the UV region due
to the transition of free excitons present in the energy states close to the
conduction band to the energy states close to the valance band and this
recombination process is called near-band-edge (NBE) emission [37].
Also, a broad emission peak centered at 442 nm has been observed for
C3Z4, C5Z4, and C7Z4 nanomaterials. In the visible region and at
442 nm the blue emission peak has been observed in Fig. 7 due to the
presence of electronic transition between the zinc interstitial (IZn) and
the zinc vacancy (VZn) level present inside the lattice structure of C3Z4,
C5Z4, and C7Z4 nanomaterials [38]. It is quite well known that in the
process of doping three Zn2+ ions are successfully substituted by three
Cr3+ ions. Also, no peak related to any secondary phase like Cr2O3 has
been observed in any of the Cr-doped ZnO nanomaterials. Thus, three

Fig. 6. FESEM images of the samples (a) C0Z4 and (b) C5Z4.
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Zn2+ ions are properly replaced by two Cr3+ ions inside the wurtzite
lattice structure of hexagonal ZnO nanomaterials and due to this sub-
stitution Zn vacancies are formed. Also, these substituted Zn2+ ions will
take the interstitial positions inside the ZnO lattice structure. Thus,
these Zn vacancies (VZn) and Zn interstitials (IZn) are mainly responsible
for the development of the emission peak at 442 nm corresponding to
the blue emission for C3Z4, C5Z4, and C7Z4 nanomaterials. Now, at
492 nm the blue-green emission peak has been formed for C3Z4 and
C7Z4 nanomaterials. At 492 nm, the blue-green emission peak has been
formed due to the surface defects in the ZnO nanomaterials and the
corresponding electronic transition between the oxygen vacancy defects
(Vo) and oxygen interstitial defects (Io) [38]. Another peak at 540 nm
has been observed for C5Z4 nanomaterial corresponding to the green
emission and this peak has been formed due to the presence of surface
defects and the corresponding transitions due to oxygen vacancies (Vo)
in C5Z4 nanomaterials [39]. In the PL spectrum, the defect states re-
lated to the oxygen vacancies (Vo) and oxygen interstitials (Io) have
been developed in the structure of Cr-doped ZnO nanomaterials during
the sintering process of Cr-doped ZnO nanomaterial. The observed PL
spectra of Cr-doped ZnO nanomaterials in the present study are also
consistent with the works published by Kennedy et al. and Sathyaseelan
et al. [40,41]. It is also to be noted here that the oxygen vacancy (Vo)
concentration present in the Cr-doped ZnO nanomaterials plays the
most significant role for the improvement of the ferromagnetism in the
Cr-doped ZnO nanomaterials.

3.4. EPR study

The formation of oxygen vacancy defect states in the Cr-doped ZnO
nanomaterials has been identified by the room temperature electron
paramagnetic resonance (EPR) measurement. In static magnetic mea-
surements, ferromagnetic ordering has been observed in all the Cr-
doped ZnO nanomaterials (C3Z4, C5Z4, and C7Z4) and this particular
feature of Cr-doped ZnO nanomaterials has motivated us to do further
investigation on EPR analysis of these samples. The observed variations
of EPR spectra, as a function of the magnetic field of C3Z4, C5Z4, and
C7Z4 nanomaterials have been depicted in Fig. 8. Fig. 8(a), (b) and (c)
represent the EPR spectra of C3Z4, C5Z4, and C7Z4 nanomaterials,
respectively. The EPR spectra of all the Cr-doped ZnO nanomaterials
show broad line width and it is quite clear from the given figure that the
line width decreases and intensity of EPR spectra increase with the
increasing amount of Cr doping concentration in the host ZnO struc-
ture. Also, it has been observed in the EPR spectra of all the Cr-doped
ZnO nanomaterials that the patterns of the spectra are almost symme-
trical Lorentzian in shape. The resonant signal corresponding to an ef-
fective value of g-factor of C3Z4, C5Z4, and C7Z4 nanomaterials has
been estimated by the equation given below [42]

