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 This work was concerned with the determination of the band gap of metal oxide thin films using 

the method of electroreflectance. Currently, there is a considerable variation in the values of the 

band gaps of metal oxides as determined by indirect techniques such as spectrophotometry and 

ellipsometry. The selection of the oxides in this study was based on their importance in applications 

such as optoelectronics, microelectronics, and photovoltaics. The following oxides were 

investigated in this work: CeO2, Fe2O3, Ga2O3, HfO2, MoO3, SnO2, TiO2, WO3, ZnO, and ZrO2. 

These metal oxides were synthesized using thermal evaporation, electron beam evaporation or 

radio frequency sputtering, and were characterized using different techniques such as X-ray 

diffraction, X-ray photoelectron spectroscopy, atomic force microscopy, and spectrophotometry. 

Moreover, a capacitor-like geometry of metal- oxide- metal configuration was fabricated in order 

to characterize the oxides through electroreflectance. The obtained electroreflectance spectra were 

fitted using the critical point model to extract the band gap values. The originality of this work was 

to set up an electroreflectance system, and provide the band gaps of the above mentioned oxides 

using the direct electroreflectance technique.            
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CHAPTER 1 

Introduction 

1.1 Metal Oxides 

Metal oxides constitute a class of materials in which a metal atom is bonded to oxygen atoms. 

Based on their structure and properties, they provide ample applications in scientific and industrial 

fields. They are chemically stable and exist in various crystalline forms. Optically, they are transparent 

to most of the visible region, and their electrical nature varies from insulating to superconducting. The 

applications of metal oxides are so enormous that, even on the basis of their uses in different scientific 

domains, they can be categorized into various classes. The main classes of metal oxides are: 

 1) Photochromic oxides that show rapid changes in their optical properties under light interaction. 

They have found their uses in chemical sensors, radiation controlling industries, secondary lithium ion 

batteries, smart windows and in building large-area devices like dynamic windows in solar industries 

and enclosures in spacecraft industries [1 3]. 

2) Transparent conducting oxides or TCOs possess wide band gaps, high transmittance, and 

optimum electrical conductivity. They are used in flat panel displays, solar cells, ultra-sensible gas 

devices and in biotechnological applications like human body detection systems, and in deep ultra 

violet (DUV) technology for the detection of DNA molecules [4, 5]. 

 3) High dielectric constant oxides are wide band gap oxides with a high dielectric constant. They 

are considered as the future replacement of silicon oxide in the next generation electronic devices [6

8]. 



4) Photocatalytic oxides have suitable band gaps for light-to-current conversion. They are extensively 

used as catalysts to increase the rate of  photo chemical reactions [9]. 

Besides the above-mentioned oxides, which are the prime materials for many scientific and 

technological fields, there are many examples of other oxides that play crucial roles in many scientific 

fields due to their peculiar nature. Examples of such oxides are magnetic oxides, superconductor 

oxides and anti-corrosion oxides. 

1.2 The Need for Accurate Band Gaps 

The crystalline structures and properties of an oxide depend upon the number of oxygen and 

metal atoms within the unit cell, the sharing of electrons between the atoms, and the nature of bonding 

between the electrons of the atoms. On the other hand, the optical and electronic properties of oxides 

heavily depend upon their electronic structure. Therefore, knowledge of the electronic structure of an 

oxide is a core demand in order to investigate its electrical, optical and other physical and chemical 

properties.  

When the electrons in the atoms of a solid come close to each other, their wave functions 

overlap and interact with each other. As a result, the energy levels of the electrons split up. For a solid 

which consists of a number of atoms of the order of Avogadro  number ( 1023), the splitting of the 

energy levels of the electrons is so closely spaced that they form a continuous band. The electronic 

distribution in these closely-spaced energy levels is governed by the Pauli exclusion principle. Thus, 

at a temperature T = 0 K, these levels are either filled by electrons or remain empty. The highest filled 

band is called the valence band. Above the valence band, there is an empty band called the conduction 

band. The forbidden energy levels, that separate the valence band from the conduction band, constitute 

the band gap of the material. Materials are classified on the basis of their band gap values as 



conductors, semiconductors, and insulators. In conductors, the band gap value is too small, and the 

valence and conduction bands overlap with each other. Semiconductors possess intermediate band 

gaps (0.1- 6 eV) while insulators possess large band gaps (Eg > 6 eV).  

optical properties. Therefore, measuring the correct band gap of a material is a basic demand in order 

to test its performance and uses. Despite the fact that the properties of a material rely heavily on correct 

determination of its band gap, there are not sufficient experimental techniques available for accurately 

measuring the band gap. Moreover, the techniques which are available are not direct and rely on 

assumed theoretical models. Despite the fact that the properties of a material rely heavily on correct 

determination of its band gap, there are not sufficient experimental techniques available for accurately 

measuring the band gap. Moreover, the techniques which are available are not direct and rely on 

measured theoretical models. For example, spectrophotometry is widely used to find the band gaps of 

materials. However, this indirect technique relies on a graphical method called the Tauc plot that needs 

extrapolation to find the absorption edge. On the other hand, spectroscopic ellipsometry is a rather 

sophisticated technique as compared to spectrophotometry regarding the band gap calculations. It 

measures the amplitude ratio and the phase change of a polarized light beam that is reflected from the 

surface. However, this technique is critical to the nature of the surface, requires extrapolation, and is 

affected greatly by light polarization. Electron energy loss spectroscopy (EELS) is another important 

technique to find the fundamental transitions in metal oxides. However, the spectra of EELS are 

severely affected by the influence of noise on them [10].     

A direct method to find the band gap of semiconductors is modulation spectroscopy. In this 

technique, the changes in optical parameters, rather than absolute values, are measured. Modulation 



spectroscopy is a powerful technique for characterizing thin film or bulk materials, nanostructures, 

superlattices, quantum wells, hatero-structures and interfaces of the materials [11]. The basic principle 

of this technique is to provide a periodic perturbation to the sample to obtain sharp derivative-like 

features in the optical response of the material. These derivative features correspond to the critical 

points of the band structure of the semiconductor. The perturbations are created by an external 

modulation. The common external modulation methods are (1) thermomodulation or 

thermoreflectance (in which heat changes are produced by passing current pulses across the heater on 

which the material is mounted); (2) piezoreflectance (which produces changes in the lattice constant, 

and as a result, band gap modulation is produced); (3) electromodulation (affects the band structure of 

the sample); and (4) magnetic field modulation (causes changes in the electron energy levels) [12]. 

Out of the above mentioned techniques, the most sophisticated and widely used modulation technique 

is electromodulation.  

In electromodulation, an electric field is induced externally across the surface of the sample to 

produce changes in its optical parameters. There are three basic ways to create the electric field. The 

first is to use the electric field component of a laser beam. Since light is electromagnetic radiation that 

consists of electric and magnetic field components, its electric part is used to produce the electric field. 

This method is called photoreflectance [11]. The use of this method is restricted to those materials 

which have their band gaps below the photon energy of the laser. The second method is electrolytic 

electroreflectance, in which an electrolytic solution is used to produce the electric field in the sample 

[11]. The third method is electroreflectance, in which the electric field is produced using electrical 

contacts on the surface of the sample. This technique is more robust since it provides the freedom to 

produce strong magnitudes of the perturbing electric field and it can, in principle, determine the band 

gap of any material [11,12]. Due to the insulating nature of metal oxides, this technique may be more 



applicable to metal oxides in thin film form since an intense electric field can be created in a thin film 

layer using a moderate potential difference.  

1.3 Motivation 

The aim of this work is to set up an electroreflectance system and subsequently use it to accurately 

determine the band gaps of metal oxide thin films. The selection of metal oxides in this work is dictated 

by their applications. The top ten most investigated and used oxides in different fields are analyzed in 

this work. Even though these oxides are used extensively on the basis of their optical and electrical 

properties, the variations in their band gaps are significant. The oxides are CeO2, Fe2O3, Ga2O3, HfO2, 

MoO3, SnO2, TiO2, WO3, ZnO, and ZrO2. The aim of this work is the direct determination of band 

gap. This work can serve as a reference to check the exact value of the band gap of different oxides 

and can indicate the correctness of the models used in theoretical band gap calculations.   

1.4 Literature Review  

1.4.1 Cerium Oxide (CeO2) 

Cerium oxide (CeO2) is an insulating, non-magnetic rare-earth oxide which exists in a cubic 

structure [13]. In its band structure, Ce 5d and O 2p orbitals respectively form the conduction and 

valence bands of CeO2 [14].  Optically, this material has high transmittance in the infrared (IR) and in 

the visible regions. It owns high thermal stability, diffusivity and electrical conductivity [15,16]. These 

properties enable CeO2 to be used as an interface material for SOI (silicon on insulator) applications. 

CeO2 is also used in metal finishing coatings and in corrosion resistance applications due to its least 

mismatch properties with the metals [17]. 



1.4.2 Iron Oxide (Fe2O3) 

Iron oxide is highly stable, low cost and nontoxic material. It exists in different crystalline and 

stoichiometric forms like FeO, Fe2O3 and Fe3O4. Out of these forms, Fe2O3 is the most common and 

widely used. Fe2O3 exists in two different phases. These are known as hematite ( -Fe2O3) and 

maghemite ( -Fe2O3). Optically, this material has a high refractive index and its band gap lies well 

within the visible region. So, it is considered as an efficient material for optoelectronic applications 

[18]. The -phase of Fe2O3 is widely used as photo electrodes and as humidity sensors [18]. The -

Fe2O3 shows high ferromagnetic nature and is used in magneto-optic recordings [18 20]. 

1.4.3 Gallium Oxide (Ga2O3) 

Gallium oxide (Ga2O3) exhibits polymorphism and exists in several crystalline structures.  Its 

stable form at higher temperature is -Ga2O3. -Ga2O3 is a wide band gap material and, intrinsically, 

it is an insulator. However it can be changed to an n-type semiconductor at a temperature of 500 oC 

under the reduction of oxygen [21]. Its common crystalline structure is    the monoclinic [22]. In its 

band structure, the top of the valence band is constituted by the 2p orbitals of oxygen, while the bottom 

of the conduction band is formed by gallium 4s orbitals [23]. Optically this material is transparent 

from the visible to ultraviolet (UV), and therefore it can be used in optoelectronic devices and as 

textured dielectric coatings in the field of solar cells. - Ga2O3 is thermally and chemically stable but, 

unlike most of the wide band gap semiconducting materials, it still shows variations in its conductivity 

when it is exposed to a redox atmosphere. Due to these kind of characteristics, this material is used as 

a high temperature oxygen sensor and as a luminescent phosphor [24 26].  



1.4.4 Hafnium Oxides (HfO2) 

HfO2 is a wide band gap semiconductor that exists in three different crystal structures. Its 

monoclinic structure exists at room temperature, while its tetragonal and cubic structures require high 

temperature ( 1777 oC for tetragonal and 2530 oC for cubic) [27]. The valence band of HfO2 consists 

of oxygen states, while the 5d states of hafnium form its conduction band [28]. Optically, this material 

has a wide band gap and it shows a transparent nature from the UV to mid IR. So, it can be used in 

optical applications like high reflective mirrors, beam splitters and filters [29]. HfO2 has several 

important characteristics associated with technological fields. It   has a high dielectric constant, good 

thermal stability, and great compatibility with other metal oxide semiconductors. These properties 

have focused the attention to use HfO2 as a substitute material for SiO2 in electronics to create a 

tremendous downscaling in the dimensions of complementary metal oxide semiconductor (CMOS) 

devices [30]. Alloys of high dielectric materials like HfO2 and ZrO2 with SiO2 and Al2O3 are being 

considered to replace SiO2 in future CMOS devices [31].  

1.4.5 Molybdenum Oxide (MoO3)  

MoO3 is a transition metal oxide. It exists in orthorhombic, hexagonal and monoclinic 

structures. The monoclinic structure of MoO3 (  phase) is a perovskite-like structure [32]. It also 

has an orthorhombic structure ( -phase) in the bulk form. In its band structure, the 4d bands of Mo in  

MoO3 are considered empty and constitute the conduction band while the valence band of MoO3 

consists of 2p states of oxygen atoms [33]. MoO3 exhibits strong properties of intercalation, high 

stability and unique two dimensional layered structures in its orthorhombic phase ( -MoO3)) [34]. 

These layers are held together by weak Van der Waals forces. The dimensionality and the nature of 

forces in these layered structures of MoO3 has enabled its use in high energy density secondary lithium 



batteries as an electro-active material [35]. The carrier diffusion coefficients in MoO3 are many orders 

of magnitude less as compared to other familiar non-organic compounds like V2O5 or WO3. This 

property makes MoO3 a vital candidate for storing information over a long period [36]. MoO3 also 

demonstrates a photochromic nature and it is widely used in many technological fields. These include 

radiation intensity control, chemical sensors and self-developing photography [36].  

1.4.6 Tin Oxide (SnO2) 

SnO2 is an n-type semiconductor which exists in a rutile structure. Its unit cell is tetragonal and 

contains two tin and four oxygen atoms [37]. In its geometry, each of the anions has a bonding with 

cations and they form planar trigonal structures. These structures are oriented in such a way that the 

px and py orbitals of oxygen define the bonding plane, while the pz orbitals have nonbonding nature. 

These non-bonded pz orbitals form the valence band in SnO2 [38]. The stoichiometric form of SnO2 is 

insulating, while its non-stoichiometric form exhibits interesting optical and electrical nature. For 

example, from an optical point of view, it is transparent in the visible region while showing reflecting 

nature in a wide range of the IR. Its electrical properties are enhanced greatly when it is sufficiently 

doped. Its high chemical and mechanical stability, inertness towards acids and bases and good 

adhesive nature towards many common materials like glass, oxides, and metals has increased its 

importance in the fields optoelectronics and solar cells fabrication [39,40]. SnO2 thin films show 

significant variations in their electrical conductivity during the chemisorption process. The 

atmospheric gases like oxygen are chemisorbed on the oxide surface of SnO2. This results in the 

alteration of the band structure of SnO2, and band bending occurs at its surface. Hence, the 

conductivity of SnO2 changes. Due to this, the gas sensing property SnO2 is widely used in 

manufacturing semiconductor gas sensors [41]. 



1.4.7 Titanium Oxide (TiO2) 

Titanium oxide is among the class of wide-band gap transition metal oxides. It possesses high 

chemical stability, large dielectric constant, nontoxic nature, and strong electron-phonon coupling 

[42,43]. It exhibits many polymorphs. The common ones are anatase, rutile and brookite. The oxygen 

2p states, hybridized with titanium 3d states, make the valence band in the electronic structure of TiO2, 

while the conduction band consists of unoccupied 3d states of titanium [44]. Because of its high 

refractive index and transparency, TiO2 is used in optical applications as an anti-reflecting coating on 

SiO2. This material is an efficient photocatalyst because of its nontoxic nature, good stability and large 

quantum yield [42,43]. 

1.4.8 Tungsten Oxide (WO3) 

Tungsten oxide (WO3) is a transition metal oxide with an indirect band gap. It is an n-type 

semiconductor. Structurally, this material exists in various structures like simple cubic perovskite, 

monoclinic, orthorhombic and triclinic [45]. The phases of WO3 are considered to be temperature-

dependent. A low temperature monoclinic phase occurs within the temperature range of -140 oC to -

50 oC. With the increase in temperature from -50 oC to 17 oC, the triclinic phase takes place. At the 

room temperature, the stable form of WO3 is monoclinic, which remains up to 330 oC. Higher 

temperatures up to about 740 oC create the orthorhombic phase of WO3 , while above that temperature, 

the common phase of WO3 is tetragonal [45]. In its band structure, the valence band consists of the 2p 

states of oxygen atoms while the conduction band consists of tungsten 5d states [46]. It shows 

transparency in the UV and visible regions [47]. The amorphous films of WO3 exhibit photochromic 

behavior, and received considerable interest in many technological applications like smart windows, 



erasable optical storage devices and large area displays [48]. Moreover, because of its optimum band 

gap, research is being carried out to use this material as a photocatalytic material [49]. 

1.4.9 Zinc Oxide (ZnO) 

ZnO is a wide band gap semiconductor material. It has a large excitation binding energy of 

about 60 meV. Naturally, ZnO exists as the mineral zincite with a hexagonal wurtzite crystal structure 

[50]. In its electronic structure, the valence band consists of two parts. The upper part of the valence 

band comes from the 3d states at the Zn sites while the lower part of the valence band consists of the 

oxygen 2p states. On the other hand, the 4s states of zinc form the conduction band in ZnO [51]. 

Optically, this material is highly transparent in the visible and IR spectral regions, and the transmission 

is higher than 90% in the range 350 1000 nm [52]. It can be doped to increase the free electron density 

and thus lower the resistivity. Moreover, because of high exciton binding energy and wide band gap, 

it can be used in a variety of applications which need high temperature stability. Such applications 

involve automation, aerospace, deep well drilling and other industrial systems [53 55].  

1.4.10 Zirconium Oxide (ZrO2) 

Zirconium oxide is a transition metal oxide which possesses a peculiar high dielectric constant. 

