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Chapter 1 

                                  Introduction 
 
1.1 Motivation 

 
We live in a world filled with gadgets and we certainly can’t imagine our lives without 

them. The invention of gadgets like computers, cellphones, Tabs, Televisions has become 

possible due to discovery of semiconductors and evolution of electronics. The innovation of mini 

circuit components like transistor, capacitor, Diode, resistor and inductor able us to fit all the 

complicated circuits on a tiny Silicon chip. Every single gadget mentioned above consist these 

chips and components of electronics. 

 

Apart from Semiconductors, Another important type of materials needed in these 

components are Dielectrics. These are essentially insulating materials and are widely used in 

almost every type of electric component like capacitors, transformer, high voltage cables, solar 

cells and circuit boards due to their electric properties.  

They can be also be used in energy storage by applying voltage across the material. This 

is usually done with capacitor. In capacitor, dielectrics are used as an insulating layer between 

the two conductive plates, which allows for the storage of charge. Another common application 

of dielectrics is in transformers, which are used to change the voltage of alternating current 

electricity. Dielectric are used as the insulating materials in transformers to prevent current from 

flowing between the coils, which could have cause a short circuit. They are used in in printed 

circuit boards, [1] here they are used as an insulating layer between conductive traces. 

 

Apart from their electric properties, dielectrics are also have other useful characteristics 

like high thermal resistance and chemical stability. These properties make them perfect for use in 

tough surroundings like high temperature application or in contact with corrosive chemicals. 
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Overall, dielectrics are essential materials in numerous electrical and electronic 

application, providing reliable and efficient insulation for a wide range of devices and systems. 

Its important to study and analyze these materials and enhancing their properties by experiments 

for advancing the electronic components and helping in the development of next generation of 

these devices. In most of devices, dielectric material basically acts like a capacitor. To store 

charge hence energy. Like in metal oxide field effect transistor or MOSFET, it is used as an 

insulating layer which prevent the leakage current and also act as charge storage. Due to the 

mechanism of MOSFET if we want to increase the performance of it, we need to increase the 

capacitance [2]. Increasing the dielectric constant of the material is one of the way to increase the 

capacitance. As we will further see, that is the only effective way to increase the capacitance. For 

that reason, it become important to study about materials with high dielectric constant. Before we 

goes into the details of their specific use and properties in electronics, we have to understand the 

physics of the dielectric materials. 

 
1.2 Working of Dielectric 

The dielectric behavior is related to the polarization of the material, which is the 

separation of electric centers of positive and negative charge. The reason of this separation is the 

presence of an external electric field. When this field is applied, it exert electric force on the both 

negative and positive center in opposite. Due to this, electrons are displaced from their 

equilibrium position. This displacement creates a dipole moment, which results in a polarization 

of the material. The degree of polarization depends on the strength of the electric field, the 

dielectric constant of the material, temperature of material, the polarization can be either 

permanent or temporary. We can see this in mathematic form below. 

    Dipole moment of a system with two equal and opposite charge with distance d. 

                                                                P = q.d                                                                           (1) 

This dipole moment is proportional to the applied electric field 

                                                                P= α.E                                                                           (2) 

                                                                P=Ɛ0.χ.E                                                                        (3) 

Here e0 is the permittivity of free space. 

χ is the susceptibility of the material. 

The dielectric constant is  
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                                                                    D = 1+χ                                                                     (4) 

 

Thus , we see that the dielectric constant depends on the susceptibility of the material. Which is 

nothing but a constant which have the information of the dipole moment, orientation of bonds 

etc.  
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Chapter 2 
         Theoretical and Experimental Background 
 
2.1 Moore’s law and problem stated 
As the requirements for the more computational capability is rising by time, the circuits on the 

Silicon chips are becoming more and more complex to represent more advanced functions. Now, 

to fit those complex and integrated circuits into a smaller and smaller area, we need more and 

smaller electrical components year by year. In 1965, Gordon Moore made an observation that the 

number of transistors in a dense integrated circuit doubles about every two years. This is called 

Moore’s law. [3] 

Now, this contraction in size of electric components creates a problem for them. We can 

understand that by taking the example of Metal oxide field effect Transistor or MOSFET. In 

following figure, we can see the schematic diagram of MOSFET. 

 

                                         
                                 Fig. 1: Schematic diagram of MOSFET 

 
Here we can see a thin layer of metal oxide between conductor and semiconductor. This layer 

has some very important functions like, preventing the leakage current due to its insulating 

properties and with that, it also works as a charge collector because we can see that the 

conductor, metal oxide and the semiconductor surface makes a capacitor altogether. This 



14 
 

capacitor collects charge on its surface and block the way for electrons to flow from one terminal 

to other whenever the capacitor is given a voltage across itself. Hence the function of MOSFET 

as an electronic switch is carried by this capacitor. The metal oxide works as a dielectric between 

the plates of capacitor. 

Now, as we discussed above, the shrinking size of these components creates a problem, that’s 

because when the thickness of dielectric layer reaches to the order of angstrom, the quantum 

effects comes into consideration. As we seen, the dielectric layer works as an insulator to prevent 

the leakage current. But after a certain limit, due to the effect Quantum Tunneling the electrons 

can just pass through the insulating layer even though they doesn’t have enough energy to cross 

the barrier. 

In that situation, the insulating layer will no longer prevent the leakage current and the transistor 

will be ruined. This means that we can no longer reduce the size of the transistor or capacitor. 