=
hγ
BH

g (5)

where H is the static field (gauss or G), γ is the frequency (Hz), B is the
Bohr magnetron equal to 9.274× 10-21 erg/G, and h is Planck’s con-
stant equal to 6.626×10-27 erg.s/cycle. The values of g-factors of
C3Z4, C5Z4, and C7Z4 nanomaterials estimated from the room

Fig. 7. Deconvoluted Photoluminescence spectra of the samples (a) CZ34, (b) CZ54 and (c) CZ74 and (d) Schematic diagram proposed for different relaxation
processes in Cr-doped ZnO nanomaterials.
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temperature EPR spectra show enhancement with the increasing doping
concentration of Cr ions in the structure of ZnO nanomaterial. The
higher value of g-factor of C5Z4 nanomaterial as compared to C3Z4
nanomaterial and the higher value of g-factor of C7Z4 nanomaterial as
compared to C5Z4 nanomaterial reveal the improvement of the con-
centration of paramagnetic centers, i.e., singly ionized oxygen va-
cancies (Vo

+) with the increasing concentration of Cr3+ ions in the
structure of host ZnO nanomaterials. But the presence of a considerable

concentration of paramagnetic centers in both C3Z4 and C5Z4 nano-
materials cannot be ruled out and the presence of paramagnetic centers
or singly ionized oxygen vacancies (Vo

+) in all the samples have been
substantiated by the presence of paramagnetic and ferromagnetic be-
haviors in static magnetic measurement. In the EPR spectra, the pre-
sence of a higher concentration of paramagnetic centers in the C7Z4
nanomaterial can also be substantiated by the higher value of EPR in-
tensity. Also, it has been found that the EPR resonant peak of C7Z4
nanomaterial is sharper than that of C3Z4 and C5Z4 nanomaterials. The
sharp resonant peak of C7Z4 nanomaterial with a higher value of g-
factor as compared to C3Z4 and C5Z4 nanomaterials signify the pre-
sence of improved magnetic homogeneity due to the greater uniformity
of Cr3+ ion distribution inside the structure of host ZnO as well as the
presence of a typical exchange coupled Cr3+ ion pairs inside ZnO [43].
This exchange coupling between the Cr3+ ion pairs plays the most
significant role in the development of FM at RT in Cr-doped ZnO na-
nomaterials. Now, based on the earlier works on EPR spectroscopy of Cr
doped-ZnO nanomaterials, one can easily relate the EPR spectra de-
tected in the Cr-doped ZnO nanomaterials to the Cr2+ valance state.
Thus, it is quite expected that the Cr2+ ion in the Cr-doped ZnO will
substitute for the Zn2+ ion from the lattice site of the ZnO wurtzite
structure. However, the values of the g-factor in the present work and
the peak-to-peak line width are in contradiction with the reported va-
lues of the EPR spectra of Cr2+ ions in the ZnO host material. In this
direction, Vallin et al. showed that the EPR spectra of Cr2+ ion in most
of the II-VI compounds have been found with peak-to-peak line widths

Fig. 8. EPR spectra of the samples (a) CZ34, (b) CZ54 and (c) CZ74.

Fig. 9. Temperature variation of zero field cooled and field cooled magnetizations of (a) CZ34, (b) CZ54 and (c) CZ74 with Curie-Weiss fittings in the inset (d)
observed magnetization vs. temperature curve of C7Z4 sample and its fitting according to equation 6 in the temperature range of 300 to 5 K.
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of 500 G at 20 K [44]. Therefore, the expectation is that at RT, the EPR
signal of Cr2+ ion will be broader and unable to observe properly in the
EPR spectra. Additionally, the study on Cr doped GaAs revealed that the
Cr3+ valence state is predominant if the chromium concentration sig-
nificantly exceeds the concentration of shallow donors in the ZnO
crystal structure. Thus, from the observed data of EPR spectra of Cr-
doped ZnO nanomaterials in the present work, we believe that the EPR
signal appears due to the Cr3+ ions instead of the Cr2+ ions and it can
be suggested that Cr3+ ions are localized in the octahedral site of the
host ZnO lattice structure and correspond not only to the Cr3+ ions
observed in the doped-ZnO nanomaterials but also to an unpaired
electron trapped at the oxygen vacancy site. It is possible that the broad
line width of the Cr3+ ions overlaps with the resonance line of an un-
paired electron trapped at the oxygen vacancy site. Under certain
condition, this trapping of an unpaired electron at the oxygen vacancy
site plays the most significant role to show ferromagnetic ordering in
Cr-doped ZnO nanomaterials under external magnetic field which can
be explained on the basis of BMP model.