This material shows three important geometrical phases: monoclinic, tetragonal and cubic. All of these 

phases are temperature dependent [56]. In its band structure, the valence band consists largely of 

oxygen 2p states with slight contribution from Zr 4d states. This contribution is due to the 

hybridization of oxygen 2p and Zr 4d orbitals. This hybridization constitutes almost 24% of the 

bonding in ZrO2. The conduction band is mainly formed by the Zr 4d states [57]. Optically, this 

material has a wide band gap, high index of refraction, high transparency in the visible and near IR, 



and low optical loss [58]. Due to its suitable optical properties, it is used widely in optical applications 

like broadband interference filters, and high reflectivity mirrors [58]. Like HfO2, ZrO2 is also 

considered for replacing SiO2 in electronics industries because of its high dielectric constant. 

Moreover, the alloys of zirconium are also used in anticorrosion industries because of their corrosion 

resistive abilities [59].  

1.4.11 Scattering of the Band Gap Values of Metal Oxides  
 

The variations in the band gap values of metal oxides is an important issue which arises while 

measuring their band gaps using different experimental techniques. Table 1 summarizes the scattering 

of the band gap values of metal oxide thin films as measured with different experimental techniques.  

 

 

 

 

 

 

 

 

 

 

 

 

 



 
Table 1. 1: A brief survey of the reported band gap values of thin films of wide band gap metal oxides obtained through 

different experimental methods 

Material Band gap value (eV) Technique Ref. 

Cerium Oxide (CeO2) 3.1 3.53 SP [15,60 63] 

Iron Oxide (Fe2O3) 2.18 2.97 SP [18,64 68] 

2.2 XES [69] 

Gallium oxide (Ga2O3) 4.46 4.74 SE [70] 

4.5 4.6 EELS [71] 

4.51 5.30 SP [4,21 23,25,72 79] 

Hafnium oxide (HfO2) 5.15  5.7 EELS [31,80 82] 

5.27 5.82 SE [83] 

5.45 5.82 SP      [84 92] 

5.6 IPE [93] 

Molybdenum Oxide (MoO3) 3.15 3.98 SP [94 98] 

Tin Oxide (SnO2) 3.22 4.42 SP [99 105] 

4.18 PL [103] 

Titanium Oxide (TiO2) 3.1 3.7 SP [106 110] 

Tungsten Oxide (WO3) 2.29 3.78 SP [47,111 118] 

3.15 3.25 SE [119,120] 

Zinc Oxide (ZnO) 3.20 3.48 SP [121 131] 

3.42 SE [128] 

Zirconium oxide (ZrO2) 3.85 6.07 SP [56,88,132 135] 

4  5.3 EELS [82,136] 

4.93 5.2 SE [137] 

SP: spectrophotometry, XES: X-ray emission spectroscopy, SE: spectroscopic ellipsometry, EELS: 
electron energy loss spectroscopy, IPE: internal photoemission spectroscopy, PL: Photoluminescence 

 

 



 The common problem faced by most of the experimental techniques, while measuring the 

band gap, is the absence of the singularity in the optical response of the material. Optical transitions 

related to the band gap or defect level transitions appear as a sharp edge or a singularity in the optical 

response of a material, and they are also known as the critical points of the material. In the case of 

experimental methods like spectrophotometry or ellipsometry, these critical points do not have any 

physical location in the optical spectra, and hence, the extraction of such critical points is graphical or 

model-dependent. In fact, it was found by Feng et. al [138] that the model of finding the band gap is 

itself adjusted to find the location of the critical point (band gap in this case) in the absorption 

coefficient of the material. The EELS based techniques can reveal these critical points in terms of 

sharp edges or peaks on their optical spectrum [139]. However, these points are extremely suppressed 

by the background of the spectrum [140,141]. Moreover, in some cases, the observed EELS spectra 

of the wide band gap oxides spread over wider energies [142,143]. This leads to the problem of 

indistinguishability of the fundamental transition from the defect level transition that may exist close 

to it. 

1.4.12 Electroreflectance of Metal Oxides 

Electromodulation (EM) has been used as an independent technique for the direct observation 

of the optical transitions involved in a material, and hence extracting the band gaps of the materials. 

 The preliminary work on the electromodulation of the metal oxides was performed by Cardona 

et al. [144], who performed the electrolytic electroreflectance study of the ZnO. The electroreflectance 

analysis revealed the two band transitions at 3.30 eV and 3.34 eV. Moreover, the effect of a high 

electric field on the electroreflectance of ZnO was also observed in terms of oscillatory features 

towards the high energy side of the electroreflectance spectrum. Kudrawiec et al. [145] performed 



contactless electroreflectance analysis of ZnO thin films grown by atomic layer deposition on different 

substrates. They found a broad resonance at a value of 3.4 eV for the ZnO polycrystalline phase 

deposited on a glass substrate, which was attributed to the band transition peaks. Moreover, the exciton 

transition peak was also observed at a value of 3.32 eV for the ZnO film deposited on a GaN substrate. 

Welna et al.[146] observed the optical transitions in bulk and thin film forms of ZnO. They found well 

resolved ER spectra of exciton, and band transition at the values of 3.3 eV and 3.4 eV for the bulk 

phase of zinc oxide. On the other hand, the electroreflectance spectrum showed a broad peak feature 

at a value of 3.3 eV in the case of thin films, where the two transitions were quite indistinguishable.  

The main factors behind this distortion were the large scattering, large surface roughness of the films, 

and light interference effects at the metal and oxide interfaces.  

The ER analysis of TiO2  was first performed by Vos et al. [147], who used gold as a field 

electrodes to induce the surface barrier electroreflectance in TiO2 single crystals. They found the 

indirect transition in TiO2 at a value of about 3.13 eV. Moreover, the effect of temperature on the ER 

spectrum of TiO2 was also studied in that work. It was found that decreasing the temperature down to 

25 K displaces the ER spectra from 3 to 7 meV. Kulak et al.[148] performed the ER analysis of pure 

and metal modified TiO2 thin films using electrolytic electroreflectance technique. They observed 

multiple ER peaks due to the appearance of surface states in the metal modified TiO2 films. These 

surface states enhanced the charge exchange between the metal and the conduction band of the 

semiconductor.  

   The electroreflectance analysis of In2O3 was performed by Pan et al. [149] based on electrolytic ER 

technique. They observed both the direct and indirect transitions of In2O3 at values of 3.56 eV and 

2.69 eV, respectively.  



Although many of the materials have been investigated using electroreflectance technique, a large 

class of metal oxides still lacks the electroreflectance analysis. This is because of the high resistive 

nature of the metal oxides, which requires a high electric field to elucidate the optical transitions 

involved in the metal oxide thin films.          

1.5 Scope of the Study 

The scope of this work includes: 

1- The synthesis of metal oxides is performed with thermal evaporation and RF sputtering. 

Moreover, to induce the electric field across the oxide, an MOM (metal- oxide- metal) 

configuration is fabricated.   

2- The films are investigated using different characterization methods. Their structural properties 

are examined through x-ray diffraction, surface morphology through atomic force microscopy, 

chemical analysis through x-ray photoelectron spectroscopy and optical properties through 

spectrophotometry  

3- The electroreflectance experiments are carried out for these oxides. 

4- The electroreflectance spectra of each oxide are analyzed with the help of Aspnes third-

derivative modulation spectroscopy [150]. 

 

 



CHAPTER 2  

Quantum Theory of Optical Properties of Solids 
 

2.1 Bands Formation in Semiconductors 

The formation of bands in semiconductors is a consequence of the nearly free electron model. 

This model describes the motion of electrons as they move in a solid under the interaction of the nuclei 

of the atoms. Its basic assumptions are:   

1) The ionic cores of the atoms are considered to be fixed in their positions in a solid. This 

assumption is called the adiabatic approximation [151]. 

2) During the motion of electrons, they cannot interact with each other (independent electron 

approximation) [151].  

3) The nuclei of the atoms in a solid provide a weak perturbation to the motion of electrons as 

they move in a crystal [151].  



 

Fig 2.1. Schematic representation of arrangement of atoms in a solid 

  

 

 

 

 

 

 

 

 

 



The electrons are not supposed to be confined to any of the atoms of the solid, and can move 

though the solid. The energy, E, of the electrons, while moving in the solid, is associated with the 

momentum of the electrons and is described as 

    (2.1) 

where  is the wave vector of the electron,  is P , and m is the mass of the electron

The dispersion relation described in eq. (2.1) is a continuous parabola, as shown in figure 2.2  



 

 

 

 

 

Fig 2. 2. E vs k relation for the free electron model   

 

 

 

 

 

 

 

 

 

 



 

Basically, a solid consists of a large number of atoms. The corresponding large number of ionic 

cores always creates a weak periodic perturbation to the passage of electrons. Hence, the motion of 

the electrons in a crystal is no more associated with the parabola described in figure 2.2. Electrons, 

moving in the crystals, always have discrete values of their wave vector . These discrete values of 

wave vector are described as 

                             (2.2) 

where a is the distance between the ionic cores. The energy dispersion relation of an electron, moving 

in a lattice under the interaction of the ionic cores, is described in  space. A  space is a space system 

which is used to draw the dispersion curves for the electrons moving in the crystal [152]. In  space, 

the values are described by , where e corresponds to the wavelength of the electron. The 

wavelengths of the electrons moving in a lattice are assumed to be equal to the size of the atom, so the 

intervals in the k space are described by  . 

2.2 nd Brillouin Zone 

  The interactions between the ionic cores and the electrons lead to the diffraction of the 

electrons around these ionic cores. The planes in the  space where this diffraction phenomena occur 

are known as the Bra . Whenever a wave vector associated with the motion of an electron 

touches the Bragg  

plane. Such a distortion causes the creation of a gap, which is a region where electrons cannot occupy 

a state without an external force. The region in electron dispersion relation in the  space where the 

Brillouin zone [153]. Thus, the Brillouin zone is an 



important parameter in finding the diffraction of electrons under Figure 2.3 

shows the creation of the Brillouin zones in electron dispersion phenomena.  

 

 

 

 

 

 

 

 

 

 

 



  

Fig 2.3. E vs k relation for nearly free electron model 

 

 

 

 

 

 

 

 

 

 



The Brillouin zones schemes are classified into three different schemes. These are extended zone 

scheme, repeated zone scheme and reduced zone scheme. All of these schemes are shown in figure 

2.4. The simplest scheme is the reduced zone scheme in which the extended zone scheme is folded to 

the first Brillouin zone [154] 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

Fig 2.4.Schematic representation of Brillouin zone schemes: a) Extended b) reduced c) repeated zone 

.  
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2.3 Classification of Materials on the Basis of Band Gap 

The formation of gaps in the dispersion curves gives a new classification to materials. In this 

classification, materials are categorized as conductors, semiconductors or insulators on the basis of 

their dispersion relations. Such a characterization is called the band gap characterization or electronic 

characterization of materials. In order to do electronic structure characterization, a constant energy 

surface is always assumed in the band structure of materials. This constant energy surface separates 

the filled levels from the unoccupied levels and is called the Fermi surface. On the basis of their 

electronic structure, the materials are classified as: 1) metals where the valence band overlaps with the 

conduction band, 2) Semiconductors and insulators: there exists a definite band gap due to the 

diffraction of plane waves at the boundary of the Brillouin zone. Electrons cannot cross these gaps 

without any external perturbation. In semiconductors, this gap lies within the range of 0.1 to 6 eV, 

while in insulators, it is above 6 eV. The characterization of materials on the basis of their band 

structure is shown in figure 2.5 

 

 

 

 

 



 

Fig 2.5. Classification of materials on the basis of band structure 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



2.4 Nature of Band Gaps in Semiconductors  

The creation of band gap due to the diffraction of electrons at the zone boundaries is a 

characteristic feature present in semiconductors. Due to the formation of these gaps, electrons reside 

in the valence bands and cannot cross the gap until an external perturbation is applied. When the 

external force is applied, electrons can leave their respective valence bands and enter into the 

conduction bands by crossing their energy gaps. The most common example of perturbation applied 

to semiconductors, in order to analyze their band gap, is the interaction of electrons with light. When 

light of sufficient frequency interacts with a solid, it transfers its energy to the valence electrons. If the 

energy transferred to the electrons is higher than the band gap value, the electrons make a transition 

from valence to conduction band. Whenever the valence electrons absorb energy, they make 

transitions to the conduction bands in different directions in  space. A transition in which the wave 

vector  remains the same is called a direct transition. The materials in which direct transitions occur 

are called direct band gap semiconductors. On the other hand, there is also a possibility for the 

electrons to make an indirect transition.  In these transitions, the excess momentum of photons is 

transferred to phonons since a phonon can absorb less energy but a large amount of momentum as 

compared to electrons [155].  As a result, the wave vector  changes, and such transition is called an 

indirect transition. The schematic diagrams of direct and indirect transitions are shown in the figure 

2.6.      



 

 

Fig 2.6. Direct and indirect band gaps in semiconductors 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



2.5 Band Structure of Gallium Arsenide 

The band structure is the physical visualization of the energy of the electrons as a function of 

its momentum in a crystal. In a band structure, the momentum of electrons is given along specific 

directions in the cryst  

the nearly free electron model, the interaction of electrons with the ionic cores creates the band gap 

due to the diffraction of electrons at the zone boundaries. The presence of the band gap can be 

visualized in the band structure diagram of crystal. As a simple case, consider the example of GaAs 

[66]. The crystal structure GaAs is shown the figure 2.7. It has a face centered cubic (FCC) structure 

with gallium atoms located at the corners and at the center of the faces of the lattice. On the other 

hand, 4 arsenic atoms are inside the cell forming a zinc blende type crystal structure. Electrons in 

gallium arsenide reflect the symmetry of the crystal structure. Their wavefunctions are given by Bloch 

wave functions. Moreover, in order to reflect the symmetry of the crystal, the minimum wavelength 

of the electron should be less than the lattice constant of the crystal, which is the smallest periodicity 

length.  This is due to the fact that the same electron state could be described as well by a function 

with a longer wavelength. As a consequence of the minimal wavelength, the wavevectors have a 

maximal length, and all possible wavevectors exist within a geometrical shape, which is called 

the Brillouin zone. The Brillouin zone of the gallium arsenide crystal is shown in figure 2.8. The center 

of the Brillouin zone corresponds to the wavevector k 

hand, the points L and X denote the centres of the hexagonal and quadratic faces of the Brillouin zone. 

These are corresponding to the maximal wavevectors in the Brillouin zone of the GaAs. 

  

  Figure 2.9 shows the band structure of GaAs which represents the dispersion relation for 

electrons between the centre 



the electrons is well described by a parabola. However, it is not true for the whole of the Brillouin 

zone. Moreover, there exists a certain energy region which is not occupied by any wavevector in the 

Brillouin zone. This empty region is known as the band gap.  There are no states available at these 

energies. The states below the band gap are called states in the valence band, while the states above 

the gap are in the conduction band. The electrical behavior of a material depends on whether the 

electrons exist in its conduction band or not. For metals, electrons can easily go through the conduction 

band. On the other hand, in case of insulators, a large band gap exists between the valence and the 

conduction band. In case of semiconductors like gallium arsenide, the valence band is filled, and few 

electrons are usually thermally excited to the conduction band.  

 

 

 

 



 

Fig. 2. 7.  Crystal structure of GaAs. The small solid circles represents the gallium atoms, the big solid circles represents 
the arsenic atoms 

 

Fig 2. 8. Brillouin zone related to the GaAs. 



 

Fig 2. 9. Band structure of GaAs.  

 

 

 

 

 

 

 



2.6 Interaction of Light with Matter  

The basic way to analyze the optical properties of a material, such as its band gap, is to study 

the interaction of its valence electrons with light. So, the basic interaction of electromagnetic radiation 

with matter should be known in order understand the electroreflectance process [156]. 