Now, when we look at the capacitance of a parallel plate capacitor  

 

                                                                C= (Ɛr.Ɛ0 A)/d                                                             (5) 

 

In order to make a better functioning transistor, we need to increase the capacitance to make it a 

better charge collector which will work as a better switch. To increase the capacitance, there are 

3 ways. One, increase the area of capacitor. Two, increase the dielectric constant of the material. 

Three, decrease the layer thickness of dielectric material. [4] 

Out of these three options, only second option of increasing the dielectric constant actually 

remains because we can’t increase the area if we want smaller and smaller transistors, also we 

can’t decrease the thickness too much due to pre explained quantum tunneling . So the only way 

we can get the job done is by increasing the dielectric constant. 

Currently, Silicon dioxide is used mostly as a gate dielectric material due to its various 

properties. The high dielectric strength of SiO2 ensures reliable operation even at high electric 

fields [5]. Furthermore, Silicon dioxide exhibits excellent thermal and chemical stability, which 

makes it resistant to degradation during device fabrication processes and device operation. These 

desirable properties have made Silicon dioxide the predominant choice for gate dielectric 

applications, enabling the advancement of numerous electronic devices and integrated circuits. 
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2.2 The required conditions. 
We need materials with high dielectric constant or say electric permittivity to fulfill the 

needs as described in chapter 2. But the high permittivity is not the only factor one need to 

consider, for there are serval important aspects which plays an integral role in this situation. For 

example, to act like an insulator to prevent the leakage current, the material must have a high 

energy band gap. In addition to that, we want our dielectric to be thermally stable. Thus there are 

various factor and qualities we need to discuss before we start looking our search for dielectric 

material. 

Following are the basic requirements  

1. Permittivity and barrier height. 

The most obvious requirement is the permittivity. It should be more than Silicon dioxide. The 

permittivity of a material depends on its polarizability which depends on the electronic and ionic 

dipole moment. Generally large ions exhibit more response to external electric field due to more 

number of electrons. The following figure shows the variation of the effect of both electronic and 

ionic dipole.                 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2: The variation of polarizability with both electronic and ionic dipole [6] 

 

Also, the band gap is actually decrease with the increasing size in a particular group of the 

periodic table. One explanation [7] of this phenomenon can be attributed to the band theory.in 

the following table, we can see the permittivity and band gap of the various metal oxides. 
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  Table 1: dielectric constants and band gap of various metal oxides [8] 

 
 

This Table shows, that ZrO2, HfO2 and La2O3 offer relatively high values for both κ and EG. 

Most of the high-κ metal oxides listed above crystallize at relatively low temperature (T ∼ 500 – 

600C). An exception is Al2O3 where crystallization in thin films is observed at T ∼ 800◦C  [9]. in 

various new dielectric metal oxides, the polarizability of metal oxygen bond which is ionic, cause 

increment of permittivity. Bonds which are much polarized are weak relative to the less polarizable 

Si O bonds inside SiO2. When we talk about mobility, it is found that due to a scattering 

mechanism due to polarization frequency, pure metal-oxide systems, like ZrO2 and HfO2, suffer 

degradation [10], and materials that deals in Si O bonds, like silicates have better mobility. It is 

also observed that the presence of a thin SiO2 interfacial layer between the Si substrate and the 

high-κ dielectric can increase the resultant mobility by reducing this effect, although the maximum 

attainable effective mobility is still less that for the ideal SiO2/Si system. 
   

2. Thermodynamic stability 

The most important factor in choosing the right material is the thermodynamic stability of its 

interface with Silicon. Most of the metal oxides reacts with Silicon and makes an unwanted layer. 

This layer works as a separate capacitor connected in series with the dielectric material. As we 

know, if two capacitors are connected in series then the overall capacitance reduces. That’s why 

we need to select materials which have minimum reaction with Silicon and we have to use some 

reaction barriers which help in preventing the formation of interfacial layer. 
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It is proved that [11] under equilibrium conditions, Zirconium dioxide remains stable under 

contact with Silicon up to the temperature of 950 degree Celsius. This stability can be understand 

by the phase diagrams of these materials. Overall it is an important aspect to look when we are 

selecting the material for these kind of application. 

Apart from these two major factors, there are some other factors also like interface quality, film 

morphology, process compatibility and reliability which should one consider while 

considering any material.  

 

2.3 Alternate dielectric materials  
As per the factors discussed above, there are some very good alternate dielectric materials to 

consider. Zirconium dioxide, Hafnium dioxide, Aluminum oxide, Titanium oxide [12] are 

the frontrunners for this selection. These all materials have very high dielectric constant, high 

band gap in comparison to the Silicon dioxide. They have more or less stable interface or in 

some way treatable interface with the Silicon substrate. These materials can be deposited by 

various technics like spin coating, atomic layer deposition, magnetron sputtering etc. we used 

Zirconia due to it slight advantage of mobility and high band gap. We made nanoparticles of 

Zirconium dioxide by sol gel method because nanoparticles tends to have more band gap then 

bulk and as we have discussed, this is a huge aspect to consider.   
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Chapter 3 

                                 Properties and methodology 
 
3.1 properties of Zirconium dioxide 
Zirconium dioxide, commonly known as Zirconia, is a versatile ceramic material that has gained 

significant attention in various scientific application. It exhibits exceptional physical and 

chemical properties, making it a highly desirable material in many fields. It possesses high 

melting and boiling points, excellent thermal stability, and remarkable resistance to corrosion, 

which make it suitable for application requiring extreme conditions. Additionally, Zirconia 

exhibits a unique combination of high mechanical strength and toughness, making it an ideal 

candidate for structural and load bearing applications. [13] 

Zirconium dioxide finds widespread applications across multiple industries. In the field of 

materials science, Zirconia is extensively used as a ceramic material in manufacturing cutting 

tools, engine components, and wear- resistance coating. Moreover, Zirconia plays a crucial role 

in the field of solid oxide fuel cells and in the application as high dielectrics in the electronics. 