3.5. Static magnetic study

Zero-field-cooled and field-cooled (ZFC-FC) magnetization curves
with the applied magnetic field of 500 Oe has been observed as a
function of temperature from 300 K down to 10 K of all the Cr-doped
ZnO nanomaterials and the respective curves have been shown in Fig. 9
(a), (b) and (c). In the given Fig. 9, both FC and ZFC curves have been
diverging from each other below RT. The observed variation of ZFC-FC
magnetization with the decrease of temperature from 300 K down to
10 K is a clear indication of having paramagnetic/antiferromagnetic
(PM/AFM) behavior in the Cr-doped ZnO nanomaterials. The bifurca-
tion of FC and ZFC curves at RT signifies the presence of magnetic or-
dering in the Cr-doped ZnO nanomaterials. Also, it has been observed in
the magnetic measurement that the bifurcation between FC and ZFC
curves increases with the increasing concentration of Cr3+ ions in the
structure of host ZnO nanomaterials. The measured value of magneti-
zation recorded at different temperatures are tried to fit in the well-
known Curie-Weiss law = −χ ,C

T θ( ) where χ= M/H, C is the Curie
constant and θ is the Curie temperature and the respective fittings along
with the observed data are shown in the inset of Fig. 10 (a), (b) and (c)
respectively. The poor fitting established that all three samples have
deviated from the paramagnetic phase and we have to analyze the M-T
data in different approaches. Very recently, few research works have
been published on the experimental and theoretical study of transition
metal (TM) doped ZnO nanomaterials, where the researchers have
shown the simultaneous existence of both ferromagnetic orderings with
an antiferromagnetic contribution [45,46]. This has motivated us to do
further investigation of the magnetic property study of Cr-doped ZnO
nanomaterials. In the present work, we have tried to fit the FC M(T)
data by the standard Block spin-wave model [ = −M T M BT( ) (0)(1 )]

3
2 ,

where M(0) is the zero temperature magnetization associated with the
Curie-Weiss model [ = −M T( ) ]C H

T θ( ) [47]. The fitting is not adequate

unless we are adding an extra term C H
(T)

in the equation of M(T). Thus, in
the present case, the M(T) data associated with FC magnetization can
be written as

=
−

+ + −( )M T C H
T θ

C H
T

M BT( )
( )

(0) 11 2 3
2

(6)

Here

=B
Sgμ
M

K
D

2.612
(0)

(
4

)B B 3
2

ᴨ (7)

And

=D a JS2 2 (8)

Where B is a parameter inversely proportional to spin-wave

stiffness, J is the exchange energy and other symbols have their usual
meaning. An important observation from the equation (4) is that only
one subset (the second one) of the spins are not affected by magnetic
interactions. The extracted values of C1 from the fitting data for the
samples C3Z4, C5Z4, and C7Z4 are 4.378× 10-5, 1.01×10-4 and
2.03×10-3 emuK/gOe, respectively, whereas those for C2 are
6.56×10-6, 7.16× 10-5 and 3.0× 10-3 emuK/gOe respectively. The
rise in the value of C1 and C2 indicates a progressive increment of the
AFM or PM contribution (since both are direct functions of N) with an
increase in Cr doping concentration. Therefore, good fitting [one re-
spective fitting is shown in Fig. 9(d)] confirms that the distribution of
Cr3+ ions in the ZnO host lattice can produce three distinctive effects
on the Cr-doped ZnO nanomaterials and they are (i) anti-
ferromagnetically coupled Cr3+ ions with at least one neighboring Cr3+