Consider the system of an electron moving in a solid under the interaction of electromagnetic 

radiation. The Hamiltonian ( oH ) of the system is described as 

2

( )
2o

P
H V r

m
      (2.3) 

where P is the momentum of the electron and V(r) is the potential. In order to introduce the 

electromagnetic radiation in the system, a scalar potential ( )r  and a magnetic vector potential (r)A

are introduced in the system. Under the Coulomb gauge transformation, the electric and magnetic 

fields are described as 

1
F

A
E

c t
 and B A  

where B is the magnetic field, FE is the electric field, and c is the speed of light. Since the 

momentum of a charged particle in the electromagnetic radiation is described as 

qA
P P

c
, where q is the charge of the particle. The Hamiltonian for the electron moving in an 

electromagnetic filed is  
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The factor 21
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Thus, equation (2.4) becomes 
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Neglecting the terms which depends quadratically on A , we have  

.
o

eA P
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     (2.5) 

where the term,
.eA P

mc
, arises due to interaction of electrons of the solids with the radiation. Hence, 

we can describe the interaction Hamiltonian as 

.
e R

eA P
H

mc
     (2.6) 

2.7 Theory of Perturbation  

Whenever light of suitable energy is introduced to the electrons of a material, it creates a 

perturbation to the system. The theory of perturbation is important in describing the effects of light on 

the electrons. Under the influence of light, electrons make a transition. This transition is governed by 

the difference of energy between their initial and final states. For a general perturbation (r)oV  which 

is switched on at t = 0 and off at 't t , the Hamiltonian for the system is  

' 0 '
'

(r) 0 '
o

o o

H t and t t
H

H V t t
   (2.7) 



If the system is in the state defined by ( )o
i r  at the time ' 0t and we apply the perturbation (r)oV  

to the system, then, the amplitude of the system to be in the state ( )k r , after making a transition 

from the state ( )i r , is  
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'ki

t
i tki

ki

V
C e dt

i
    (2.8) 

where is the angular frequency of radiation, ki k i , and kiV is the perturbation matrix 

which lifts the system from state i to state k and is described by  

* (r)ki k o iV V dr      (2.9) 

Equation (2.9) just gives a number, so eq. (2.8) can be simplified as 

(1 )kii tki
ki

ki

C
V

e      (2.10) 

The corresponding probability of the electrons moving from state ( )i r to state ( )k r is 

2
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Simplifying the expression, we get 
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2.8 Fermi Golden Rule 

Fermi golden rule connects the transition probability of the electrons, from their initial state i 

to their final state k, with the criteria required for a transition to take place. The probability for such a 

transition is described in equation (2.12) as 
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where    
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The function ( , )F t is an important function. The behavior of this function with respect to both 

frequency  and time t follows the rule   
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where ( ) is the frequency dependent Dirac delta function. For a continuous interaction with matter, 

we have t  and the transition probability in eq. (2.13) can be described as 
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Similarly, using the properties of Dirac delta function 
1

(b x) (x)
b

 and the photon energy pE

, we have the transition probability as 
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The transition rate can be described as 
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Equation (2.17) is the general expression of Fermi golden rule. The significance of the Fermi golden 

rule is the appearance of Dirac delta function in its expression which gives a sharp peak only when the 

difference of the two energy states is zero thus indicating the physical condition of transitions. For an 

energy value other than the difference between the two transition states, the Dirac delta is 0 by its 

definition. So, no transitions are possible [157].  

2.9 Matrix Elements of Perturbation 

Although the Fermi golden rule, described in equation (2.17) gives the dependence of the 

transition probability on the initial and final state energies, it does not provide any necessary 

information about the perturbation used to make such transitions. So, knowledge of perturbation 

matrix elements should be introduced into the expression of Fermi golden rule. For a plane wave form 

of incident radiation, the perturbation is given by 

'(t) (r) (r) i ti t
ki ki kiV V e V e    (2.18) 

where the perturbation matrix elements are defined by 

(r) V(r)ki k iV     (2.19) 

and the transition amplitude is described in eq. (2.8) 

For k i , we have the transition amplitude as 
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Solving the integration  
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The corresponding probability is described as 

2
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From equations (2.20) and (2.21), the probability of the syst

only if 

0ki          (2.22) 

or 

0ki               (2.23) 

the case described by equation (2.22) and neglecting the first component of equation (2.20), we 

have:  
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where 
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2

( ')
sin1 2( ', )
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2

t

F t  is the same function as described in eq. (2.13a) with the properties 

described in equation (2.14). So, for a continuous perturbation, we have from equation (2.25) 
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Using the properties of Dirac delta function 
1

(ax) (x)
a

  and the photon energy  E  

2
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By the definition of Dirac delta function in eq.(2.27), the probability is significant only if 

0i ik kE E E E     (2.28) 

An important physical insight can be extracted from eq. (2.27) and eq. (2.28). The light impinging on 

the material can excite the electrons from the state i to state k only if the energy of the photons, 

interacting with the electrons, is equal to the difference of The case 

considered in equation (2.22) is equivalent to the absorption of light. Following the same lines, the 

relation of the emission of light can also be calculated as 



2
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ki

t
P t E E
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   (2.29) 

Physically, this equation describes the emission of photons as the electrons make a transition from the 

higher state k to lower energy state i. Considering the absorption process in materials in which the 

electrons make a transition from their valence band with energy vE to the conduction band with energy 

cE   we have 

2 2

( ) ( )
2 2

lim ( ) gc v

cv cv
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The corresponding transition rate is described as  
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R E
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where gE is the band gap of the material. Equation (2.31) describes the general form of transition rate. 

We can convert this into the form describing the interacting form of Hamiltonian and the electronic 

states. The Hamiltonian related to the interaction of radiation with the electrons is described in eq.(2.6) 

as  

.
e R

e A P
H

mc
      (2.6) 

and the perturbation matrix element for the electron making a transition from the valence to conduction 

band is 

(r)cv c o vV V  

.Pcv c e R v c v

e
V H A

mc
    (2.32) 

For a given radiation with frequency , the vector potential is described as  



( .r ) .i k t
oA eA e c c      (2.33) 

where e the polarization vector along electric field and c.c is the complex conjugate of the first part. 

Using these definitions into equation (2.31), we have 
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where 

*. (k) .P . . ( )( ) ( )cv k i k i k ie f e e i e r i r dr  

The total number of allowed transitions per unit time per unit volume is the sum of all possible states 

per unit volume. This includes sum over all the k points, sum over all the spin states and sum over all 

the band indices v  and c.  If the density of allowed vectors k within the Brillouin zone is described by

3
2

cV
, where Vc is the volume of the unit cell, then the total k points within the Brillouin zone is       

3

1

2k

dk  

Also, there are two possible states of spins present, so  

2
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So, the transition rate is  
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2
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where the integration is over the first Brillouin zone. 



2.10 Connection of Fermi Golden Rule with the Dielectric Function  

Equation (2.35) describes the transition rate of electrons from their respective valence bands 

to the conduction bands under interaction with light. Perhaps the most sophisticated way is to connect 

such transitions with the basic optical parameters of the materials. The dielectric function is a basic 

optical parameter in terms of which one can describe most of the optical properties of materials. The 

dielectric function of a material is a complex quantity described as        

r ii      (2.36) 

The dielectric function  is related to the refractive index as 

2N        (2.36a) 

the refractive index of a material is also described as 

N n iK       (2.37) 

where n is the normal refractive index of the material and K is the extinction coefficient. Now, squaring 

the refractive index, we have 

2 2 2 2N n K i nK      (2.38) 

Comparing (2.38) with (2.36) we have 

2 2
r n K      (2.39) 

2i nK       (2.40) 

Whenever light of a specific intensity passes through the material, it loses its intensity due to the 

absorbance of light by the material. The absorption coefficient of a material can be described as 

4

p

K
      (2.41) 

where p is the wavelength of light. Using the expression (2.40) we have 



in c
      (2.42) 

Similarly, the reflectance of a material can be described in terms of the refractive index as    

2
1

1

N
R

N
      (2.43) 

Using eq. (2.37), we have 
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Since, 

2 2 2 2 2 2 2 2 2 2( ) ( ) 4n K n K n K n K 2 2
r i   (2.45) 

and 

2 2 2 2 2 2 2 22 4 2( ) 2( )r i rn n n K n K   (2.46) 

Using Eq. (2.45) and (2.46) in Eq. (2.44), we have the expression of reflectance in terms of the 

dielectric function of the material.   
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Now,  

If, ( )tR  transition rate per unit time, then  

( )tR  energy absorbed per unit time 

Also, if v = velocity of propagation of radiation  



then,  ( )
c

v
n

 is the energy flux per unit time where is the average energy density of the material. 

So, the absorption coefficient is the energy absorbed per unit time per unit volume divided by the 

energy flux. That is    
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    (2.48) 

Using equations (2.35) and (2.48), we have 
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Using equation (2.42), we have 
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Equation (2.49) is the basic expression which associates the band structure of a material with its 

dielectric function. Once we know one part of the dielectric function, we can find out its other part 

with the help of Kramers Kronig relationship (KKR). So, the real part of the dielectric function from 

equation (2.44) can be written, with the help of Kramers Kronig relation, as  

2 20

2 1
1( ) ( )r iZ y y dy

y
      (2.50) 

where y is the frequency defined in a certain range,  Z is the principle part of the integral [153]. The 

two equations (2.49) and (2.50) are the general form of the real and imaginary parts of the dielectric 

function, and can be used to describe all the optical properties of the material. 



2.11 Joint Density of states  

The main contribution in the dielectric function, as shown in eq. (2.49), is coming from the 

factor
3

2

2
( )

BZ c v
dk

E E  (since all other factors are constant). This term is called the joint 

density of states. That is   

3

2

2
( )c v BZ c v

dk
E E    (2.51) 

The joint density of states is defined as the total number of states which are available per unit energy 

and per unit time with in the energy range of (Ec-Ev) and within k+dk ,where Ec and Ev are the 

conduction and valence bands energies, respectively [158]. Since the density of states refers the 

number of states with in the energy scale at each k-point, we should introduce a constant energy surface 

at each k-point. If S is the constant energy surface at each k-point then eq. (2.51) can be written as 
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where we used the property of the Dirac delta function 

o(x )(x) (x)
o o

x x x

dx
dx g
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f g  

2.12 Van-Hove Singularities  

The joint densities of states, in eq. (2.52), shows strong discontinuities at specific values of E. 

These discontinuities are called the critical points or Van Hove singularities. From eq. (2.52), the 

critical points appear when     

c vE E 0  or c vE E   (2.53) 



In the band structure calculations, the first condition appears at any k-point of the Brillouin zone while 

the second condition appears only at the higher symmetry points. In order to find the real picture of 

joint density of states at the Van Hove singularities, consider a simple transition in which a photon 

with energy  excites the electrons from the valence band to the conduction band. Using a simple 

parabolic expression, we can define the valence and conduction band energies as [159]:  
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where gE is the energy difference between valence and conduction bands, mc and mv are the masses of 

electron and hole in the conduction and valence band respectively.  

From eq. (2.54) and (2.55) we have 
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where r  is the reduced mass of the system defined as 
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Using this expression in the joint density of states we have  
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Using eq. (2.56), we have 2

2 r
gk E  

 So, the joint density of states is defined as 
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Equation (2.59) represents the mathematical description of critical points in the joint density of 

states for a three-dimensional crystal structure. The discontinuities that appear in the expression 

represent the Van Hove singularities. Physically, they show the critical points associated with the 

optical transitions in a material.   

2.13 The Spectrophotometric Method 

The quantum theory can be utilized to derive a relationship between the absorption coefficient 

and the incident photon energy . The relation is called the Tauc relation and is written as [160]   

1/ 2 gE  (2.60) 

Details of the derivation of this equation are given in Appendix A. 

In this equation,  is a constant, and has different values for different optical transitions described 

as

1/ 2 for direct allowed transition

3 / 2 for direct forbidden transition

2 for indirect allowed transitions

3 for indirect forbidden transition

 

The Tauc relation is employed extensively to calculate the band gap of a material. However, the major 

requirement for this method to work is that the photon energy should not exceed the band gap energy 



and the absorption phenomena should not be very strong. On the other hand, a less value of the 

absorption coefficient might behave exponentially rather than square or square-root nature [161].  

So, values of the absorption coefficient in the range of 102 to 103 might not be sufficient to compute 

the band gap of a material.  

Experimentally, the band gap of a material depends on certain fabrication parameters. These 

include the synthesis of a material with different techniques like electron beam (EB) or sputtering, 

substrate temperature and post deposition conditions like annealing. In order to illustrate how an 

experimental parameter affects the band gap of a material, consider the example of WO3 thin films 

fabricated at different substrate temperatures. WO3 is an indirect band gap semiconductor having its 

band gap in the visible region. Figure 2.10 shows the determination of the band gap of WO3 deposited 

on an unheated substrate and a substrate heated to a temperature of 400 oC. The band gap of WO3 

deposited on a heated substrate was less than the one deposited on the unheated substrate. A heated 

substrate normally provides a well oriented uniform deposition of the films with less surface roughness 

as compared to the unheated one. In case of thin films, some surface phenomena might have profound 

effects during the optical transitions. A common example of this is the scattering of light due to the 

surface roughness and grain boundaries which might lead to the inaccurate determination of the 

absorption coefficient and ultimately affects the band gap measurement [138]. 
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Fig 2. 10. Band gap of WO3 thin films with heated and non -heated substrates 

 

 

 

 

 

 

 



Besides the experimental conditions, the choice the power factor  in Tauc equation may lead 

to variations in the band gap of the material. A typical example is the band gap of SnO2. Tin oxide is 

a wide band gap semiconductor with a band gap value of 3.88 eV [72]. However, it can be seen from 

figure 2.11 that the standard direct band gap method (that is choosing  =1/2 in Tauc plot equation) 

cannot provide us the correct band gap. This is due to the fact that in the downward direction, the Tauc 

plot is curved rather than linear so, the extrapolation significantly overestimates the band gap. On the 

other hand, the selection of power factor to  =2 leads to an underestimation of the band gap. 
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Fig 2. 11. Tauc plots of SnO2 thin films: a) Direct b) Indirect 

 



 In summary, for nano crystals or thin films, the absorption spectrum deviates from its bulk 

nature. This causes the deviation of squared power law for direct transitions. Hence, the Tauc plot, 

which is helpful in studying the band gaps of bulk materials, might not be an appropriate choice of 

selection for calculating the band gaps of direct band gap semiconductors and the low dimensional 

crystal structures.       

 

 

   

 

 

 

 

 

 

 

 

 

 



CHAPTER 3 

Modulation Spectroscopy 

3.1 Introduction to Modulation Spectroscopy  

Modulation spectroscopy is a direct method to find the band gap of semiconductors. In 

modulation spectroscopy, the changes in optical parameters, rather than absolute values, are measured.  

The basic principle of this technique is to provide a periodic perturbation to the sample and to obtain 

sharp derivative-like structures in the optical response of the material. These peaks, which correspond 

to sharp changes in the optical spectra, are associated with the critical points of the band structure of 

the semiconductor.  

Modulation spectroscopy is a powerful technique in characterizing thin film or bulk materials, 

nanostructures, super lattices, quantum wells, heterostructures and interfaces of the materials [11,72].  

Some of the advantages of using this technique are  

1-  The modulated spectrum of an optical quantity is superior to its absolute value. This is because 

of the fact that a modulated response of a material always originates around the known critical 

points in the Brillouin zone. Contrary to it, the absolute response of a material always appears 

in the extended Brillouin zone region [72,73] 

2- With the help of modulation spectroscopy, the inter band transition energies can be found 

within meV range even at room temperature [163].  

3- The observed changes in the modulation spectroscopy are so sharp that they behave like a 

derivative of the absolute spectrum with respect to the modulated parameter. This derivative 



like nature suppresses the featureless background of the material and emphasizes the regions 

of inter band transitions. Moreover, due to its derivative like nature,  the weak features of the 

crystal can also be enhanced in modulation spectroscopy [156]. In order to emphasizes the 

significance of the modulation spectroscopy, the example of absolute reflectance and the 

modulated reflectance of GaAs is shown in figure 3.1. Both spectra were taken at a temperature 

of 300 K. The absolute reflectance of GaAs is characterized by broad features. On the other 

hand, the electroreflectance (ER) spectrum revealed a series of sharp lines. The featureless 

background of the absolute spectrum was absent in the ER spectrum. The uninteresting back- 

ground of the spectra is eliminated in favor of the intense sharp lines which are associated with 

the transitions involved in the material.  
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Fig 3. 1.a) Reflectance and b) Electroreflectance spectra of GaAs. 
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3.2 Modes of Modulation Spectroscopy 

3.2.1 Temperature Modulation 

In thermomodulation or thermoreflectance, the heat changes are produced as a periodic 

perturbation across the heater on which the material is mounted. These heat changes are produced by 

applying current pulses through the sample. This is applicable only if the sample has a heat-conductive 

nature. For non-conductive materials, the perturbation is produced by applying a periodically chopped 

laser light [11]. The periodic change in the temperature causes the variations in the energy E  and the 

broadening parameter  around the critical point of the crystal while preserving the crystal symmetry. 

That is, the resulted spectrum of thermomodulation remains independent to the direction of polarized 

light [164]. As a result of these changes, the band structure of the material alters, and these alterations 

are detected in terms of changes in the dielectric function of the material. The shift in the energy gap 

near a critical point is associated with the singularity point and is defined in terms of changes in the 

dielectric function as 

E

T E T
     (3.1) 

Besides the inter band transitions, other optical phenomena can also be analyzed with the help of this 

modulation technique. These include exciton effect and plasma resonance.  

3.2.2 Wavelength Modulation 

In this technique, the wavelength of the light is used as a periodic perturbation to create changes 

in the optical parameters of a sample. A wavelength modulation is different from other modulation 

techniques in a sense that no external modulation is applied to the sample to extract its optical 



transition information. The wavelength modulated spectrum is simply the first derivative of the normal 

spectrum of a sample. The multiple structures can be identified easily in the derivative spectrum as 

compared to the normal spectrum of an optical quantity. For example, if a change of slope is 

corresponding to a structure in the normal spectrum, it will be a step function in the first derivative of 

that spectrum [165]. 