  

As of structure, Zirconium dioxide can exist in three distinct crystal structures; monoclinic, 

tetragonal, and cubic. At room temperature, pure Zirconia predominantly adopts the monoclinic 

phase, known as baddeleyite. In this form, the zirconium and oxygen atoms are arranged in 

three-dimensional lattice, with each zirconium atom surrounded by eight oxygen atoms. The 

arrangement of these atoms forms distorted octahedral coordination. 

Temperature plays a crucial role in the structural stability of Zirconium dioxide. As the 

temperature increases, Zirconia undergoes phase transformation, resulting in changes to its 

crystal structure. At approximately 1170 degree Celsius, Zirconia transition from the monoclinic 

phase to the tetragonal phase, also known as the high temperature cubic phase or the fluorite 

structure, exhibits a highly symmetrical arrangement of zirconium and oxygen atoms.[14] The 

cubic phase of Zirconia is of particular interest due to its excellent mechanical and electrical 

properties, making it valuable for numerous application. In following figure, we can see the three 

crystal structures of Zirconia. 
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               Fig. 3: Three different crystal phases of Zirconium dioxide [15] 

 

 

Apart from that, if we look at thermal and mechanic properties of Zirconia, here are some key 

properties. 

Melting point: the melting point of Zirconia is approximately 2715 degree Celsius. This high 

melting point indicates the materials exceptional thermal stability and resistance to high 

temperatures. 

Boiling point: Zirconium dioxide has a relatively high boiling point of around 4300 degrees 

Celsius. This high boiling point further emphasizes its ability to withstand extreme heat 

conditions. 

Density: the density of Zirconia is around 5.89 grams per cubic centimeter. This relativity high 

density contributes to its excellent mechanical strength and hardness. It is the hardest material 

after diamond. 

                               
 

        Fig 4: Zirconia as a false tooth due to its incredible hardness 
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Bandgap: Zirconium dioxide in an insulating material, meaning it has a relatively large band 

gap. The band gap is the energy range in which electrons are not allowed to exist, leading to the 

insulating behavior. The band gap of Zirconia varies depending on its crystal structure. The 

monoclinic phase typically exhibits a band gap of around 5.6 to 6.0 electron volt (eV), while the 

tetragonal and cubic phases have slightly smaller band gaps of approximately 5.0 to 5.2 eV. [16] 

Electrical conductivity: Zirconium dioxide is generally consider an insulator, as its band gap 

prevents the flow of electron in its pure form. However, when Zirconia is doped with certain 

electrons in its pure form. However, when Zirconia is doped with certain elements, such as 

yttrium, it can exhibit ionic conductivity at elevated temperature, especially in the cubic phase.  

Due to these properties Zirconium dioxide is a near perfect material for proceeding as a gate 

dielectric.  

3.2  Synthesis of Zirconium dioxide 
The synthesis of Zirconium dioxide can be achieved through several methods, such as the 

precipitation, hydrothermal, sol-gel, and vapor deposition techniques. Each method offers 

different advantages in terms of purity, particle size control, and scalability. These synthesis 

routes enable the production of Zirconia in various forms, including powders, films, fibers, and 

bulk materials, tailored to specific applications. 

The sol gel methods are generally used to prepare metal oxides and is efficient due to easy 

process and ability to control the purity, homogeneity and physical characteristics at low 

temperature [17]. 

We made Zirconium dioxide by sol gel method by using Zirconium (IV) propoxide (Zr(OC3H7)4) 

as a precursor and by drying in oven before hydrolysis [18]. 

Seventy weight percent of Zirconium (IV) propoxide which is diluted by adding 1-propanol. 

17.7g Zr-P mixed with 41.3g 1-propanol. And then hydrolyzed by drop by drop solution of 

aqueous ammonia under continuous stirring by a magnetic stirrer till one hour. Then the resulting 

gel was dried in an oven at 1100 C till 12 hours then calcined at 5000 C till 4 hours. We can 

understand the process by following figure. 
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                            Fig. 5: Flow chart of preparation method 

 

As we can see, this process of making Zirconium dioxide nanoparticles is very simple and it 

produces Zirconia particles of the order of nanometers. 

As of the chemical reactions of this process, we can see the following way in which these 

reactions. 
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3.3  Characterization Technique 

 
3.3.1  X-Ray Diffraction Technique   
 
The X-Ray diffraction technique was discovered in 1912 by Max von Laue and W. L. Bragg and 

his father W. H. Bragg. It is a powerful technique used to study the structure of crystalline 

materials. It is based on the principle that when X-rays pass through a crystal, they interact with 

the electrons in the atoms of the crystal lattice and are diffracted, or scattered, in different 

directions [19]. We can also get information like lattice parameters, crystallite size, spacing 

between two crystal planes and other structural parameters, such as average grain size, 

crystallinity, strain, and crystal defects [20] etc. by using XRD. 

 

 

 

 

 
 

 

                         

                          Fig. 6: Instrumentation of X-Ray Diffraction.[21] 
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In a cathode ray tube, X-rays are generated by heating a filament to produce electrons, applying 

voltage in such a way that accelerating electrons toward a target, and then bombards the target 

material. X-ray spectra are produced when accelerating electrons have enough energy to knock 

off the inner shell electrons of the target material. These spectra have a large number of 

components, the most common are Kα and Kβ, and are filtered for generating monochromatic 

radiation. This radiation is collimated and targeted to the sample. The atomic dimension of the 

sample is nearly equal to the X-Ray therefore radiation may interfere constructively or 

destructively producing a diffraction pattern in a particular direction. Bragg’s law gives a simple 

model for explaining the condition required for diffraction. This law establishes a relation 

between the lattice spacing and diffraction angle in a crystalline sample and the wavelength of 

radiation. 