ion, (ii) isolated Cr3+ spin, which is completely free and it follows
simple Curie behavior (iii) clustered Cr3+ spins having positive ex-
change integral. These features are quite expected for all the Cr-doped
ZnO nanomaterials because the distribution of the Cr3+ ions inside the
structure of ZnO is random in nature. As a result, the formation of
isolated, pairs and very small clusters of dopant have been observed
below the percolation threshold. In a 3D spin-wave model, M(0) is
proportional to the number of net spin corresponding to the ferro-
magnetic contribution. The values of M(0) as extracted from the fitting
of C3Z4, C5Z4, and C7Z4 are 5.0× 10-5, 3.63×10-3 and 4.84×10-3

emu/g respectively. Therefore the higher M(0) value with Cr dopant
concentration implies that more and more Cr3+ ions are ferromagne-
tically coupled in ZnO host lattice with the increasing amount of Cr3+

ions. The contributions of the aforesaid Cr3+ spin are given in Table 2,
and it indicates that the dominant spin-spin interactions are ferro-
magnetic in nature at RT for C5Z4 and C7Z4 nanomaterials. This ob-
servation is in direct contradiction with other published results [45,48].
The net FM moment, as well as PM/AFM moment at RT, increased
significantly with increasing doping concentration of Cr3+ ions which
implies that the doping of Cr3+ ions plays a significant role in mag-
netization. The FM contributions in the entire magnetization for C3Z4,
C5Z4, and C7Z4 at RT are 28.8%, 89.11%, and 57.29% respectively. It
is evident from Table 2 that FM contributions in the entire magneti-
zation for all the samples decrease with the lowering of temperature.
The AFM and PM component increases abruptly below 50 K whereas
the FM component remains nearly constant there. Thus the abrupt
change in M vs T curve at low temperature is due to uncoupled or
antiferromagnetically coupled spins which is now quantitatively es-
tablished in the present work. This is the most common trend found in
almost all DMS materials. Therefore, for the low doping system, most of
the dopant spins are isolated or antiferromagnetically coupled. It is to
be noted that though the net magnetization is higher in C7Z4 the total
contribution of the FM moment in net magnetization is lower as com-
pared to C5Z4. In EPR analysis, we have already discussed that C7Z4
nanomaterial consists of more paramagnetic centers than C5Z4. Though
the total moment of C7Z4 is higher in comparison to C5Z4 the overall
contribution of the total FM moment of C7Z4 is smaller than C5Z4. It is
to be noted here that for this type of system where Cr3+ ions are dis-
tributed randomly in host lattice, the determination of the magnetic
moment (S) and exchange integral (J) are almost impossible. The
equation (4) fits properly with the experimental data and the value of B
has been extracted from the fitting only. One corresponding fitting for
M vs T curve for C7Z4 has been shown in Fig. 9(d). The extracted values
of B (from fitting) for C3Z4, C5Z4, and C7Z4 are 9.1×10-5, 7.5× 10-5

and 6.0× 10-5 K-3/2 respectively. The decrease of B with Cr3+ ion
doping indicates that the system becomes more disordered with the
increase of Cr doping concentration [49]. This fact also is in agreement
with the findings obtained from Rietveld, PL and EPR analysis.