  Wavelength modulation can be produced by using a monochromatic beam whose wavelength 

is modulated periodically. Such a change is produced either by the mechanical vibration of exit or 

entrance slits of the monochromator or the vibration of a mirror inside the monochromator [166].  The 

response spectrum obtained in this way will be the derivative of reflected or incident light intensity I 

with respect to the distance x covered by the slit. So, the wavelength  derivative of the intensity can 

be extracted as  

p p

dI dI dx

d dx d
    (3.2) 

The wavelength modulation technique was successfully applied in obtaining the derivative 

spectrum of many semiconductor materials like Si, GaAs and GaSb [165]. However its use is limited 

within a specific wavelength range. Normally, it works from the visible to infrared region and cannot 

be applied in the UV region because of the non-uniformity of light and the appearance of several 

spectral lines in that region [144]. Moreover, as compared to the other modulation techniques, 

wavelength modulation spectra usually suffer a huge noise background issue. The elimination of such 

background is also a challenge in wavelength modulation spectroscopy.     



3.2.3 Piezo Modulation 

In this technique, a uniaxial stress is applied as a periodic perturbation to the sample. Such 

perturbation causes a change in the optical parameters (such as reflectance or transmittance) of the 

sample. These changes are more dominant near the onset of the optical transitions of the material and 

hence provide information about the transitions involved in the sample under study. Like the 

temperature modulation, stress modulation also preserves the symmetry and hence its resulted spectra 

are similar to those obtained from thermal modulation.  With the help of this technique, it is possible 

to obtain not only the energy positions of the transitions but also the locations of these transitions in 

the Brillouin zone [79, 80]. Moreover, the magnitude of the response spectrum of a piezo modulation 

can also give information about the deformation of bands which undergo stress effects [169]. 

However, the use of this technique is limited because of the fact that a piezo modulation method 

requires a large value of strain induced into the sample (of the order of 10-2) in order to obtain the 

optical transitions information. Only a few materials can undergo up to such severe strains. Piezo 

modulation is usually applied to metals and noble metals, in the form of their evaporated thin films, to 

calculate their optical transitions [80, 82, 83]. 

3.2.4 Electroreflectance 

Electroreflectance is a complex form of modulation spectroscopy in which an electric field is 

applied across the sample and the changes in its optical reflectance are observed. Further, these 

changes in the optical reflectance are used to investigate the material under study. Electroreflectance 

is perhaps the most sophisticated technique in a sense that its spectra are well oriented and intense. 

However, they rely heavily on the magnitude of the induced electric field. On the basis of electric field 

strength, an electroreflectance technique can be classified as 



1) Low regime electric field: in which the electropotic energy o obeys the following inequality 

relation with the broadening parameter  

o  where  
1/32 2 2

2
F

o
r

e E
 

where FE is the electric field, r is the inter band reduced mass in the direction of the field, and e is 

the electronic charge. 

2) High field regime: for which  o  and F o gqE a E , where oa  is lattice constant, q is the 

charge, is the broadening parameter associated with an ER peak, and gE is the band gap of 

the material. 

3) High field regime: for which ~F o gqE a E  

All of the three electric field regimes result in different physical processes. For example, the low field 

regime is associated with the optical transitions; the intermediate regime shows the optical transitions 

along with Franz-Keldysh (FK) oscillations. The FK effect is described as the change in the optical 

response of a material due to the applied electric field. This effect appears in terms of periodicd 

oscillations whenever the strength of the electric field changes the band structure of a material; the 

higher field regime is responsible for the phenomenon of Stark shifts [11].  

3.3 Theory of Electroreflectance 

The fundamental difference between electroreflectance and other forms of modulation 

spectroscopy is that the electric force is not lattice periodic. It is the net force which accelerates the 

electrons and, as a result, the translational invariance of the Hamiltonian is completely destroyed in 

the electric field direction. 



The role of translational invariance, in determining the optical properties and the response of 

a modulation technique, can be understood from the simple free electron model. In the case of a free 

electron system, the Hamiltonian preserves the translational symmetry and is described by 

2

2

P
H

m
   (3.3) 

The band structure of the system is a continuous parabola and the momentum of this system remains 

conserved. If a photon with energy pE  is absorbed by the electron, it creates a large momentum 

change. The momentum and energy of the system cannot be conserved simultaneously and electrons 

cannot make any transition in such a system. The optical transitions are described in terms of the 

dielectric function of the system. The complex part of the dielectric function i is identically zero for 

a free electron system. For the electrons which move in a crystal, their Hamiltonian is described as: 

2

(r)
2

P
H V

m
    (3.4) 

The motion of the electrons which move in a periodic lattice, with periodicity , is provided by 

 .( ) (r) ik r
k kr U e     (3.5) 

where U(r) is the periodic potential given as 

(r ) (r)U U    (3.6) 

The band structure for such a system is not a continuous parabola. It is distorted where the 

electrons encounter the potential of the ionic cores of the lattice. So, the free electron energy parabola 

splits up to energy bands. Here, the Hamiltonian is invariant only to those classes of translations which 

bring the crystal back to itself. As a result, the momentum of the system remains conserved only to a 

certain wave vector nk  of the reciprocal space. The imaginary part of the dielectric function for such 



a system always has a square root form. For the electrons that move in the crystal, if the external 

perturbation is applied, the Hamiltonian of the system is described as  

2

(r) '
2

P
H V H

m
     (3.7) 

where 'H is the external perturbation. If such a perturbation preserves the symmetry of the system 

(such as in the case of wavelength, temperature or stress modulation) then, the momentum of the 

system remains conserved within the reciprocal space. Although the symmetry is lowered, the optical 

transitions remain vertical. Such perturbations change the dielectric function and are analyzed using 

first order line shape analysis. 

If the external perturbation, applied to the electrons which move in a crystal with lattice 

periodicity , is electric field then the Hamiltonian of the system is described as  
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    (4.8) 

In such a case, the electric field completely destroys the translational symmetry and accelerates the 

electrons. As a result, the momentum of the system changes and it is not a good quantum number. The 

Bloch wave functions of the crystal mix up and the optical transitions, instead of occurring at the same 

point in the k  space, spread over a finite range of initial and final states. For a low magnitude of 

electric field, the mixing occurs only for those Bloch wave functions which are near the original optical 

transitions. As a result of this, the shape of the original optical transition spectra smears out. The 

resulted spectrum due to the influence of electric field has a complicated shape having changes in its 

signs. Such a spectrum which has two zero crossings is the characteristic of a third derivative. So, the 

changes in the spectrum of the dielectric function because of the electric field are attributed to third 

order derivatives with respect to electric field [150]. 



3.4 Mathematical Description of Electroreflectance Phenomena 

In order to obtain a quantitative description of the electroreflectance phenomenon, consider the 

effect of an electric field FE  on the electrons moving in a crystal. The Hamiltonian of the system is 

described as; 

2
2 E (r) 0

2 r F
r

eE z    (3.9) 

Where E is the energy of the electron, (r) is the solution of eq. (3.9). The direction of the electric 

field is along the z axis. Equation (3.9) can be split into two parts. One corresponds to x-y plane, where 

the electric field does not have any effect, while the other is the z-component which is parallel to the 

electric field. So, for the x-y plane, the Schrodinger equation is described as    

2
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, (x, y) 0
2 x y

r

E    (3.10) 

The solution for such an equation is in the form of a plane wave described as [172] 

x(k x k )

1(x, y) yi yAe     (3.11) 

and the net relative energy Er is the sum of free electron Hamiltonian energy Eo, the kinetic energy of 

the electrons along the x,y plane, and the energy of the electrons along the z direction due to electric 

field. A1 is the normalization constant    
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2r o z x y
r

E E E    (3.12) 

Along the z-axis, taking the electric field effect, the Hamiltonian of the system is defined by  
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  (3.13) 

Rearranging equation (3.13) 
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Converting the equation into a dimensionless reducible form, we define 
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where 
1/32 2 2

2
F

o
r

e E
    (3.15) 

Equation (3.13) becomes 
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The solution for equation (3.16) is the Airy function described as [173] 
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The general form of the dielectric function is  
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where cvJ is the force oscillator strength. It is the perturbation matrix element in moving the electrons 

form their initial state to final state under the electromagnetic interaction. That is  

0cv e hJ f H     (3.19) 

where e hH is the Hamiltonian due to the external field, 0  and f  are the initial and the final states 

of the system. Under the interaction of electric field and electromagnetic radiation, when electrons 

make transitions form their valence band to their conduction band, holes are created in the valence 

band. The net effect on the dielectric function due to such transitions consists of two parts. One is due 

to the bound states of valence bands while the other one is due to the continuum states of conduction 



bands. For the bound states, the case is similar to the hydrogen atom. We can express the wave 

functions in terms of spherical harmonics where the radial part contributes to the oscillator strength. 

So, the net contribution of Jcv is described as [174]  

22 2
(r) 0cv e e rJ f H    (3.20) 

w r e hr R R , where eR  and hR are 

the positions of electrons and holes with respect to some origin  Now, for 0r , we have e hR R and 

2 2
(r) (0)e e which represents the probability of finding the electrons and the holes within the same 

primitive cell. So,  

22 2
(0) 0cv e e rP f H    (3.21) 

The total density of states of the system can be found by considering the density of states along the x-

y plane and integrating over Ez. A two dimensional density of states can be described by [175] 
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Based upon the relations defined in equations (3.17), (3.21) and (3.22), the complex dielectric function 

can be written as 
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where  1 (0) 0e e rJ f H ,  1
o

o

E E
 and  pE . In order to simplify the expression, 

consider 
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So, the dielectric function in the presence of an electric field can be written as  
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Since the quantity of interest is the change in the dielectric function due to the electroreflectance, it 

can be described as [156] 
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          (3.25)    

This is the expression for the change in the dielectric function as a result of the electroreflectance 

phenomenon. 

3.5 Third Derivative Modulation Spectroscopy 

An electroreflectance spectrum is generally intense and well resolved in the energy scale. 

However, it depends heavily on the experimental conditions and specifically on the magnitude of the 

electric field. For a low value of electric field where o , an electroreflected spectrum is drastically 

simplified. It was found by Aspnes that within the low field limit, these spectra correspond to the third 

derivative of the optical spectra with respect to energy. Such observation is confirmed both 

theoretically and experimentally [88, 89]. Keeping in view the importance of the third derivative nature 

of electroreflectance, an empirical formula of it can be deduced in the following way.   

Starting from the simple expression of the real part of the dielectric function, and employing 

the parabolic approximation as described by Yu et al. [156], we have  
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where C1 is a constant. Under the interaction with an electric field, the electrons in the conduction 

band move for a time 1 before going into a collision. This time can be defined using the uncertainty 

relation  

1
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     (3.27) 

The distance z covered by the conduction electrons under the influence of the electric force is given 

by  

1 1 1( )FeE
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Thus, 
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This displacement is due to the influence of electric force ( FeE ) on the electrons. As a result of such 

force, a change in the conduction band energy of the electrons occurs. That is  
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Similarly, a change in the valence band energy occurs due to the effect of the electric field on the holes 

in the valence bands  
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The net shift in the energy of the system is described by  
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where 
1 1 1

r c vm m
 is the reduced mass of the system  

The change in the energy of the system is related to the change in the dielectric function as  
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Using equation (3.26) and (3.31), we can write 
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So,  
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The expression of equation (3.33) is more significant since it can be written in terms of third derivative 

forms. For this, we can write (3.33) as 
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Or more simply  
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where 
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 is the electro-optic energy. 



Equation (3.35) is the general form of the change in the dielectric function with respect to a third order 

derivative of the energy. The expression described in equation (3.35) has two important outcomes: 1) 

It describes the quadratic dependence of electro reflected spectrum on the electric field; and 2) The 

line shapes are closely related to the third derivative of the absolute dielectric function. From a 

spectroscopic point of view, third derivative line shapes always have significantly enhanced critical 

points and strongly suppress backgrounds. Such signals are well localized and even the degenerate 

critical points are also well resolved [178]. Moreover, the uniformity and localization of the spectra 

enable one to analyze the actual band structure directly from the experimental low field spectra without 

any extra analysis technique like Kramers Kronig relations. 

3.6 Advantages of Electroreflectance 

In case of electroreflectance technique, the optical response of the material, in the presence of 

the electric field, exhibits sharp third derivative-like features, with strongly enhanced critical points 

and highly suppressed featureless background. This property makes ER more robust as compared to 

other techniques in a sense that the observed spectra correspond to the optical transitions around the 

critical points, with no background interference. Moreover, the electroreflectance avoids 

complications related to the passage of light through the material, especially when opaque metallic 

electrodes are used to apply the perturbing electric filed.  The sensitivity of this technique to the surface 

of the material is eliminated by the fact that the electric field is only efficient at the critical points. The 

high resistive nature of the metal oxides creates an additional difficulty in calculating their band gaps 

by the spectrophotometric method, where only light is used as an external perturbation, and might not 

be as efficient to lift the electrons from the valence band into the conduction band. If an electric field 

is combined with the photon energies as a source of perturbation, it accelerates the electrons against 

the high resistive nature of the material to enable the optical transitions. Therefore, a large amplitude 



of the electric field is an important requirement to measure the band gap of the metal oxides. In case 

of ER, the different geometries, which are designed to achieve different modes of electroreflectance 

such as transverse electroreflectance or surface barrier electroreflectance, provide high flexibility for 

achieving the necessary strength and direction of the electric field. Moreover, the requirement of high 

electric field can also be achieved using the reduced dimensional forms of the materials like thin films, 

which enable high magnitudes of the electric field of the order of  V/cm. Such a large 

electric field can also be used as an efficient perturbation for revealing the optical transitions associated 

with the wide band gap oxides, which have their band gaps in the ultraviolet region.   

 

 

 

 

 

 

 



CHAPTER 4 

 Experimental Techniques 

4.1 Fabrication of Oxides 

 The oxides in this study were fabricated using either thermal evaporation or sputtering in order 

to maintain the purity of the films and to avoid unnecessary diffusion between different materials. The 

metal oxides were deposited on a substrate and their band gaps were investigated by the 

electroreflectance technique. In order to avoid any signal coming from the substrate structure in the 

electroreflectance, the substrate should have the following characteristics: 1) Its reflection should be 

minimum; 2) It should not have any structure within the used wavelength range of light; and 3) it 

should be electrically and chemically inert with respect to the oxide. Based upon these requirements, 

the choice of substrate was glass and a metal-oxide- metal (MOM) configuration was fabricated in this 

work. The metals served as electrodes to provide the external AC voltage to the sample. These metals 

were deposited in such a way that the oxide was sandwiched between them and a capacitor-type 

geometry was obtained. The selection of the metals was governed by the same conditions as described 

above for the substrate. Moreover, Au, Ag, Ni and Al metals were analyzed for optimum choice of the 

electrodes. The thickness of these metals was optimized in order to avoid unnecessary results like 

maximum utilization of light, metal oxide surface barrier, contact resistance or Schottky barrier. The 

basic diagram of an MOM configuration in shown in figure 4.1 below. 

 

 

 

 



 

Fig 4. 1.  Metal oxide metal configuration 

 

 

 

 

 



The fabrication of an MOM configuration was done by using thermal evaporation technique 

except for ZnO where the oxide was prepared using RF sputtering. A brief description of each 

technique along with the experimental details of material deposition is described below. 

4.1.1 Thermal evaporation 

Thermal evaporation is one of the common methods of physical vapor deposition (PVD). In 

this technique, the material undergoes either sublimation or evaporates. The material is heated in a 

high vacuum chamber up to a temperature which produces some vapor pressure. Since a high vacuum 

is applied, a low vapor pressure is enough to produce a vapor cloud of the material inside the chamber. 

These vapors then impinge on the substrate and stick to form thin film. There are two ways in which 

a thermal evaporation process can proceed: 1) Resistive evaporation; in which a high current is utilized 

to produce the heat and to evaporate the sample; and 2) Electron beam or e-beam evaporation, in which 

electrons are emitted from a hot filament and accelerate under a high voltage of 4 kV to eject the 

material upon bombardment. Thermal evaporation has several advantages over other PVD techniques. 

It ensures high purity during film deposition. Also, deposition of different materials in multiple layers 

is easily obtained since there is less chance of film diffusion [179]. 

4.1.2 RF Sputtering 

Sputtering is a sophisticated technique used to deposit thin films. The basic mechanism 

involves the ejection of atoms of the material by a gas discharge plasma under high voltage. In 

sputtering, a large negative potential is applied at the cathode while the anode remains grounded. When 

an inert gas is inserted between the two electrodes, a gas discharge plasma is created. The positive and 

negative ions move toward the cathode and anode, respectively. As the positive ions move toward the 

cathode, they hit on the surface of the cathode and the higher potential at the cathode drops down. The 



material whose fabrication is required is used as a target material on the cathode side. The 

bombardment of the ions with the surface of the atoms of the target ejects the material atoms which 

then settle on the substrate. Normally, an inert gas like argon is used to create the gas discharge plasma. 

For a gas discharge plasma to be created and sustained, a pressure of 3 to 300 Pa and a voltage of 1000 

to 2000V are required. The sputtering process operates in various modes. The common modes are 

radio frequency (RF) magnetron sputtering and direct current magnetron sputtering. The mode used 

in this work is the RF magnetron sputtering, which is used for nonmetallic targets like oxides or 

insulators. It uses an AC power supply and prevents the accumulation of positive ions which are 

produced during the gas discharge on the negative plate.      