 

 

                                                             nλ = 2d sin θ                                                                    (6) 

where 

n = integer ( 1, 2 , 3, ...... ) 

λ = wavelength 

d = spacing between plans 

θ = Bragg’s angle. 

 

                      
 

                                          

 

Fig. 7: Bragg’s Law reflection. The diffracted X-rays exhibit constructive interference when the 

path difference between first and second ray are integer number of wavelengths (λ). 
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3.3.2 Raman Spectroscopy 
  
The Raman effect was discovered by Indian physicist sir Chandrasekhara Venkata Raman. Sir 

Raman used sunlight as the source, a telescope as a collector, and the detector as his eye. Raman 

Spectroscopy is a non-destructive chemical examination method that uses scattered light to 

measure a sample’s vibrational energy modes. Raman spectroscopy gives detailed information 

on chemical structure, molecular interactions, crystallinity, strain, phase and polymorphy, and 

interatomic bond strength [22] . It is based on the interaction of electromagnetic radiation with 

chemical bonds in a material. 

A commercially available Raman Spectrometer consists of three primary components which are 

the excitation source (which is a continuous wave laser), a sampling apparatus, and a detector. 

 

 
 

 

 

                                          Fig. 8: Instrumentation of Raman Spectroscopy  
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The Raman effect is based on the change in molecular polarizability. when the electric vector of 

EM radiation interacts with the sample, then electric dipole moment induces [23]. A molecule 

absorbs a photon with frequency (f), gets excited to a higher state and the excited molecule 

returns to the same state (emits light with the same frequency). this type of interaction is called 

elastic scattering or Rayleigh scattering, which is most probable. If the molecule does not return 

to the same basic state, then there will be an exchange of energy take palace between the 

molecule and scattered light. This type of interaction is called inelastic scattering or the Raman 

effect. Raman scattering is a very rare case (it happens once in million). After the interaction, if 

the frequency of the scattered photon is higher than the incident photon, is called Stokes line, and 

if the frequency of the scattered photon is lower than the incident photon is called Anti Stokes 

line shown in the figure, change in photon frequency is called Raman shift [24]. Raman spectra 

are plotted between the radiation intensity and Raman shift, and by using group theory can 

determine the active Raman modes under the selection rule. 

 

                            

 
 

                         

                          Fig. 9: Raman and Rayleigh scattering [25]. 
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3.3.3 UV visible spectroscopy 
UV-Visible spectroscopy is an analytical technique used to measure the number of distinct 

wavelengths of UV or visible light that are absorbed or transmitted by a sample relative to a 

reference or blank sample. The amount of energy required to promote electrons to higher energy 

states varies depending on the type of bonding environment in which they are present. Therefore, 

different substances absorb light at different wavelengths. By identifying the specific wavelengths 

that correspond to maximum absorbance, UV-Vis spectroscopy can be used to examine or identify 

various substances. 

 

The spectrophotometer consists of a light source, a diffraction grating in a monochromator, 

and a detector. The light source comprises a deuterium arc lamp for the UV region and a tungsten 

lamp for the visible region. The monochromator scans through each wavelength so that its 

intensity can be measured as a function of wavelength. The spectrophotometer is a double-beam 

instrument that splits the light into two beams before it reaches the sample. One beam is used as a 

reference, while the other passes through the sample. The detector output is a plot of intensity 

versus wavelength that contains information about the sample. Photomultiplier tubes, photodiodes, 

or charged coupled devices are typically used as detectors. In following figure, we can see the 

schematic of UV visible spectroscopy [26]. 

 

 
                                        Fig. 10: Schematic of UV visible spectroscopy  

UV-Vis spectroscopy is based on the Beer-Lambert law [27], which states that the light absorbance 

of a given material is directly related to the sample concentration and path length. A UV-Vis 

spectrophotometer records the degree of absorption and the absorption peak for each wavelength. 

The resulting spectrum is a graph of absorbance versus wavelength. UV-Vis spectroscopy is useful 
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in calculating the bandgap and size of nanoparticles. The absorption coefficient can be calculated 

from the Beer-Lambert law. The bandgap can be determined from the absorption spectra using the 

equation [28]  

 

                                                           α(v)hv= A(hv – E g)1/n                                                        (7) 

Where, 

 α - absorption coefficient 

 hν is the energy of photon  

 E
g 
energy band gap and value of n depends on the nature of transition. 

 

 The intercept between the linear part of the fit and the x-axis gives the value of the bandgap 

energy of the material. UV-Visible spectroscopy is an analytical technique used to measure the 

number of distinct wavelengths of UV or visible light that are absorbed or transmitted by a sample 

relative to a reference or blank sample. The amount of energy required to promote electrons to 

higher energy states varies depending on the type of bonding environment in which they are 

present. Therefore, different substances absorb light at different wavelengths. By identifying the 

specific wavelengths that correspond to maximum absorbance, UV-Vis spectroscopy can be used 

to examine or identify various substances. 