The M vs H data for all the samples at various temperatures (300,
100, 50 and 10 K) using the SQUID magnetometer in the applied
magnetic field range from 0-50000 Oe has been depicted in Fig. 10.
Fig. 10 shows clear hysteresis behavior of all the samples but the
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observed hysteresis loops are not saturated even at 50000 Oe which
indicates the mixed magnetic phase within the sample as predicted by
the M-T curve. Some representative M-H loops of C3Z4, C5Z4, and
C7Z4 nanomaterials at 10 and 100 K have been magnified at the low
magnetic field and they have been displayed in the inset of the re-
spective M-H loops of Fig. 10. The maximum magnetizations at 300 K
for are 0.038, 0.055, 0.148 emu/g respectively which reaches to 0.40,
0.90 and 1.26 emu/g as temperature decreases to 10 K with the corre-
sponding coercive fields and remanent magnetizations of C3Z4, C5Z4,
and C7Z4 nanomaterials at 100 and 10 K are 45, 126, 137 Oe and
0.00030, 0.0029, 0.0041 emu/g and 49, 230, 261 Oe and 0.00088,
0.0093, 0.0121 emu/g respectively. In the preceding analysis, we have
already shown that the contribution to the magnetization of all three
magnetic phases (FM, PM, and AFM) increases with a decrease in
temperature. It is well known that RTFM in DMS is often linked with the
extrinsic origins, such as unintentional sample contamination and

metal/secondary phase clustering/aggregation. In principle, as the Cr
doping concentration increases, different antiferromagnetic phases may
appear in the form of ZnCr2O4 (TN ˜ 11 K), Cr metal clusters, Cr2O3 and
Cr3O4 inside the doped-ZnO nanomaterials. However, none of the
phases can be detected in Rietveld analysis or in any characteristic
peaks of PL spectra. The antiferromagnetic character is also not evident
in the M-T curve. Even, if these phases are present in small quantities,
none of them can produce ferromagnetism, except the CrO2 phase (Tc ˜
386 K). However, CrO2 is unstable and decomposes under normal
conditions. Therefore, RTFM in our Cr-doped sample cannot be ex-
plained by the secondary phases. In order to get the idea about the
origin of RTFM in the Cr-doped ZnO nanomaterials, a variety of dif-
ferent theories have been proposed. The Rietveld, EPR analyses and
spin wave stiffness of the samples have already indicated the en-
hancement of structural defects due to the enhancement of doping. We
believe that the strong correlation between ferromagnetism and the

Fig. 10. Magnetic hysteresis (M–H) loops ob-
served at 300, 100, 50 and 10 K temperature of
the sample (a) CZ34, (b) CZ54 and (c) CZ74
and (d) initial magnetization vs. field curve of
C7Z4 sample at 300, 100, 50 and 10 K along
with the fitted data using the BMP model. Also,
the magnified images of 10 K M-H loops of each
nanomaterial are displayed in the inset of the
respective M-H loops.

Table 2
Various magnetic parameters of Cr-doped ZnO nanomaterials extracted from static magnetic data.

Sample Name Temperature (K) Free spin (emu/g) Antiferro (emu/g) Ferromagnetic (emu/g) FM (%)

C3Z4 300 1.09×10-5 5.48× 10-5 2.66× 10-5 28.8
200 1.64×10-5 7.32× 10-5 3.72× 10-5 29.3
100 3.20×10-5 1.10× 10-4 4.50× 10-5 24.6
50 6.56×10-5 1.47× 10-4 4.84× 10-5 18.5
10 3.28×10-4 2.00× 10-4 4.98× 10-5 8.6

C5Z4 300 1.28×10-4 1.56× 10-4 2.21× 10-3 89.1
200 1.92×10-4 2.26× 10-4 2.85× 10-3 87.2
100 3.85×10-4 4.08× 10-4 3.35× 10-3 81.1
50 6.83×10-4 7.70× 10-4 3.53× 10-3 70.8
10 3.85×10-3 1.47× 10-3 3.62× 10-3 40.4

C7Z4 300 1.90×10-4 2.27× 10-3 3.30× 10-3 57.3
200 2.90×10-4 2.83× 10-3 4.01× 10-3 56.5
100 5.90×10-4 3.77× 10-3 4.50× 10-3 50.8
50 1.10×10-3 4.50× 10-3 4.73× 10-3 45.6
10 5.90×10-3 5.30× 10-3 4.83× 10-3 30.1