 

 



Fig 4. 2. Schematic diagram of RF sputtering 



4.2 Optimization of Front Contact for AC Perturbation 

In order to create the electroreflectance phenomenon in a metal- oxide- metal configuration 

(MOM), the basic requirement is to provide an AC modulation to the sample which is exposed to light. 

Since the aim of this technique is to show the critical points of the oxide under study and not to 

influence the metals which are used as electrodes for perturbation, the selection of metals used as 

electrodes is very important. The selection of the metals is governed by the same conditions as 

described for the substrate. Keeping in view these conditions, metals like Au, Ag, Ni and Al were 

analyzed both optically as well as electrically. 

 The thicknesses of these metals were optimized on the basis of their transmittance, reflectance 

and resistance values. The graphs of reflection and transmittance for four different metals: silver, gold, 

aluminum and nickel, are shown in figures 4.3  4.6, while the resistance of different metals with 

different thicknesses is shown in table 4.1. It can be seen that both silver and gold show a definite 

structure in their transmittance and reflectance spectra. For silver, it spans from 300 to 400 nm, while 

for gold, it was from 475 to 600 nm. Since most of the oxides have their band gaps in the visible 

region, using silver as a front contact may cause the influence of silver structure on the band gap 

signals. Similarly, gold cannot be used as a front contact especially when dealing with low band gap 

semiconductors like Fe2O3. The same is true for nickel with films 10 and 15 nm in thickness. Their 

structures in the UV region make them less efficient in calculating the band gaps of oxides like HfO2 

or ZrO2. On the other hand, films of 5 nm thickness show a high resistance value which may act as a 

barrier to the flow of AC voltage, so they were avoided. The metal of choice for making the front 

contact electrode was aluminum which did not have any structure in the entire wavelength of light of 

interest. A 10 nm thick aluminum film is quite useful in making the front contact. A 5 nm Al film is 



highly resistive, while a 15 nm thick Al film, if used as a front contact, reflects more than 30% of light 

and less intensity reaches the oxide under study.  
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Fig 4. 3. a) Transmittance and b) reflectance spectra of silver for different thickness values 
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Fig 4. 4 a) Transmittance and b) reflectance spectra of gold for different thickness values 
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Fig 4. 5 a) Transmittance and b) reflectance spectra of aluminum for different thickness values
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Fig 4. 6 a) Transmittance and b) reflectance spectra of nickel for different thickness values 



Thickness (nm) Ag ( ) Au ( ) Al ( ) Ni ( ) 

5 -- 154.8 -- 2.4E+3 

10 45.2 22.1 121.8 81.7 

15 8.5 12.1 35.2 96.5 

Table 4. 1 Resistance of different metal films with respect to their thicknesses 

 

4.3 Sample Preparation 

In thermal evaporation of oxides, the deposition was carried out in a Laybold L560 box coater. 

Before any deposition, the system was pumped down to a base pressure of  mbar. Before 

starting the deposition, the material was slowly outgassed. A shutter was introduced during the 

outgassing process in order to block the vapors from reaching the surface of the substrate. All the films 

were deposited on unheated substrates.  

In each metal-oxide-metal configuration, the deposition proceeded as follows 

1) Deposition of metal on the substrate.  A thick layer of aluminum was deposited on the substrate 

which acts as the bottom contact. The thickness of the bottom contact was set at 100 nm in 

order to achieve high conductivity so that an AC signal can pass through the electrode easily.   

2)  Deposition of the oxide layer on top of the bottom metallic contact. 

3)   Deposition of the second metal layer on the oxide. A thin layer of metal was deposited on the 

oxide to act as a front contact. The requirement of a thin layer was due to the fact that the light 

should transmit through the front contact up to a maximum value and should reflect from the 

oxide whose band gap is investigated.  



During the deposition of metals, the substrate was made stationary because the deposition of the metals 

is uniform in nature. However, the substrates were rotated during the deposition of the oxides in order 

to achieve a uniform deposition. The source to substrate distance was 40 cm. The evaporation rate was 

set to 4 Å/s and the thickness of the oxides was fixed to 300 nm. Both the evaporation rate and the 

thickness of the oxides were monitored using a quartz crystal thickness monitor. Ga2O3, MoO3, and 

WO3 films were deposited using a molybdenum boat and with the help of thermal evaporation. Fe2O3 

thin films were synthesized via reactive thermal evaporation of iron in the presence of oxygen. The 

evaporation of granular solid iron was carried out via electron beam deposition using a 4 kW electron 

gun under an oxygen pressure of 7×10-4 mbar. Metal oxides like CeO2, HfO2, SnO2, TiO2, and ZrO2 

were deposited using e-beam evaporation.  

Besides the deposition of metal oxide thins films with thermal evaporation, the deposition of 

ZnO thin films was performed with the help of RF sputtering. In this case, an RF power of 120 W was 

applied to a ZnO sputtering target. The ZnO target had 99.99% purity and it was 3 inch in diameter. 

The system was evacuated to a base pressure of 8.5×10-6 mbar prior to any deposition. Then, argon 

was introduced as a sputtering gas into the chamber at a flow rate of 10 sccm and a chamber pressure 

of 1.8×10-2 mbar was maintained. The ZnO thin film was deposited at room temperature. The source 

to substrate distance was 11 cm and the substrate was rotating in order to obtain uniform film 

deposition. The deposition was performed for two hours.       

4.4 Characterization Techniques 

The properties of metal oxide films were investigated using different characterization methods. 

Their structural properties were examined through X-ray diffraction (XRD), surface morphology 

through atomic force microscopy (AFM), chemical analysis through X-ray photoelectron 



spectroscopy (XPS), and optical properties through spectrophotometry. Besides these characterization 

techniques, the band gap spectrum of oxides was obtained and analyzed using the electroreflectance 

technique. A brief description of each technique is provided below.  

4.4.1 X-ray Diffraction 

XRD is a widely used technique for the characterization of the structure of a material. It can 

be used for both the liquid and the solid phase of a material. The basic principle of this technique lies 

on the interaction of X-rays with the atoms of a material. Each material has a different crystal structure 

due to the arrangement of atoms in it. When X-rays interact with these atoms, they diffract and create 

a unique diffraction pattern.  This diffraction pattern can be used as a finger print to identify the 

material. The diffraction phenomenon is governed by Bragg s law. It states that constructive 

interference will occur if the path difference of two rays, interacting with the atoms of the lattice 

planes, is an integral multiple of their wavelength. The constructive interference in a certain direction 

and the production of diffracted X-rays is governed by the  

    (4.1) 

where d1 is the lattice spacing, x is the wavelength of x-rays, and g is the order of maxima. The basic 

diagram of diffraction [180]. With the help of x-ray diffraction, 

several interesting properties of the material can be analyzed using the diffraction pattern. These 

include phase of a sample (amorphous or crystalline), structure of the sample (how atoms are arranged 

in the sample), size and shape of the material and defects, strain, and dislocation. The XRD machine 

used in this study was the Rigaku Ultima diffractrometer. A CuK  X-ray source of wavelength 1.5406 



was employed. The scanning speed of the data collection was set to 2o/ min, while the scanning 

range ( 2 B ) was set to 20o-80o.   



 

Fig 4. 7.  Schematic d diffraction 



4.4.2 X-ray Photoelectron Spectroscopy  

X-ray photoelectron spectroscopy (XPS) is a commonly used surface technique which operates 

under an ultra high vacuum.  It is used for the chemical analysis of a material. The main principle of 

this technique lies on the ejection of electrons from the valence and core levels of an atom when high 

energy photons interact with a sample. The kinetic energy (K) of the ejected electrons gives vital 

information about the atoms and the chemical state of the elements of the sample. The basic diagram 

of the working principle of  XPS is shown in the figure 4.8 [181]. When high energy photons such as 

x-rays interact with the sample under study, they transfer their energy to the electrons bound to the 

nuclei of the atoms which reside on or near the surface of the material. If the energy of the photons 

( ) is greater than the work function ( ) of the surface (the amount of energy required to remove an 

electron from the valence band to the continuum state), the electrons leave their bands and accelerate 

with a definite value of kinetic energy . The same is true for the electrons residing in the lower 

laying orbitals where a certain binding energy (BE) has also to be overcome to eject the electrons. 

This decreases the kinetic energy of the ejected electrons from the core levels. The binding energy 

(BE) of the electrons ejected from the core level is described by the equation 

    (4.2) 

  Any small variation in the core energy levels results in variations in the photoelectron peaks. 

These variations are generally of the order of 1-5 eV and they are detected by XPS. The peak variations 

are associated with the bonding of the atoms and the oxidation state of the species. In XPS, the peaks 

are labeled after the core levels from which the electrons make transitions. For example, the peak 

coming from the 1s orbital of oxygen are described as O1s. 



XPS can be used for the chemical analysis of a sample. This includes identification of the 

elements present in the sample, their oxidation state and their stoichiometry. In this work, a 

Thermoscientific Escalab 250Xi spectrometer equipped with a monochromatic Al  (1486.6 eV) X-

ray source, and with the energy resolution of 0.5 eV, was used to perform the chemical analysis. The 

pressure inside the spectrometer was 107 10  mbar. The binding energy of the spectra was calibrated 

with the reference peak of C1s positioned at 284.5 eV   

 

 

 

 

 

 

 

 



  

Fig 4. 8. Working principle of x ray photo electron spectroscopy 



4.4.3 Atomic Force Microscopy 

Atomic force microscopy (AFM) is a surface analysis technique which investigates the 

topology of the surface of a sample. The basic principle which is used in AFM is , which 

measures the force between the sample and a sharp tip fixed at the end of a cantilever. The cantilever, 

operating in the raster scan mode, moves over the surface of the sample and bends as a result of the 

force between the surface and the tip. In order to monitor the bending of the cantilever, an optical lever 

technique is employed. The basic diagram of an atomic force microscope is shown in the figure 4.9 

[182]. Under the normal working conditions, a laser light is continuously reflected from the cantilever 

and recorded by a position sensitive detector. As the cantilever bends, due to the force felt by the sharp 

tip, a change in the reflection of light occurs. This change in reflection is further analyzed to calculate 

the force between the sample and the tip and in this way the surface morphology of the sample is 

obtained. There are two modes associated with AFM. These include contact and tapping modes. In the 

contact mode, the tip remains continuously in close contact with the sample. This mode provides a 

three dimensional image of a sample without causing much damage to it. For the scanning of soft and 

rather mobilized materials, the tapping mode is preferred. Here the tip remains oscillating with a 

certain resonant frequency and interacts with the sample during its oscillations. The information which 

can be extracted about a sample by employing AFM includes the grain size, nature of the surface 

(granular, columnar or flat) and surface roughness. In this study, the AFM analysis was performed 

using a Veeco Innova diSPM atomic force microscope operating in the contact mode. A silicon tip of 

radius 10 nm and oscillating at a frequency of 300 kHz was used to probe the surface of the films. 

The scanning area of the sample was set to 2 2 µm2 and the scan rate was 2 Hz.   

 



 

Fig 4. 9. Working principle of atomic force microscopy 



4.4.4 Spectrophotometry 

Spectrophotometry is a method to measure the optical properties of a sample like 

transmittance, reflectance and absorbance. The basic principle of a spectrophotometer lies in the fact 

that each material can absorb, transmit or reflect light up to a certain wavelength. When light of 

specific intensity passes through a sample, its intensity changes. The initial and final intensities 

(coming through the sample) are then related to each other to obtain the optical properties of the 

sample. There are two basic modes under which a spectrophotometer can be operated. These include 

transmittance/ absorbance mode and the reflectance mode. In the transmittance mode, the 

transmittance (T) can be calculated as the ratio of light  which transmits through the sample to the 

initial intensity  incident on the sample.  

 t

o

I
T

I
     (4.3) 

The other mode of operation in spectrophotometry is the reflectance mode, which is used to measure 

the reflectance properties of opaque or shiny surfaces. It is defined as the ratio of light , which reflects 

from the surface of the sample to the initial intensity  incident on the material. There are lots of 

information that can be extracted from the optical knowledge of transmittance, absorbance and 

reflectance. Typical examples include the composition of the material that can be found from the Beer 

refractive index, extinction coefficient and the dielectric function [183]. The spectrophotometer used 

in this study was a Jasco V-570 double beam spectrophotometer which is capable of operating from 

the ultra violet to near infrared regions. It was used to measure the transmittance spectra of the samples 

over the wavelength range of 200 to 2000 nm.     



4.4.5 Electroreflectance 

An electroreflectance setup was developed in the lab in order to carry out the electroreflectance 

analysis of the metal oxide thin films. The electroreflectance setup is shown schematically in figure 

4.10. A 75W xenon lamp was used as a light source. The light coming from the lamp is diffracted by 

a McPherson 218 monochromator and allowed to fall on the sample at near normal incidence. The 

scan controller of the monochromator provides the desired wavelength range of light and the delay 

between the wavelengths increment. It is controlled by a data acquisition system. The intensity of light 

is controlled by widening or closing the entrance or the exit slits of the monochromator. After passing 

through the monochromator, the light falls on a beam splitter that divides the light into two beams of 

equal intensities. One beam is collected by a Hamamatsu 33098 photomultiplier tube (PMT) and can 

be served as the reference signal. The second beam hits the sample which has the AC voltage across 

it. The parameters of the AC signal were controlled by a Keysight-Agilent 33210A function generator 

coupled with the voltage amplification mode of a Trek 615-3 high voltage function generator. The 

function generator can vary the voltage in magnitude as well as in shape like sinusoidal, square and 

tiangular. Normally, the selection of the voltage shape is done by studying the shape of the 

electroreflectance spectra. However, the square shape is preferred in electroreflectance spectroscopy. 

This AC voltage induces a huge electric field across the surface of the sample. This results in 

modulated reflection when the second beam hits the sample. The modulated reflection is collected by 

the second PMT, which transmits the modulated signal to a Stanford Research SR830 DSP lock-in 

amplifier. The lock-in amplifier is a phase sensitive device. It is controlled by the data acquisition 

system and it detects the extremely small modulation signals. The lock-in amplifier was used to extract 



the electroreflectance signal (
R

R
) as a function of wavelength p) of light, and the whole acquisition 

process was controlled through Labview.  

 

 

 

 

 

 

 

 

 

 

 



 

Fig 4. 10. Schematic diagram of the electroreflectance Setup 



CHAPTER 5 

Characterization 

In this chapter, the properties of pure oxide films are presented 

5.1 XRD Analysis 

X-ray diffraction was used to investigate the crystalline structure of the films. Most of the films 

exhibited an amorphous structure, which is characterized by the presence of a broad peak centered at 

2 20B that is attributed to the fused silica substrate as shown in figure 5.1. While most of the metal 

oxide films exhibited amorphous nature, few films (CeO2, Fe2O3, and ZnO) exhibited polycrystalline 

structures.  
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Fig 5. 1 XRD spectrum of amorphous films 

 

 

 

 

 

 

 



Figure 5.2 shows the XRD spectrum of a CeO2 thin film. CeO2 exists in cubic phase with a 

fluorite structure. It had a polycrystalline structure. The preferred growth orientations, as revealed by 

the location of the intense peaks at angles (2 ) of 27o and 45o, respectively, were along (111) and 

(311) planes. Some low intense peaks associated with (200) and (220) planes were also observed at 

angles of 32o and 56o, respectively. The crystallite size was calculated by using the Scherrer a 

defined as 

s x

B

k
D

BCos
    (5.1) 

where sk  is the Sherrer constant, is the wavelength of the x-ray, B is the full width at half maximum 

and  ngle ( ) were taken along the most 

intense peak (that is along (111) plane).  The crystallite size of CeO2 thin film was found to be 8.5 nm. 

The lattice constant for CeO2 was computed using the relation of cubic fluorite structure given as 

2
2 2 2 2

2
( )

4
x

o
B

a h k l
Sin

(5.2) 

where ao is the lattice constant, B  and (h k l) are the Miller indices of lowest 

intense peak. The lattice constant parameter was found to be 0.32 nm.  



Fig 5. 2 XRD spectrum of CeO2 film 

  

 

 

 

 

 

 



The XRD spectrum of an Fe2O3 film is shown in figure 5.3. The film - Fe2O3 phase 

and exhibited a polycrystalline nature. The peaks located at 2  values of 34.5o, 48.5o and 63.0o were 

associated with the (110), (024) and (300) planes. The sharp intense peak at 34.5o indicated that the 

preferred growth of Fe2O3 thin film was along the (110) plane. The crystallite size of the film was 

calculated using the Sherrer formula and was found to be 26.2 nm. 
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Fig 5. 3 XRD spectrum of Fe2O3 film 

 

 

 

 

 

 

 



Figure 5.4 shows the XRD spectrum of a ZnO thin film. The film exhibited a single peak 

located at a 2  value of 34o and was associated with the (002) plane.  The presence of this peak 

confirms a wurtzite hexagonal crystal structure of ZnO. Moreover, the preferred growth orientation 

was along the c-axis. The crystallite size of the films was found to be 5.0 nm.  
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Fig 5. 4. XRD spectrum of ZnO film 

 

 

 

 

 

 

 



The crystallinity in the above mentioned films was governed by the changes in the 

thermodynamic parameters like temperature and pressure. For example, the e-beam deposition of 

CeO2 increases the temperature of the evaporation process, which results in a transformation into a 

crystalline phase. Similarly, iron oxide thin films were deposited in the presence of oxygen at a 

pressure of 7×10-4 mbar. So, the pressure in this case might be considered as an important parameter 

for the crystallinity in Fe2O3. The ZnO oxide thin film was depostie using RF sputtering which gives 

layer by layer deposition, and as a result, improves the crystallinity of the film. The existence of the 

amorphous nature of the other films might attributed as a small crystallite sizes which do not show 

required coherency length for Bragg  diffraction.   