 

The spectrophotometer consists of a light source, a diffraction grating in a monochromator, 

and a detector. The light source comprises a deuterium arc lamp for the UV region and a tungsten 

lamp for the visible region. The monochromator scans through each wavelength so that its 

intensity can be measured as a function of wavelength. The spectrophotometer is a double-beam 

instrument that splits the light into two beams before it reaches the sample. One beam is used as a 

reference, while the other passes through the sample. The detector output is a plot of intensity 

versus wavelength that contains information about the sample. Photomultiplier tubes, photodiodes, 

or charged coupled devices are typically used as detectors. 

 

UV-Vis spectroscopy is based on the Beer-Lambert law, which states that the light absorbance 

of a given material is directly related to the sample concentration and path length. A UV-Vis 

spectrophotometer records the degree of absorption and the absorption peak for each wavelength. 

The resulting spectrum is a graph of absorbance versus wavelength. UV-Vis spectroscopy is useful 
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in calculating the bandgap and size of nanoparticles. The absorption coefficient can be calculated 

from the Beer-Lambert law. The bandgap can be determined from the absorption spectra using the 

equation α(v)hv= B(hv – E g)n. The intercept between the linear part of the fit and the x-axis gives 

the value of the bandgap energy of the material. 

 
3.3.4 Impedance spectroscopy 
Impedance spectroscopy is a powerful analytical technique used to measure the impedance of a 

sample as a function of frequency. The technique has found applications in various fields, 

including material science, electrochemistry, and biomedicine. In impedance spectroscopy, a small 

AC voltage is applied to a sample, and the resulting current response is measured. The ratio of the 

voltage to the current gives the impedance of the sample. Impedance is a complex quantity that has 

both magnitude and phase components [29]. 

 

The impedance of a sample can be expressed as Z = R + jX, where R is the resistance, X is the 

reactance, and j is the imaginary unit. The reactance can further be divided into two components: 

X = XL – XC, where XC is the capacitive reactance and XL is the inductive reactance. The 

capacitive reactance arises from the sample's ability to store charge, while the inductive reactance 

arises from the sample's ability to store energy in a magnetic field. 

 

The impedance of a sample can be measured using a variety of experimental setups, including a 

two-electrode cell, a three-electrode cell, or a four-electrode cell. In a two-electrode cell, the 

sample is sandwiched between two metal electrodes, and a small AC voltage is applied between 

the two electrodes. The resulting current response is measured, and the impedance is calculated. In 

a three-electrode cell, a reference electrode is used to measure the potential of the sample relative 

to a reference electrode. In a four-electrode cell, two electrodes are used to apply the AC voltage, 

and two electrodes are used to measure the resulting current response. The use of four electrodes 

helps to eliminate errors due to the resistance of the electrode-electrolyte interface. 

 

The impedance of a sample can be analyzed using equivalent circuit models. Equivalent circuits 

are electrical networks that consist of resistors, capacitors, and inductors. The circuit elements 

represent different processes occurring in the sample, such as charge transfer, diffusion, and 
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capacitance. The equivalent circuit can be fitted to the experimental impedance data to extract 

information about the sample, such as its capacitance, resistance, and diffusion coefficient. 

In summary, impedance spectroscopy is a powerful analytical technique used to measure the 

impedance of a sample as a function of frequency. The technique involves applying a small AC 

voltage to a sample and measuring the resulting current response. The impedance of the sample is 

calculated as the ratio of the voltage to the current and has both magnitude and phase components. 

The impedance can be analyzed using equivalent circuit models, which can provide information 

about the sample's capacitance, resistance, and diffusion coefficient.  
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Chapter 4 
               Results and discussions 
 

4.1 X Ray Diffraction 
To analyze the crystal structure and crystalline size, XRD studies were performed on the 

Zirconium dioxide sample. In the figure, we can see the XRD peaks. 

These sharp peaks show the formation of crystal phase.   

 

 

 

 

 

 

 

 

 

 

 

             

 

 

 

 

 

 

 

 

                  Fig. 11: XRD pattern of Zirconium dioxide nanoparticle 
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The pattern shows the angels corresponding to the peaks at 2θ at 30.490, 35.030, 35.580, 50.560, 

59.740, 60.410, 63.240, 64.500, 73.260 and 74.260 which are confirmed by JCPDF card no. 79-

1769.  

We also find the crystalline size by using Deby Scherrer formula [30]. 

  

                                   D= k*λ/βcosθ                                         (8) 

Where,     D = average size of the crystallites,  

 K= shape factor (K = 0.94), 

  λ = X-ray wavelength, 

  β = FWHM of the highest intensity reflection at diffraction angle θ. 

 

After putting the values of K and other factors, the size of ZrO2 crystalline turn out to be 

around 34 nm. 

 

4.2 Raman spectroscopy 
To analyze the vibrational phonon modes, disorder and size effect in the crystals of the order of 

nanometer, Raman spectroscopy was performed on the Zirconium dioxide sample. As we can see 

in following intensity vs Raman shift graph, before calcination there was a broad peak which 

signify random vibrations. After performing calcination we are getting some significant Raman 

peaks which shows the ordered vibration and further means the well arrangement of atoms. 

 

   The irreducible representation of optical phonon for tetragonal Zirconia  
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                             Fig. 12: Raman spectra of Zirconium dioxide nanoparticles 

                               Fig. 13: Different Modes of  Lattice Vibration 

200 400 600 800 1000

0

1900

3800

5700
In

te
ns

ity
 (

 A
U

)

 

 

Raman shift (cm-1)

 ZrO2

100 200 300 400 500 600 700 800 900 1000

0

1000

2000

3000

4000

5000

6000

7000

A1g

In
te

ns
ity

 (a
.u

)

Raman shift (cm-1)

B1g

B1g

Eg

Eg



33 
 

 
 
 
 
 
 
 
 

Fig. 14: Different vibration modes of Zirconium dioxide [31]. Here, the big circle represent the 

Zirconium atom and smaller circle represent Oxygen atom. 