T. Debnath, et al. Materials Research Bulletin 118 (2019) 110480

10



structural defect may set the magnetic ordering in the present samples.
The preceding analysis also shows that the size of the magnetically
active clusters can produce magnetic properties. In order to understand
the reason behind the magnetic behavior in these Cr-doped ZnO na-
nomaterials, we have further analyzed magnetization (M) versus mag-
netic field (H) data in a combination of two magnetic components i.e.
FM component which is saturated at low field and a linear component
due to PM. Considering this we tried to fit the isothermal curve that can
be written as

= ⎢
⎣⎢

− ⎥
⎦⎥

+( )M Nm coth Hm
T K

T K
Hm χ Hs eff

B
B

eff m (9)

Where M is the total magnetization, N is the number of magnetic spins/
cluster (paramagnet) ms is the moment per spin, H is the applied field, T
is the temperature and KB is Boltzmann’s constant [50,51]. Table 3
enumerates the fitting parameters obtained from the combined equa-
tions and one corresponding fitting for C7Z4 is shown in Fig. 10(d). The
RT isothermal curve for C3Z4 is not fitted by the BMP model due to
feeble FM moment as compared to PM/AFM spin. Table 3 clearly shows
that the number of ferromagnetically active clusters increases with the
decrease in temperature and also increases with Cr doping concentra-
tion. This, in turn, increases the net FM moment with the increase of Cr
doping concentration. This has already been shown in Table 2. The
ferromagnetically active clusters are formed due to the exchange in-
teraction between oxygen vacancy (Vo) and dopant ions [52]. This in-
teraction helps to align few of the dopant spins around the oxygen
vacancy (Vo) and forms localized ferromagnetically active clusters.
They are phrased as “polaron clusters” in literature [53]. Therefore,
there is a strong relationship between structural disorder and magne-
tization. Within this framework, long-range FM ordering could be
triggered by either direct overlaps between BMPs or indirect BMP-
magnetic impurity-BMP interactions [54]. The highest number of FM
spin clusters obtained from the fitting is nearly 1019 which is still below
the percolation limit. Therefore, the latter case is apparently more ap-
plicable as the samples are highly insulating (as reported in our earlier
work) and it consists of sufficient magnetic impurities. The present
analysis reveals that the oxygen vacancies alone are not adequate to
establish robust ferromagnetism as the Cr doping is dispensable.

4. Conclusion

In summary, we report here the influence of Cr doping concentra-
tion on the structural and magnetic response of host ZnO nanomaterials
prepared by cost effective hydrothermal synthesis route. XRD analysis
and FESEM study of all the ZnO nanomaterials reveal the preferential
growth of the rods like ZnO nanomaterials along ‘a’ axis or (100) Bragg
plane. This preferential growth is the consequence of the hydrothermal
synthesis technique on the growth technique of the ZnO nanomaterials.
The XRD analysis also shows the enhancement of oxygen vacancy de-
fects with the increasing doping concentration of Cr3+ ions in the

structure of host ZnO nanomaterials. This oxygen vacancy defect plays
the most significant role to enhance the ferromagnetic ordering in the
Cr-doped ZnO nanomaterials. The presence of both paramagnetic and
ferromagnetic contributions in all the Cr-doped ZnO nanomaterials and
their systematic enhancement with the increasing Cr doping con-
centration is substantiated by the observation of EPR spectra and static
magnetic measurement. The paramagnetic centers or singly ionized
oxygen vacancies are found to present in all the Cr-doped ZnO samples
under EPR study, which on the other hand increases and distributed
more uniformly with the increasing Cr ion concentration. The observed
magnetic hysteresis loops under static magnetic measurement are not
saturated up to 50000 Oe external magnetic field which indicates the
presence of a mixed phase of AFM and PM phases collectively with the
FM phase. The enhancement in magnetization is due to the additive
effects of grain boundary defect and indirect interaction between
oxygen vacancies and dopant ions which has been explained by the
BMP model.
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