 

 

 

 

 

 

 

 

 



5.2 Surface morphology 

The surface morphology of the films was analyzed using atomic force microscopy (AFM). The surface 

scan area of 2 2 µm2 was taken to account for this purpose. Almost all the films showed a uniform 

columnar structure with different grain size and surface roughness values. Figure 5.5 shows three 

dimensional AFM images of the films, while table 5.1 shows the values of the lateral grain size and 

the root-mean-square surface roughness Rrms obtained from statistical analysis of the AFM images. 

The AFM analysis shows the films deposited with thermal evaporation possess high grain size. 

The thermally evaporated films were deposited using molybdenum boat, which has a uniform and 

symmetric opening. This allows smooth deposition of the film on the substrates. So, a high deposition 

rate (4 Å/s) was fixed, which increases lateral grain size of the films.  On the other hand, films obtained 

using electron beam deposition shows small lateral grain size. The is because of the less deposition 

rate (2 Å/s), that was fixed to avoid the spilling of the oxide materials from the boats. 

The statistical analysis shows high root-mean-square surface roughness Rrms values in case of 

Fe2O3 and ZnO. Since these two films were obtained under the environment of Oxygen (Fe2O3) and 

Argon (ZnO). So, the interaction of these gases on the surface might deteriorated the smoothness of 

the films.      
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Fig 5. 5. a  j. Three-dimensional AFM images of metal oxide thin films 
 

i) ZnO 

j) ZrO2 



Sample Grain size  

(nm) 

Roughness  

RMS (nm) 

CeO2 14.6 2.3 

Fe2O3 41.0 5.2 

Ga2O3 55.0 0.8 

HfO2 15.6 1.1 

MoO3 46.0 1.2 

SnO2 39.0 1.2 

TiO2 12.8 2.0 

WO3 42.0 1.4 

ZnO 30.0 7.8 

ZrO2 18.6 1.4 

Table 5. 1. Lateral grain size and surface roughness values of metal oxide thin films 



5.3 Optical Properties 

The optical properties of the metal oxide thin films were investigated using spectrophotometry. 

The films were transparent throughout the visible and infrared regions of the electromagnetic 

spectrum. These spectra were characterized by the presence of maxima and minima that arose from 

interference of light beams reflected at different interfaces of the films. These extrema were used to 

estimate the thickness d of the films according to the equation.  

    (5.3) 

 where  is the wavelength corresponding to a maximum in transmittance,  is the wavelength 

corresponding to the adjacent minimum, and n is the refractive index of the film estimated using the 

empirical relation: 

    (5.4) 

where  is transmittance of the films corresponds to . The optical band gaps of the films were 

estimated using the Tauc relation               

             (5.5) 

where  is the absorption coefficient,  is the photon energy,  is a constant, and  is the band gap 

value. The index  associates with the nature of the optical absorption. It has a value of ½ for direct 

transitions and 2 for indirect transitions. The absorption coefficient was obtained using the equation 

, where T is the transmittance of the film. The band gap was obtained by plotting 

 versus photon energy to get a linear relationship that is extrapolated to the energy axis to 

obtain the band gap. The values of the band gaps obtained from these spectra, along with the thickness 

of the films are listed in Table 5.2  



Oxide Thickness (d) 

(nm) 

Direct Eg  

 (eV) 

Indirect Eg  

(eV) 

CeO2 296 3.60 3.12 

Fe2O3 314 2.70 1.80 

Ga2O3 261 4.80 3.10 

HfO2 193 5.85 5.05 

MoO3 341 4.18 3.05 

SnO2 193 4.08 2.90 

TiO2 318 3.95 3.38 

WO3 315 4.11 3.35 

ZnO 467 3.30 3.12 

ZrO2 135 5.80 4.95 

Table 5. 2 Values of the thickness, direct band gap and indirect band gap values of metal oxides 
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Fig 5. 6. Transmittance spectrum of CeO2 
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Fig 5. 7. a) Direct and b) Indirect band gap of CeO2 
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Fig 5. 8 Transmittance spectrum of Fe2O3 
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Fig 5. 9. a) Direct and b) Indirect band gap of Fe2O3 
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Fig 5. 10 Transmittance spectrum of Ga2O3 
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Fig 5. 11. a) Direct and b) Indirect band gap of Ga2O3 
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Fig 5. 12 Transmittance spectrum of HfO2 
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Fig 5. 13. a) Direct and b) Indirect band gap of HfO2 

 

 



 

Fig 5. 14 Transmittance spectrum of MoO3 
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Fig 5. 15. a) Direct and b) Indirect band gap of MoO3 
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Fig 5. 16 Transmittance spectrum of SnO2 
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Fig 5. 17. a) Direct and b) Indirect band gap of SnO2 
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Fig 5. 18 Transmittance spectrum of TiO2 



Photon Energy (eV)

3.6 3.8 4.0 4.2 4.4 4.6
0

5.0E11

1.0E12

1.5E12

2.0E12

2.5E12

a)

 

Photon Energy (eV)

3.0 3.2 3.4 3.6 3.8 4.0 4.2
0

2.0E2

4.0E2

6.0E2

8.0E2

1.0E3

1.2E3

b)

 

Fig 5. 19. a) Direct and b) Indirect band gap of TiO2 
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Fig 5. 20 Transmittance spectrum of WO3 
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Fig 5. 21. a) Direct and b) Indirect band gap of WO3 

 



  

 

 Fig 5. 22 Transmittance spectrum of ZnO 
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Fig 5. 23. a) Direct and b) Indirect band gap of ZnO 
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Fig 5. 24 Transmittance spectrum of ZrO2 
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Fig 5. 25. a) Direct and b) Indirect band gap of ZrO2 



5.4 Chemical Analysis 

The chemical analysis of metal oxides thin films was performed using XPS. The charge shift for all 

the samples was corrected using the location of C1s peak (at 284.5 eV) as the reference.  

The core level spectrum of Ce 3d in cerium oxide is shown in the figure 5.26. The strong 

hybridization in Ce 4f and oxygen 2p gives a complex structure to CeO2 [63]. The most dominant peak 

in Ce 3d spectra was the one positioned at 916.2 eV. This  peak indicated the attribution of Ce4+ and 

it was absent in Ce+3 [184]. The other peaks associated with Ce+4 were the ones located at 906.8, 900.3, 

897.9, 888.5 and 881.8 eV [184]. The intensity of the peaks that corresponded to Ce4+ was much higher 

as compared to Ce3+ peaks indicating the behavior of film deposition towards the formation of CeO2. 

The presence of Ce3+ oxidation state was further confirmed by the positions of satellite peak at the 

values of 885.0 eV[184].  
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Fig 5. 26. XPS spectrum of Ce 3d core level region 

 

 

 

 

 



The core level spectrum of Fe 2p in iron oxide is shown in the figures 5.27. It consists of spin 

orbit splitting of Fe 2p core levels spectra. The symmetrical peak with a binding energy of 722.9 eV 

was due to the Fe 2p1/2 core level. An asymmetrical peak of Fe 2p3/2 was spread over the binding 

energy values of 705 to 718 eV.  The asymmetrical nature of this peak was due to the presence of 

several oxidation states of Fe. This peak was deconvoluted into three components. The component of 

the peak with the binding energy of 709.2 eV was due to the presence of Fe2+ oxidation state of iron 

in the Fe 2p3/2 state. Similarly, the component of the Fe 2p3/2 peak located at a binding energy value of 

711.5 eV was associated with the Fe3+ oxidation state of iron. Its full width at half maximum value 

was found to be 3.4 eV. Moreover, a satellite peak was observed at a binding energy value of 715.2 

eV, which was the finger print of the presence of FeO phase on the surface of the films [185]. So, the 

XPS analysis revealed that the iron oxide film contained both FeO and Fe2O3 compositions on the 

surface of the film.          
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Fig 5. 27. XPS spectrum of Fe 2p core level region 

 

 

 

 

 

 

 



The core level spectrum of Ga 2p in gallium oxide is shown in figure 5.28. Two well resolved 

peaks, associated with the spin orbit splitting of Ga 2p3/2 and Ga 2p1/2, were observed. The binding 

energies of these two peaks were found to be 1118.7 eV and 1145.5 eV, respectively, with a spin orbit 

splitting of 26.8 eV. The two peaks originated from the Ga-O bonding while the positions of these 

peaks and their splitting value confirm the Ga3+ oxidation state of gallium in Ga2O3 [75].   
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Fig 5. 28. XPS spectrum of Ga 2p core level region 



The core level XPS spectrum of Hf 4f in hafnium oxide is shown in figure 5.29. The hafnium 

4f spectra consist of two peaks (4f5/2 and 4f7/2) positioned at 18.3 and 16.6 eV, respectively. The two 

peaks are due to the spin orbit splitting with the energy splitting value of 1.7 eV. The positions of these 

peaks are consistent with the values observed in previous studies within a variation of 0.1 to 0.2  eV 

[100 102]. 
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Fig 5. 29. XPS spectrum of Hf 4f core level region 

 

 

 

 

 

 

 



The core level spectrum of Mo 3d in molybdenum oxide is shown in figure 5.30. The XPS spectrum 

of Mo was well resolved into two peak which were associated with the spin orbit splitting of the Mo 

3d core level (3d3/2 and 3d5/2). The value of the spin orbit splitting was calculated to be 3.2 eV which 

was well consistent with the value found in literature [98]. The binding energy of Mo 3d3/2 and Mo 

3d5/2 were found to be 236.1 and 232.9 eV, respectively.      
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Fig 5. 30. XPS spectrum of Mo 3d core level region 

 

 

 

 

 

 

 



The core level spectrum of Sn 3d in tin oxide is shown in figure 5.31. The spectrum consists 

of spin orbit components of 3d3/2 and 3d5/2 located at 495.0 and 486.6 eV, respectively. The presence 

of the 3d5/2 peak at 486.6 eV confirms the presence of SnO2 [187]. The two peaks of SnO2 were well 

resolved with the splitting value of 8.4 eV.  
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Fig 5. 31. XPS spectrum of Sn 3d core level region 

 

 

 

 

 

 

 



The core level spectrum of Ti 2p in titanium oxide is shown in figure 5.32. It consisted of spin 

orbit splitting of 2p3/2 and 2p1/2 core levels of titanium.  The peak position of this doublet was at 

458.7eV (for 2p3/2) and 464.4 eV (for 2p1/2) with an energy splitting of 5.7 eV. The peak position of 

2p3/2 was attributed to the Ti+4 oxidation state and it was consistent with previous studies within the 

variation of 0.1 to 0.4 eV [188 191].   
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Fig 5. 32. XPS spectrum of Ti 2p core level region 

 

 

 

 

 

 

 

 



The core level spectrum of W 4f in tungsten oxide is shown in figure 5.33. It consists of spin 

orbit splitting of 4f core level (4f7/2 and 4f5/2), positioned at 35.7 eV and 37.8 eV, respectively. The 

energy splitting value of the peaks were found to be of 2.1 eV. Both 4f7/2 and 4f5/2 peaks were shifted 

about 4 eV towards the higher binding energies as compared to the peaks associated with elemental 

tungsten. This confirmed the oxide phase (WO3) of tungsten in thin film [192,193].  
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Fig 5. 33. XPS spectrum of W 4f core level region 

 

 

 

 

 

 

 

 



The core level spectrum of Zn 2p in ZnO is shown in the figures 5.34. It consists of spin orbit 

splitting of (2p3/2 and 2p1/2) core levels of zinc. The positions of Zn 2p3/2 and 2p1/2 peaks were found 

to be at 1021.8 eV and 1044.8 eV. The value of spin orbit splitting was about 23 eV which was about 

0.3 eV less as compared value reported in literature [194]. 
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Fig 5. 34. XPS spectrum of Zn 2p core level region 

 

 

 

 

 

 

 

 



The core level spectrum of Zr 3d in ZrO2 is shown in the figures 5.35. It can be seen that the 

3d spectra of Zr consist of 3d5/2 and 3d3/2 core levels located at 182.4 and 184.8 eV, respectively. The 

energy difference of spin orbit splitting was about 2.4 eV. It was about 0.1 less as compared to the 

value reported in literature, and  confirms  the oxidation state of zirconium to be  Zr4+ [195].    

 

 

 

 

 

 

 



Zr 3d5/2

Zr 3d3/2

Binding Energy (eV)

180 181 182 183 184 185 186 187
0

5.0E4

1.0E5

1.5E5

2.0E5

2.5E5

3.0E5

3.5E5
 

Experiment

 

Fig 5. 35. XPS spectrum of Zr 3d core level region 

 

 

 

 

 

 

 

 

 

 

 

 



In all of the metal oxide thin films, the XPS spectra of the oxygen O1s peak were deconvoluted 

into two components.  The component associated with high binding energies was attributed to oxygen 

in oxygen-deficient regions (oxygen vacancies), and adsorbed oxygen. On the other hand, the 

component associated with the low binding energy was due to the metal oxygen bond. The XPS spectra 

of the films in the O 1s core level region are shown in figure 5.36. Table 5.3 shows the position of low 

binding energy (LBE) and high binding energy (HBE) components of oxygen 1s spectra of metal oxide 

thin films.  
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e) MoO3
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f) SnO 2
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g) TiO2
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Fig 5. 36.  XPS spectra of O 1s core level regions in metal oxide thin films 

 



Metal oxide Low binding energy  

LBE (eV) 

High binding energy 

HBE (eV) 

CeO2 528.9 530.9 

Fe2O3 529.7 530.5 

Ga2O3 531.3 532.3 

HfO2 529.9 531.7 

MoO3 530.7 531.1 

SnO2 530.2 531.2 

TiO2 530.1 530.9 

WO3 530.7 531.3 

ZnO 529.8 531.7 

ZrO2 530.3 531.2 

 

Table 5. 3 Binding energy positions of O1s in metal oxides 

 

 

 



CHAPTER 6 

Electroreflectance Analysis 

6.1 Theoretical Modeling 

An important goal in performing the electroreflectance measurements is to utilize a 

comprehensive optical model which can successfully correlate the structures in optical spectra to 

critical points in the band structure. A modulated response is more precise than its absolute counterpart 

in a sense that it always originates in the neighborhoods of the critical points. On the other hand, the 

absolute spectrum spreads over the extended region of Brillouin zones. Moreover, modulation by an 

electric field always lowers the symmetry of the crystal [167]. So, the analysis of a modulated spectrum 

is more efficient in describing the optical response of the material. It requires a modulation 

spectroscopic model which can perform a proper line shape analysis of the spectra.  

A sophisticated model, in performing the line shape analysis of the modulated spectrum, was 

proposed by Aspnes [150]. This model relates the change in the reflected spectra of a material, due to 

the applied electric field, with the critical points of the material. The mathematical form of such 

modulation is described by Aspnes and it is defined by [150] 

1

Re
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k
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k
gk k

C eR

R E E i
    (6.1) 

where, R

R
 is the normalized electroreflectance spectrum, p is associated with the movement of 

electron e in two dimensional or three dimensional system. The parameter C determines the amplitude 

of the electroreflectance (ER) spectra, Eg is the energy of the critical point, is a phase factor which 



gives the distribution of the upper and lower parts of the peak across the zero crossing,  is a 

broadening parameter related to the spectral sharpness of the peak, and b refers to the number of 

components for which the ER spectrum is fitted 

6.2 Interpretation of Fitting Parameters 

The parameters involved in eq. (6.1) have important physical significance. The value of p relies 

on the dimension in which free electrons move. For example, it has a value of 2.5 for a three 

dimensional structure while it has a value of 3 for a two dimensional structure [196]. 

The parameter C of equation (3.36) determines the amplitude of the resulted electroreflectance 

spectra. The normal value of the amplitude is typically of the order of 10-5 to 10-4. However, it varies 

and strongly depends upon the crystal nature and surface properties of the material. Noises in the 

spectrum are below 10-6 [156]. The amplitude factor C only provides information about the magnitude 

of the intensity of the spectrum. It does not contribute the line shape analysis of the spectra.  