 

In the following table and figures, we can see the different vibration modes of Zirconium dioxide 

and their illustrations. 

Table 2: Different Raman peaks and modes of Zirconia nanoparticles 

Raman shift ( cm-1) Type of vibration Type of mode 

144 Movements of Zr ion B1g 

256 Movements of Zr ion Eg 

302 Partially symmetric coupling 

of A1 mode 

B1g 

441 Due to partially symmetric 

coupling of both B1 modes. 

Eg 

629 Symmetric stretching of Zr-

O-Zr bond 

A1g 

(a) A
1g

 (b) B
1g

 (c) B
1g 

 

(d) E
g 

 (e) E
g 

 (f) E
g 
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4.3 UV visible spectroscopy 
10 milligram of the nanopowder was dissolved in 5 ml of isopropyl to analyze the optical 

properties of the material. Then the solution was ultrasonicate till 15-20 minutes to get a uniform 

suspension of nanopowder. Then the solution was put under the absorption spectroscopy and 

also, only isopropyl was also put their for calibration purposes. We can see the absorption 

spectra following. 

                     Fig. 15 : The Absorption spectra of Zirconium dioxide nanoparticles. 

 

 

 
 



35 
 

The optical Bandgap energy (Eg) was calculated by using Tauc’s relation [32] as given in 

equation (7) 

                                                                  (αhν)=A(hν–E
g
)1/n  

Where, 

 α - absorption coefficient 

 hν is the energy of photon  

 E
g 
energy band gap and value of n depends on the nature of              transition. 

The plot (αhν)2 versus (hν) is obtained from it. Absorbance(A) is obtained from UV-Vis 

absorbtion. The absorbtion coefficient(α) is calculated from Beer-Lambert law.  

                                                                       A = αcl                                                                   (9) 

Here, A is the absorbance 

C is the concentration ( mol/liter) 

l is the length of the cuvette ( 1cm) 

To measure the value of optical band gap, we extends the linear region of graph till x axis by 

making a straight line coinciding with the linear segment. The band gap of Zirconium dioxide 

nanoparticles was found to be 4.88 eV. We can see that in following graph. 
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                                             Fig. 16: Calculation of Band gap 

Urbach energy-  

Materials with a smaller Urbach energy require less energy to excite their electrons and therefore 

absorb light more easily. Conversely, materials with a larger Urbach energy require more energy 

to excite their electrons and absorb light less easily. It is used to quantify the disorder in the band 

edges.  

It is evaluated by fitting the absorption coefficient as a function of energy to an exponential 

function. 

            

                                

                                                             α = αo exp((E - Eg)/Eu)                                                   (10) 

 

 

here α, αo, Eg and Eu are absorption coefficient, arbitrary constant, incidence energy, and Urbach 

energy respectively. 
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The following graph is drawn between ln(α) and hν. We can see the liner section highlighted and 

the inverse of that slope will be Urbach energy. The Urbach energy for our sample is found to be 

1.84 eV. 

 

 

 

 

 

 

 

                            

 

 

 

 

 

 

 

 

 

 

Fig.17: The calculation of Urbach energy. 
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4.4 The impedance spectroscopy 

To calculate the dielectric constant of the Zirconia nanopowder, we performed the impedance 

spectroscopy. In order to do this spectroscopy, we made a circular pallet of radius 5mm by 

applying pressure of 3 Ton by Hydrolic Press. The thickness of the pellet was found to be 

1.75mm. 

After the making of pallet, silver past was applied on both of its sides to make the contacts 

conductive. After applying the silver past, the pallet has now become essentially a parallel plate 

capacitor [33]. The impedance spectroscopy gave us the variation of capacitance with the 

frequency. As we know, the capacitance of a parallel plate capacitor is 

 

                                                                       C= (ƐoƐrA)/d 

 

Here, 

Ɛo is the permittivity of vacuum 

Ɛr  is the relative permittivity of material or dielectric constant 

A is the area of parallel plates 

d is the thickness of capacitor 

 

Now, if we want the dielectric constant of the material, we can rearrange the equation as  

                                                                       Ɛr = (C.d)/(Ɛo.A)                                   (11) 

                             

We can see the variation of dielectric constant with the frequency in the following graph. 
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                               Fig. 18 : The variation of dielectric constant with frequency 

 

As we can see, the dielectric constant decreases with the frequency and becomes saturated at 

very high frequencies. At 100 kHz, its value is around 53 Which is very high when compared to 

some other metal oxides like Silicon dioxide, aluminum oxide etc. [34] 

The reason for this decreasing nature of graph can be easily understand. Every dielectric material 

responds to the external electric field by inducing an internal electric field in the opposite 

direction. This is due to the alignment of all the dipole moments. If the applied external electric 

field is altering its direction back and forth then the dielectric will also change its response 

accordingly. The dipoles will rotate according to the external field. The time which a dielectric 

takes to response after activation of external field is called relaxation time. 



40 
 

Now, At low frequencies, typically in the range of direct current (DC) or low-frequency 

alternating current (AC), the polarization process in dielectric materials has enough time to reach 

its maximum extent. This means that the charges within the material have enough time to 

rearrange themselves and align with the applied electric field. As a result, the dielectric constant 

remains relatively constant, and the material behaves as an effective insulator, storing a 

significant amount of electrical energy. 