Eg described in equation (6.1) is associated with the energy of a critical point, such as the band 

gap energy or exciton energy. Contrary to the consideration of local maxima or minima in the absolute 

spectra as the critical point locations, the positions of the modulated electroreflectance spectra are 

correlated with the Van Hove singularities. So, a modulated electroreflectance spectrum has basic 

advantage over the absolute spectrum in a way that the location of the critical point can be calculated 

with less uncertainty over the Brillouin zone [197]. An important advantage of using Aspnes model in 

calculating the critical points of a material is that, regardless of the value of other parameters involved 

in the model, it always provides the band gap around the extrema of the electroreflectance spectrum.  



The shape of the spectra near the critical point is described by the phase factor It gives the 

distribution of the upper and lower half of a peak across the zero crossings. It is associated with the 

ratio of the absolute values of maximum and minimum amplitudes of a spectrum. The important thing, 

in doing the line shape analysis of the electroreflectance spectrum, is to find the correct phase angle 

for which the line shape matches with the experimental spectrum. Once the phase factor is known, one 

can find the transition energies and the broadening parameter directly from the fit. 

The spectral sharpness of the peaks, observed in an electroreflectance spectrum, is described 

in terms of the full width at half maximum value or broadening parameter  of eq. (6.1). It provides 

important pieces of information about the material structure like defects in the material, lattice strain 

or dislocations [198]. Normally the value of the broadening parameter in electroreflectance spectra 

varies from 50 meV to 100 meV for crystalline structures and greater than 100 meV for amorphous 

ones.  

The least square fitting method was employed to fit the experimental spectrum with the Aspnes 

third derivative (ATD) model. The Levenberg Marquardt Algorithm (LMA) based least square fitting 

method was employed, which was compatible with Mathematica software. It has the advantage over 

other fitting algorithm in a sense that it can find a solution even if its starting value is far from an 

extremum. The number of components used in the fitting depends on the number of observed peaks 

in the ER spectrum. Moreover, they can be increased to obtain the best-fit of the ER spectrum. 

However, the intensity and energy values of the components should be taken into account that they 

are associated with real optical transitions of a material. The energy separation value of the 

components should be taken into consideration during the fitting procedure. Normally, in the fitting 

procedure, if two components were used to resolve a peak, with the energy separation less than or 



close to the thermal energy, they can be considered as a single component [60], since the resolution of 

such peaks at room temperature is beyond the limits of ER spectroscopy. The resolution of an ER peak 

using more than one component might be due to its asymmetric nature.     

6.3 Electroreflectance Analysis of Cerium Oxide (CeO2) 

Figure 6.1 shows the electroreflectance spectrum of CeO2. A 5-V square wave signal of 

frequency 100 Hz was applied to the surface of the sample to create the necessary modulation, and the 

spectrum collection time was set to 10 s/nm. The amplitude of the ER spectrum was found to be of the 

order of 610 , which indicated the fact the obtained spectrum was with in the low field regime. The 

characteristics of the observed peak in the ER spectrum was found by fitting the experimental spectrum 

with the ATD model. A single peak was observed in the ER spectrum with the energy locations at 

about 3.33 eV. The rest of the fitting parameters are presented in the table below figure 6.1 

The band gap of CeO2 was calculated using both experimental and theoretical methods. 

Experimentally, CeO2 was fabricated in thin film form using spray pyrolysis [60], RF sputtering 

[15,61], thermal oxidization [62], and e-beam evaporation [63]. In these deposition processes, the 

obtained structure of CeO2 was the cubic fluorite, where the band gap values (found with the help of 

Tauc method [15,61,63]  or scanning tunneling spectroscopy [62] ) varied from 3.1 to 3.53 eV. On the 

other hand, the hexagonal dendrite like structure and cubic fluorite micro pillows like structure were 

obtained using thermal oxidation and solvo-thermal methods, respectively [61,199]. The band gaps of 

these structures were computed using the Tauc plot method, with values of the band gaps of 3.52 and 

2.8 eV, respectively. Theoretically, the values of the band gaps were calculated using first principle 

calculations studies within the frame work of density functional theory. Several theoretical approaches 

were used in this regard. These include generalized gradient approximation (GGA), GGA with 



hubbard potential [200,201], GGA with PBE approximation [202,203], hybrid density functional and 

local spin density functional approach (LSDA) with Slater exchange correlation [203]. The value of 

the band gap, calculated using these approaches, varied from 1.6 to 3.3 eV. Moreover, the nature of 

the band gap, as found by GGA approximation, was indirect (between F and ) [201].  The value 

of the band gap as found by electroreflectance analysis, that is 3.33 eV, was about 0.02 eV less than 

that found by Mansilla et al. on the basis of Tauc method [63]. Moreover, it is well matched with the 

value predicted by Hay et al. on the basis of hybrid density functional approach [203]. 

 

 

 

 

 

 

 



 

Fig 6. 1. Electroreflectance spectrum of cerium oxide thin film.

The open circles represent the experimental spectrum, and the continuous curve is the theoretical fit obtained using the 

ATD model. The best fit parameters are given in the table below

 

Best-Fit Parameters for CeO2 

C -1.2×10-6 

Eg (eV) 3.33 

 (radians) 2.65 

 (meV) 127 

 

 

 



6.4 Electroreflectance Analysis of Iron Oxide (Fe2O3) 

Figure 6.2 shows the electroreflectance spectrum of Fe2O3. A 10-V square wave signal of 

frequency 100 Hz was applied to the surface of the sample to create the necessary modulation, and the 

spectrum collection time was set to 10 s/nm. The amplitude of the ER spectrum was found to be 510

, which indicated the fact the obtained spectrum was with in the low field regime. The characteristics 

of the observed peak in the ER spectrum was found by fitting the experimental spectrum with the ATD 

model. Three peaks were observed in the ER spectrum with energy locations at 2.28 eV and 2.41 eV. 

The rest of the fitting parameters are presented in the table below figure 6.2 

Experimentally, iron oxide thin films were fabricated by many techniques. These include  e-

beam evaporation [64], sol gel [65], spray pyrolysis [66], anodization [204], successive ionic layer 

adsorption and reaction (SILAR) [67], wet chemical method [68,69], hydrothermal [205], atomic layer 

deposition [206], laser ablation [207], and reactive evaporation [18]. Regarding the crystal structures, 

-Fe2O3 and -Fe2O3 thin films showed almost the same indirect band gap values of 1.9 eV ( -Fe2O3) 

and 1.8 eV (  -Fe2O3 ) as predicted by Emery et al. [206], while the maghemite phase ( -Fe2O3) 

showed a higher direct band gap value of  2.9 eV [66]. Numerous studies were conducted on -Fe2O3 

because of its stable nature. The value of the band gap for -Fe2O3 was calculated using the Tauc plot 

in these studies with a direct band gap value that varied from 2.18 to 2.97 eV [18,64 68], while the 

indirect band gap varied from 1.75 to 2.05 eV [57, 219, 220, 222 224].  A more precise calculation of 

the nature and the band gap value of -Fe2O3 was performed by Gilbert et al.[69] on the basis of soft 

x-ray spectroscopy, who found an indirect nature of the band gap with a value of 2.2 eV for bulk as 

well as for nano scale particle of -Fe2O3 [69]. Theoretically, the band gap of iron oxide was calculated 

on the basis of density functional approach with local density approximation [208,209],  generalized 

gradient approximation (GGA) [210], GGA plus onsite Coulomb interaction (GGA+U) [211] and with 



hybrid density functional theory [212]. Different predictions were made on the nature and the band 

gap value of -Fe2O3. For example Guo et al.[209] and Pozun et al. [212] computed the direct and 

indirect band gap values of -Fe2O3 on the basis of screened Coulomb hybrid density functional 

approach. The computed band gap values in these studies were 2.56 and 2.90 eV for the direct (

) transition, and 1.95 and 2.4 eV for the indirect (between R and [209]) transitions, 

respectively. On the other hand, theoretical calculations on the basis of  GGA+U approach were 

performed by Liao et al. [210] and  Xia et al. [211]. They found band gap values of 2.0 eV and 2.05 

eV, respectively. In the electroreflectance spectrum, the high transition at a value of 2.28 eV was close 

to the value of the indirect band gap of 2.2 eV as measured by Gilbert et al. on the basis of soft x-ray 

spectroscopic analysis [69]. A difference of 0.08 eV might be due to the large band gap characteristic 

of thin films as compared to bulk form. The low intense ER peaks located at 2.34 eV and 2.41 eV 

might be attributed to the transitions of electrons from valence band to the deep in the conduction 

band. The peak at 2.34 eV was about 0.01 eV less as compared to the deep level transition of 2.35 eV 

observed by Thomas et al.[213] on the basis of PL studies. On the other hand, the peak at 2.41 eV was 

about 0.15 eV less than the optical transition predicted by Pozun et al. [212] on  the basis of hybrid 

density functional theory. 
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Fig 6. 2. Electroreflectance spectrum of iron oxide thin film. 

The open circles represent the experimental spectrum, and the continuous curve is the theoretical fit obtained 

using the ATD model. The best fit parameters are given in the table below 

 

C1 -2.30×10-05 C2 -1.45×10-05 C3 1.80×10-06 

Eg1 (eV) 2.28 Eg2 (eV) 2.34 Eg3 (eV) 2.41 

 (radians) 0.46  (radians) 4.34  (radians) 2.09

1 (meV) 53 2 (meV) 53 3 (meV) 56 



6.5 Electroreflectance Analysis of Gallium Oxide (Ga2O3) 

The electroreflectance (ER) spectrum of Ga2O3 in shown in figure 6.3. A 10-V square wave 

signal of frequency 100 Hz was applied to the surface of the sample to create the necessary modulation, 

and the spectrum collection time was set to 10 s/nm. It can be seen from the figure that the ER signal 

had amplitude of 5~ 10 , which confirms that the signal was in the low field regime. In order to find 

out the characteristics of the peaks observed in the ER spectrum, the experimental spectrum was fitted 

using the Aspnes third derivative (ATD) model. The fitting parameters are shown below figure 6.3. 

The fundamental absorption edge was located at the value of 4.03 eV, with a FWHM value of 346 

meV. Another transition was located at 3.38 eV, with a FWHM of 197 meV.  

The value of the band gap for Ga2O3 has been reported by many authors using both 

experimental and theoretical methods. Experimentally, the band gap value depends upon the 

fabrication technique, the nature of the synthesized product (thin films, bulk form), and the method of 

determining the band gap. Previously, Ga2O3 films were fabricated by many techniques. These include  

floating zone method [21,22], pulsed laser deposition [4,72], spray pyrolysis [23,73], atomic layer 

deposition and plasma enhanced atomic layer deposition [25,74,75], sol gel method [76], aqueous 

solution deposition [77], metal organic vapor phase epitaxy [78], and  e-beam evaporation [79]. The 

nature of the band gap predicted by the Tauc plot method, in all studies, was direct. This method does 

not provide information about any other optical transitions involved. The value of the band gap 

determined for Ga2O3 thin films varied from 4.51 to 5.30 eV. In contrast to the experimental studies, 

where the direct transition was the only dominant transition predicted, the theoretical analysis of Ga2O3 

predicted both direct (along the  symmetry point) and indirect transitions (along the -M 

symmetry point) in Ga2O3. The values of the optical transitions were different in these studies. This 



might be due to the different theoretical approaches. For example, the band structure calculation of  

Ga2O3 performed using projected augmented plane wave potential (PAW) method predicted the  direct 

and indirect transitions at values of 4.88 and 4.84 eV, respectively [214]. On the other hand, the band 

structure calculation, on the basis of plane-wave pseudo potential approach within generalized gradient 

approximation (GGA) predicted the direct and indirect transitions at 4.40 and 4.37 eV [215]. Our value 

of the band gap (Eg2) matches closely with the experimental value determined by Chen et al. [216] 

who used the Tauc plot method and considered the direct transitions with a value of 3.99 eV. 

Moreover, the transition observed at 3.38 eV (Eg1)  was quite close to the gap state of 3.3 eV found 

by Schmitz et al. [71] with the help of electron energy loss spectroscopy (EELS), which was associated 

with the intrinsic defects in Ga2O3. 
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Fig 6. 3. Electroreflectance spectrum of gallium oxide thin film. 

The open circles represent the experimental spectrum, and the continuous curve is the theoretical fit obtained 

using the ATD model. The best fit parameters are given in the table below 

C1 -1.4×10-6 C2 1.56×10-6 

Eg1 (eV) 3.38 Eg2 (eV) 4.03 

 (radians) 0.63  (radians) 0.72  

1 (meV) 197 2 (meV) 346 

 



6.6 Electroreflectance Analysis of Hafnium Oxide (HfO2) 

The ER spectrum of HfO2 is shown in the figure 6.4. A 40-V square wave signal of frequency 

100 Hz was applied to the surface of the sample to create the necessary modulation, and the spectrum 

collection time was set to 10 s/nm. It can be seen from figure 6.4 that the ER signal had amplitude of 

5~ 10 . Moreover, no significant oscillations were observed above the second extremum. This 

confirms that the ER signal was in the low field regime with no indications of Franz Keldysh 

oscillations. The characteristics of the observed peaks in the ER spectrum was found by fitting the 

experimental spectrum with ATD model. The fitting parameters are shown in the table below figure 

6.4. The ER spectrum revealed a maximum at a value of 5.15 eV with a FWHM value of 242 meV. 

Another extremum in terms of a minimum was observed at a value of 5.49 eV with a FWHM value of 

188 meV. The two peaks were associated with the transitions in HfO2 thin films.  

In literature, both experimental and theoretical techniques were employed to calculate the band 

gap of HfO2 thin films. Experimentally, HfO2 thin films were fabricated by many techniques. These 

include reactive molecular beam epitaxy [84,90,217], e-beam evaporation [86,218], reactive electron 

beam co-deposition [219], radio frequency magnetron sputtering [8,85,89,91], DC magnetron 

sputtering [83,220] atomic layer deposition [7,31,80,93,221 223], pulsed laser deposition [92], 

plasma assisted reactive pulsed laser deposition [87,88] and microwave hydrothermal method [224]. 

The band gaps of the films were calculated mostly using the Tauc method.  In some studies, the nature 

of transitions were found to be direct, where the band gap values varied from 5.45 eV to 5.82 eV [84

92]. On the other hand, some studies considered the transitions to be indirect, where the band gap 

values varied from 3.31 eV to 5.82 eV [7,8,85,218,220,223,225 227]. Besides the Tauc technique, 

other experimental techniques were used to determine the band gap of HfO2 thin films. These include 



electron energy loss spectroscopy (EELS), spectroscopic ellipsometry (SE), and internal 

photoemission (IPE) methods.  The band gap determined by EELS varied from 5.15 to 5.7 eV [31,80

82]. The band gap of HfO2 was found to be 5.82 eV with the help of SE [83], and 5.6 eV with the help 

of  IPE [93]. In theoretical calculations, the nature of transitions and the values of the band gaps relied 

upon the crystal structure and the theoretical approaches used. For example, the cubic structure of 

HfO2 showed a direct transitions ( X X ), with a band gap value of 3.65 eV predicted on the basis 

of generalized gradient approximation (GGA) [228], and 5.69 eV predicted on the basis of GGA plus 

exchange Coulomb interaction method [229,230]. On the other hand, some theoretical studies 

predicted an indirect nature of transitions ( X ) for the cubic phase with band gap values of 3.2 

and 3.16 eV [28,81]. The other phases of HfO2, like tetragonal and monoclinic, showed an indirect 

nature of transitions. For the tetragonal structure, the transition was along the A  symmetry points 

with band gap values of 3.44 eV and 3.75 eV [28,228], or from the M symmetry points with a 

band gap value of 3.8 eV [81]. The difference in the nature of transitions occurs due to different 

theoretical approximations, GGA or local density approximation (LDA), used in the studies. For the 

case of the monoclinic structure, the transitions were from B symmetry points with band gap 

values of 3.47 and 3.5 eV [28,81]. Yang et al. [231] calculated the variations in the band gap value of 

the cubic structure using different functional theories. They found direct transitions along X X  

symmetry points, with band gap values that varied significantly from 3.8 to 6.11 eV. In the results of 

our ER spectrum, the component at 5.49 eV was quite close to the direct band gap value of 5.5 eV as 

determined by  EELS [31,80] and  internal photoemission [93] and was close to the value of 5.45 eV 

as determined by XPS spectrum analysis [222]. Moreover, it was only about 0.25 eV less than the 

value computed  by Li et al. on the basis of GGA plus Coulomb exchange correlation method [229]. 



The component at 5.15 eV can be attributed to the indirect transition. It was only 0.1 eV less than the 

indirect transition computed by Cheynet et al. based on EELS analysis [140]. 
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Fig 6. 4. Electroreflectance spectrum of hafnium oxide thin film. 

The open circles represent the experimental spectrum, and the continuous curve is the theoretical fit 

obtained using the ATD model. The best fit parameters are given in the table below 

C1 1.3×10-5 C2 2.6×10-5 

Eg1 (eV) 5.15 Eg2 (eV) 5.49 

 (radians) 7.71  (radians) 3.05 

1 (meV) 242 2 (meV) 188 

 



6.7 Electroreflectance Analysis of Molybdenum Oxide (MoO3) 

Figure 6.5 shows the electroreflectance spectrum of MoO3 thin films. It was obtained by 

applying a 10-V and 100 Hz square wave perturbation to the sample. The data collection time was set 

to 10 s/nm. The characteristics of the observed peak in the ER spectrum was found by fitting the 

experimental spectrum with the ATD model. The fitting parameters are shown in the table below 

figure 6.5. The ER spectrum revealed a single transition at an energy location of about 3.76 eV. The 

amplitude of transition was about 51 10 , which confirms that the spectrum was within the low field 

regime. 