 

However, as the frequency of the electric field increases, the time available for polarization 

decreases. At higher frequencies, the oscillations of the electric field are faster, and the charges 

within the dielectric material do not have sufficient time to follow the rapid changes in the 

electric field. Consequently, the polarization process becomes less effective, and the material's 

ability to store electrical energy decreases. 

 

At extremely high frequencies, such as those found in the microwave or radio frequency range, 

the charges within the dielectric material cannot react quickly enough to the rapidly changing 

electric field. The charges are unable to align with the field and cannot contribute significantly to 

the dielectric constant. As a result, the dielectric constant decreases with increasing frequency. 
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Chapter 5 
                                  Conclusion 
 
Nano crystalline tetragonal Zirconia was synthesized using sol gel method by doing hydrolysis 

of zirconium (IV) propoxide precursor. After calcination, the crystalline size was found out to be 

about 34 nm. All the vibrational modes were identified using Raman spectroscopy. The band gap 

of nanoparticles was calculated by using UV- Visible spectroscopy and by applying the Tauc’s 

relation it was found to be 4.88 electron volt, which is much higher then conventional metal 

oxides. The Urbach energy was measured to evaluate the disorder of the nanostructures. It was 

found out to be 1.84 eV. Finally, the Impedance spectroscopy was performed on the sample to 

evaluate the dielectric properties of nanoparticles. The dielectric constant of the material was 

measured till the frequency of 100 kHz. The value of permittivity at 100 kHz was around 53, 

Which is much greater than the permittivity of Silicon dioxide, which is around 4. So we have 

grown the alternative efficient gate dielectric material, as ZrO2 nanoparticles which have a large 

band gap and a high dielectric constant.  

Following this work, the nanoparticles can be deposited on the Silicon substrate and the 

dielectric constant could be check for the different thickness of the layer. With that, by changing 

the pH value in the reaction, we can change the size of the nanoparticles and by changing the 

size, we can observe the change in dielectric constant and in band gap. Generally, the dielectric 

constant increase with size and band gap decrease with it. In order to keep these both values 

high, we need to find an optimum crystalline size on which, the gate dielectric will be most 

suitable for the uses in Nanoelectronics. 

 
 
 
 
 



42 
 

References 
      

1.  C. -C. Huang, C. -L. Peng, P. -Y. Lin, B. -H. Yang, K. -C. Cheng and W. -T. Fu, 

"Dielectric   Characterization of Printed Circuit Board by Microstrip Line Up to 110 

GHz," 2019 Electrical Design of Advanced Packaging and Systems (EDAPS), Kaohsiung, 

Taiwan, 2019, pp. 1-3, doi: 10.1109/EDAPS47854.2019.9011652. 
2. R. Stark, A. Tsibizov, I. Kovacevic-Badstuebner, T. Ziemann and U. Grossner, "Gate 

Capacitance Characterization of Silicon Carbide and Silicon Power mosfets Revisited," 

in IEEE Transactions on Power Electronics, vol. 37, no. 9, pp. 10572-10584, Sept. 2022, 

doi: 10.1109/TPEL.2022.3164360. 

3. R. R. Schaller, "Moore's law: past, present and future," in IEEE Spectrum, vol. 34, no. 6, 

pp. 52-59, June 1997, doi: 10.1109/6.591665. 

4. Martin M. Frank, SangBum Kim, Stephen L. Brown, John Bruley, Matthew Copel, Marco 

Hopstaken, Michael Chudzik, Vijay Narayanan, Scaling the MOSFET gate dielectric: 

From high-k to higher-k? (Invited Paper), Microelectronic Engineering, 

      Volume 86, Issues 7–9, 2009, Pages 1603-1608.  

5. Structural and Electrical Characterization of SiO2 Gate Dielectrics Deposited from 

Solutions at Moderate Temperatures in Air Mazran Esro, Oleg Kolosov, Peter J. Jones, 

William I. Milne, and George Adamopoulos 

ACS Applied Materials & Interfaces 2017 9 (1), 529-536 

 

6. G. D. Wilk, R. M. Wallace, and J. M. Anthony, J. Appl. Phys., 89, 5243 

(2001) 

7. Robert M. Wallace & Glen D. Wilk (2003): High-κ Dielectric Materials for 

Microelectronics, Critical Reviews in Solid State and Materials Sciences, 28:4, 231-285 

8. J. Robertson, J. Vac. Sci. Technol., B18, 1785 (2000), J. Robertson, J. Non-Cryst. Sol., 

303, 94 (2002) 

9. R. M. C. de Almeida, and I. J. R. Baumvol, Surface Science Reports, 49, 1 (2003). 

10. . M. V. Fischetti, D. A. Nuemayer, and E. A. Cartier, J. Appl. Phys., 90, 4587 (2001). 



43 
 

11. M. Quevedo-Lopez, M. El-Bouanani, S. Addepalli, J. L. Duggan, B. E. Gnade, R. M. 

Wallace, M. R. Visokay, M. Douglas, M. J. Bevan, and L. Colombo, Appl. Phys. Lett., 79, 

2958 (2001). 

12. Van Elshocht, S. & Hardy, An & De Gendt, Stefan & Adelmann, Christoph & Baumann, 

Peter & Brunco, D.P. & Caymax, Matty & Conard, Thierry & Delugas, Pietro Davide & 

Lehnen, Peer & Richard, Olivier & Rohr, Erika & Shamiryan, Denis & Vos, Rita & 

Witters, T. & Zimmerman, Pamela & Van Bael, Marlies & Mullens, J. & Meuris, Marc & 

Heyns, Marc. (2006). Alternative Gate Dielectric Materials. ECS Transactions. 3. 

10.1149/1.2355736. 

13. Jelena Macan, Maja Dutour Sikirić, Marco Deluca, Raul Bermejo, Carmen Baudin, 

Milivoj Plodinec, Krešimir Salamon, Miran Čeh, Andreja Gajović, Mechanical properties 

of zirconia ceramics biomimetically coated with calcium deficient hydroxyapatite, 

Journal of the Mechanical Behavior of Biomedical Materials, Volume 111, 

2020, 104006, 

14. Verdi, C., Karsai, F., Liu, P. et al. Thermal transport and phase transitions of zirconia by on-the-

fly machine-learned interatomic potentials. npj Comput Mater 7, 156 (2021). 

https://doi.org/10.1038/s41524-021-00630-5 

15. . Khodaii, Javad & Barazandeh, Farshad & Rezaei, Mehdi & Adibi, Hamed & Sarhan, 

Ahmed. (2019). Influence of grinding parameters on phase transformation, surface 

roughness, and grinding cost of bioceramic partially stabilized Zirconia (PSZ) using 

diamond grinding wheel. The International Journal of Advanced Manufacturing 

Technology. 105. 1-15. 10.1007/s00170-019-04505-4. 

16. Jiang, Hong, et al. "Electronic band structure of zirconia and hafnia polymorphs from the 

G W perspective." Physical Review B 81.8 (2010): 085119. 

17. Tyagi, B., Sidhpuria, K., Shaik, B., & Jasra, R. V. (2006). Synthesis of nanocrystalline 

Zirconia using sol− gel and precipitation techniques. Industrial & engineering chemistry 

research, 45(25), 8643-8650. 

18. Tyagi, B., Sidhpuria, K., Shaik, B., & Jasra, R. V. (2006). Synthesis of nanocrystalline 

Zirconia using sol− gel and precipitation techniques. Industrial & engineering chemistry 

research, 45(25), 8643-8650. 

19. J. Chem. Educ. 1958, 35, 2, 80Publication Date:February 1, 1958 



44 
 

https://doi.org/10.1021/ed035p80 © American Chemical Society and Division of 

Chemical Education, Inc. 

20. J. Chem. Educ. 1958, 35, 2, 80Publication Date:February 1, 1958 

https://doi.org/10.1021/ed035p80 © American Chemical Society and Division of 

Chemical Education, Inc. 

21. . Chen, Yang, et al. "The impact of crystal cut error on the measured impurity profiles 

resulting from ion implantation." IEEE Transactions on Semiconductor 

Manufacturing 13.2 (2000): 243-248. 

22. Bumbrah, Gurvinder Singh, and Rakesh Mohan Sharma. "Raman spectroscopy–Basic 

principle, instrumentation and selected applications for the characterization of drugs of 

abuse." Egyptian Journal of Forensic Sciences 6, no. 3 (2016): 209-215. 

23. Pence, Isaac, and Anita Mahadevan-Jansen. "Clinical instrumentation and applications of 

Raman spectroscopy." Chemical Society Reviews 45, no. 7 (2016): 1958-1979. 

24. Vandenabeele, P. (2013). Practical Raman spectroscopy: an introduction. John Wiley & 

Sons. 

25. Cho, Young Chai, and Sung Il Ahn. "Fabricating a Raman spectrometer using an optical 

pickup unit and pulsed power." Scientific reports 10, no. 1 (2020): 1-8. 

26. Limniou, M., Papadopoulos, N., & Roberts, D. (2007). An integrated lecture, virtual 

instrumentation lab approach to teaching UV-Vis spectroscopy. Education and 

Information Technologies, 12, 229-244. 

27. Parmar, A., & Sharma, S. (2016). Derivative UV-vis absorption spectra as an invigorated 

spectrophotometric method for spectral resolution and quantitative analysis: Theoretical 

aspects and analytical applications: A review. TrAC Trends in Analytical Chemistry, 77, 

44-53. 

28. J. Phys. Chem. Lett. 2018, 9, 23, 6814–6817 Publication Date:December 6, 2018 
https://doi.org/10.1021/acs.jpclett.8b02892 

29. Wang, S., Zhang, J., Gharbi, O. et al. Electrochemical impedance spectroscopy. Nat Rev 
Methods Primers 1, 41 (2021). https://doi.org/10.1038/s43586-021-00039-w 

30. Holzwarth, Uwe, and Neil Gibson. "The Scherrer equation versus the'Debye-Scherrer 
equation'." Nature nanotechnology 6.9 (2011): 534-534. 

31. Naumenko, A. P., N. I. Berezovska, M. M. Biliy, and O. V. Shevchenko. "Vibrational 

analysis and Raman spectra of tetragonal Zirconia." Phys. Chem. Solid State 9, no. 1 

(2008): 121-125. 



45 
 

32. Jubu, P. R., Obaseki, O. S., Nathan-Abutu, A., Yam, F. K., Yusof, Y., & Ochang, M. B. 

(2022). Dispensability of the conventional Tauc’s plot for accurate bandgap determination 

from UV–vis optical diffuse reflectance data. Results in Optics, 9, 100273. 

33. Doroshkevych, O. S., Shylo, A. V., Saprukina, O. V., Danilenko, I. A., Konstantinova, T. 

E., & Ahkozov, L. A. (2012). Impedance spectroscopy of concentrated Zirconia 

nanopowder dispersed systems experimental technique. 

34. . Geethalakshmi, K., T. Prabhakaran, and J. Hemalatha. "Dielectric studies on nano 

Zirconium dioxide synthesized through co-precipitation process." International Journal of 

Materials and Metallurgical Engineering 6, no. 4 (2012): 256-259. 

 
 

 
 

 

 

 