The band gap of MoO3 thin films was calculated using both experimental as well as theoretical 

methods. Experimentally, the nature and value of the band gap depends upon the fabrication technique, 

crystal structure and the synthesized form. For example, the hexagonal crystal structure of MoO3 

obtained in the powder form showed a direct band gap of 3.14 to 3.20 eV [232,233]. On the other 

hand, the hexagonal structure of MoO3 obtained in thin film form showed an indirect nature of the 

band gap with a value of 3.16 eV [234]. On the basis of crystal structure, the orthorhombic structure 

of MoO3 ( -MoO3) was studied extensively in both experimental and theoretical ways. 

Experimentally, -MoO3 thin films were fabricated using spray pyrolysis [94], thermal oxidation [95], 

laser assisted evaporation [96], thermal evaporation [97], and pulsed laser deposition [98]. The method 

of finding the band gap in these studies was the Tauc method with direct band gap values ranging from 

3.15 to 3.98 eV, while the indirect band gap value ranged from 2.71 to 3.15 eV. The amorphous 

structure of MoO3 was fabricated using sol gel dip coating [235] and RF sputtering [236]. The nature 

of the transition in the amorphous form of the films was direct as predicted by the Tauc method with 

band gap values of 3.67 and 3.73 eV. Besides the experimental studies, the theoretical analysis of the 



optical transitions in MoO3 was performed using Density functional theory (DFT) with the help of full 

potential linearized augmented plane wave (FPLAPW) [237] and FPLAPW with modified Becke-

Johnson (mBJ) functional [238], generalized gradient approximation with PBE exchange corelation 

functional approach [239], van der Waals functional approach [240], and tight binding linear muffin 

tin orbital (TB-LMTO) approach [241]. The transitions found in FPLAPW, GGA and van der Waals 

functional approach studies were indirect with band gap values from 0.74 to 2.81 eV. GGA with PBE 

functional approach predicted a direct nature of transitions ( ) with a band gap value of 2.76 

eV. In our ER spectrum, the peak located at a value of 3.76 eV was close to the value of 3.67 eV as 

predicted by Fan [236] and can be attributed to the direct band gap transition.    
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Fig 6. 5. Electroreflectance spectrum of molybdenum oxide thin film. 

The open circles represent the experimental spectrum, and the continuous curve is the theoretical fit obtained using the 

ATD model. The best fit parameters are given in the table below 

 

Best-Fit Parameters for MoO3 

C 9.6×10-6 

Eg (eV) 3.76 

 (radians) 3.81 

 (meV) 178 

 

 



6.8 Electroreflectance Analysis of Tin Oxide (SnO2) 

Figure 6.6 shows the electroreflectance spectrum of SnO2 thin film. It was obtained by 

applying a 10-V and 100 Hz square wave perturbation to the sample. The data collection time was set 

to 10 s/nm. The characteristics of the observed peak in the ER spectrum was found by fitting the 

experimental spectrum with the ATD model. The fitting parameters are shown in the table below 

figure 6.6. The ER spectrum revealed a single transition at an energy location of 3.85 eV. The 

amplitude of transition was about 52 10  which confirms the spectrum was within the low field 

regime. 

Experimentally, SnO2 thin films were synthesized by many techniques. These include electron 

beam evaporation [99], chemical vapor deposition [100], chemical spray pyrolysis [101], RF 

sputtering [102,103], hydrothermal [104] and chemical bath deposition [105]. The band gap in these 

studies were found with the help of Tauc method. All of these studies predicted a direct nature of the 

band gap with values that varied from 3.22 to 4.22 eV. Theoretically, the band gaps of SnO2 were 

found within the frame work of density functional theory using different approximations. These 

include generalized gradient approximations  GGA [242,243], GGA+PBE [244], GGA+mbJ [243], 

GGA+TB+mbJ [242],  coherent potential approximation (CPA) [245], or hybrid functional 

approaches like B3LYP [246], and HSE06 [244]. The nature of transitions in these studies depend on 

the crystal structure. For example, the rutile structure of SnO2 exhibited a direct nature of transitions 

 band gap values that varied from 0.77 to 3.3 eV [242,243,245,246]. On the other hand, 

the fluorite and tetragonal structures predicted an indirect nature of transitions [243] an

[244], respectively). The band gap value for the fluorite structure was 2.76 eV [243]. On the other 

hand, the band gap value for the tetragonal crystal structure was found to be 2.55 eV with the help of 



GGA+PBE, while it was found to be 4.14 eV with the help of HSE functional approach [244]. In our 

ER analysis, the transition at a value of 3.85 eV was 0.03 to 0.05 eV less than the value of the band 

gap obtained by Tauc method [100,101]. Moreover, it was about 0.18 eV higher than the band gap 

value computed by Ganose et al. [247], using PBE0 based hybrid density functional approach. 
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Fig 6. 6. Electroreflectance spectrum of tin oxide thin film. 

The open circles represent the experimental spectrum, and the continuous curve is the theoretical fit obtained using the 

ATD model. The best fit parameters are given in the table below 

Best-Fit Parameters for SnO2 

C 2×10-5 

Eg (eV) 3.85 

 (radians) 0.88 

 (meV) 363 

 

 

 



6.9 Electroreflectance Analysis of Titanium Oxide (TiO2) 

Figure 6.7 shows the electroreflectance spectrum of TiO2. A 10-V square wave signal of 

frequency 100 Hz was applied to the surface of the sample to create the necessary modulation, and the 

spectrum collection time was set to 10 s/nm. It can be seen from figure 6.7 that the ER signal had an 

amplitude of about 510 , which indicated the fact that the obtained spectrum was with in the low field 

regime. The characteristics of the observed peak in the ER spectrum was found by fitting the 

experimental spectrum with the ATD model. The observed ER spectrum consists of two transition 

with the energy locations at 3.45 and 3.46 eV. The rest of the fitting parameters are presented in the 

table below figure 6.7 

Experimentally, TiO2 thin films were synthesized by many techniques. These include sol gel 

dip coating [106,248,249], RF sputtering [107,250 252], DC magnetron sputtering [108,253], plasma 

enhanced atomic layer deposition [254], ion assisted electron beam evaporation [255], successive ionic 

layer adsorption and reaction (SILAR) method [109], pulsed laser deposition [88], and spray pyrolysis 

deposition [110]. The method of calculating the band gap in these studies was the Tauc method with 

band gap values ranging from 2.95 to 3.5 eV for indirect transitions [107,108,248,249,251 256]. On 

the other hand, the direct band gap values varied from 3.1 to 3.7 eV [106 110].  Theoretically, the 

nature as well as the values of the band gap depend on the phase as well as theoretical calculation 

methods being employed.  For example, the nature of the band gap for the rutile phase of  TiO2 was 

direct (  ) as predicted by PBE-GGA [257],  LDA  and LDA+Ud+Up  [258] approaches with the 

band gap values found to be 1.85, 2.0 and 3.24 eV, respectively. The nature of transitions in the anatase 

phase was predicted differently by different authors. For example, Landermann et al. found an indirect 

nature of transition ( ) based on DFT-PBE and PBE-HSE06 functional theories with the band 

gap values of 1.9 eV (DFT-PBE) and 3.60 eV (DFT-HSE06) [259]. A similar indirect nature of 



transition ( M )  in anatase TiO2 was found by Zhang et al. on the basis of DFT with Hartee Fock 

approximation with a band gap value of about 3.54 eV [260]. Similarly, Asahi et al. predicted a direct 

nature of transition ( ) in anatase TiO2, with a band gap value of 2.0 eV, based on full potential 

linearized augmented plane wave (FP-LAPW) method [261]. In our electroreflectance analysis, the 

transition at a value of 3.46 eV was close to the direct band gap value of 3.50 eV as predicted by 

Kumar et al. [108]. Moreover,  it was about  0.14 eV less than the direct band gap transition  as 

predicted by More et al.[109]. On the other hand, the transitions located at a value of 3.45 eV was 

attributed to the defect transitions and consistent with the value found by Mathews et al.[248] on the 

basis of Tauc method.  
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Fig 6. 7. Electroreflectance spectrum of Titanium oxide thin film. 

The open circles represent the experimental spectrum, and the continuous curve is the theoretical fit obtained using the 

ATD model. The best fit parameters are given in the table below 

C1 -9×10-6  C2 -1×10-5 

Eg1 (eV) 3.45 Eg2 (eV) 3.46 

 (radians) 3.98  (radians) 0.13 

1 (meV) 132 2 (meV) 127 



6.10 Electroreflectance Analysis of Tungsten Oxide (WO3) 

The ER spectrum of WO3 film is shown in the figure 6.8.  A 5-V square wave perturbation of 

frequency 100 Hz was applied to the sample to achieve the ER spectrum. The collection time was 

fixed to 10 s/nm. The characteristics of the observed peak in the ER spectrum was found by fitting the 

experimental spectrum with the ATD model. The fitting parameters are shown in the table below 

figure 6.8. The ER spectrum revealed a single transition at an energy location of 3.61 eV. The 

amplitude of transition was about 51.5 10 . 

Experimentally, WO3 thins films were fabricated by RF sputtering [262 264], hydrothermal 

method [111], cation exchange method [112], anodisation of tungsten foils [113], thermal evaporation 

[47,114], glancing angle sputtering [115], pulsed DC magnetron sputtering [116], and chemical spray 

pyrolysis [117,118]. All of these studies used the Tauc method to find the nature of the transitions and 

the value of the band gap of WO3 films. Most films showed an indirect nature of transitions except 

few ones where a direct nature of transitions was also observed [118]. The value of the indirect band 

gap varied from 2.29 eV to 3.78 eV. Besides the experimental studies, theoretical calculations were 

also performed to predict the nature of transitions and the correct values of the band gaps. The nature 

and the values of the band gap of WO3 varied with different crystal structures. For example, the 

monoclinic phase of WO3 showed a direct nature of transition (  ) where the values of the band 

gap varied from 1.74 to 2.78 eV [265 268]. For the cubic structure, it was indirect (from R ) with 

band gap values from 1.53 to 2.25 eV [265,266]. Apart from theoretical calculations and Tauc 

methods, spectroscopic ellipsometry was also used to find the band gap of WO3 thin films. For 

example, Valuke et al. [119] and Szekers et al. [120] found band gaps of 3.15 and 3.25 eV. In our 

electroreflectance analysis, the peak at 3.61eV might be attributed to the indirect transition of WO3 



thin film. It was only 0.1 eV higher than the value determined by Punita et al.[116] on the basis of 

Tauc method.   

 

 

 

 

 

 

   



( Eg = 3.61 eV,  = 0.31 rad )

0

Photon Energy (eV)

3.5 3.6 3.7 3.8 3.9 4.0

-2.0E-5

-1.0E-5

1.0E-5

2.0E-5

 

Experiment
Model

 

Fig 6. 8. Electroreflectance spectrum of tungsten oxide thin film. 

The open circles represent the experimental spectrum, and the continuous curve is the theoretical fit obtained using the 

ATD model. The best fit parameters are given in the table below 

 

Best-Fit Parameters for WO3 

C -1×10-5 

Eg (eV) 3.61 

(radians) 0.31 

 (meV) 177 



6.11 Electroreflectance Analysis of Zinc Oxide (ZnO) 

Figure 6.9 shows the electroreflectance spectrum of ZnO. A 240-V square wave signal of 

frequency 100 Hz was applied to the surface of the sample to create the necessary modulation, and the 

spectrum collection time was set to 3 s/nm. The amplitude of the ER spectrum was found within the 

range of 510 . Moreover, the flat nature of the spectrum towards the high energy side is attributed the 

fact that the obtained spectrum was within the low field regime. The characteristics of the observed 

peak in the ER spectrum was found by fitting the experimental spectrum with the ATD model. Two 

prominent peaks were observed from electroreflectance spectrum. The peak located at 3.44 eV had 

the amplitude of 68 10  with a full width at half maximum value of 132 meV. The most intense peak 

was located at a value of 3.23 eV with the maximum amplitude of 5~ 6 10  with a full width at half 

maximum value of 99 meV. The other fitted parameters are described in the table below figure 6.9. 

For ZnO, the nature of the band gap was predicted to be direct by both experimental and 

theoretical analyses. However, the value of the band gap varied with different fabrication techniques 

and different theoretical methods. Experimentally, ZnO thin films were fabricated by many 

techniques. These include plasma enhanced atomic layer deposition [121], hydrothermal [122], sol gel 

[123,124], chemical vapor deposition [125], thermal oxidation [126], DC puttering [127], RF 

sputtering [128 130],  pulsed laser deposition [130] and metal organic decomposition [131]. In these 

studies, the values of the band gap were either predicted by Tauc method, where the band gap values 

varied from 3.20 to 3.48 eV, or with the help of spectroscopic ellipsometry and Tauc Lorrentz model, 

where the band gap was predicted to be 3.42 eV [128]. On the other hand, the theoretical calculations 

on ZnO on the basis of generalized gradient approximation (GGA) [269] or GGA plus Hubbard 

potential (GGA+U) [270 272] predicted a direct transition ( ) with band gap values that varied 



from 0.77 eV to 3.42 eV.  In the ER spectrum, the peak corresponding to the value of 3.44 eV might 

be associated with the fundamental transition in ZnO thin films. The peak location is well consistent 

with the values of the fundamental transitions in ZnO found in literature [123,130,131]. Similarly, the 

peak associated with the 3.23 eV transition might be attributed to the exciton transitions in ZnO, which 

was also confirmed by Welna et al. on the basis of room temperature Photoluminescence studies [146]  
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Fig 6. 9. Electroreflectance spectrum of zinc oxide thin film. 

The open circles represent the experimental spectrum, and the continuous curve is the theoretical fit obtained using the 

ATD model. The best fit parameters are given in the table below 

 

C1 -6.3×10-5 C2 7×10-06 

Eg1 (eV) 3.23 Eg2 (eV) 3.44 

 (radians) 0.44  (radians) 2.02 

1 (meV) 99 2 (meV) 132 

 

 



6.12 Electroreflectance Analysis of Zirconium Oxide (ZrO2) 

The ER spectrum of ZrO2 film is shown in figure 6.10. It was taken by applying a perturbation 

of 32-V square wave voltage at a frequency of 100 Hz. The collection time was set to 10 s/nm. The  

maximum amplitude of the ER spectrum was close to 510 , which confirms that the signal was within 

the low field regime [150]. The characteristics of the observed peak in the ER spectrum was found by 

fitting the experimental spectrum with the ATD model. The fitting parameters are shown in the table 

below figure 6.10. The spectrum revealed a single peak located at a value of 5.52 eV with a broadening 

of 204 meV. 

Experimentally, ZrO2 thin films were fabricated using atomic layer deposition [135,137], sol 

gel dip coating method [132,273], vacuum arc method [133], magnetron sputter deposition [82,134], 

pulsed laser deposition [195], and plasma assisted reactive pulsed laser deposition [88]. The band gap 

value of ZrO2 depends on the deposition technique, crystal structure and the methods employed to 

determine the band gap. For example, the room-temperature monoclinic phase of ZrO2 shows less 

values of band gaps, ranging from 3.85 to 5.20 eV [133,135]. On the other hand, the higher-

temperature crystal structures like tetragonal and  cubic phases have band gaps higher than 6 eV 

[56,134]. Considering the monoclinic phase, which is the stable form at room temperature, the band 

gaps of ZrO2 thin films varied for different deposition techniques. For example, Adan et al. found the 

band gap of ZrO2 film, deposited by vacuum arc technique, to be 3.85 eV [133], while Tang et al. 

found the band gap of ZrO2 film, deposited by plasma assisted pulsed laser deposition, to be 5.96 eV 

[88]. Both of them calculated the direct band gap with the help of the Tauc method. The use of a 

graphical technique like Tauc method, for measuring the band gap, also contributes the variations in 

the band gap values, since the technique depends on the nature of the fitting model. For example, Al-



Kuhaili et al. found an additional indirect transitions with an energy value of 5.25 eV [195]. On the 

other hand, several other studies predicted the band gap to be direct [56,88,132 135]. The other 

problem involved in the Tauc technique is the spanning of the absorption data over a large dynamic 

range.  It was found by Xu et al. that for an oxide with large absorption values, changing the absorption 

scale results in different band gap values [135]. Based upon these facts, it can be concluded that the 

Tauc technique determines the band gap of materials with large uncertainties. Apart from the Tauc 

method, some other experimental techniques were also used to calculate the band gap of ZrO2. For 

example, Jeong et al. [137] calculated the band gap of ZrO2 to be 4.93 eV with spectroscopic 

ellipsometry. Gritsenko et al. [82] and Dash et al. [136] computed the band gap of ZrO2 to be 4.7 and 

5.3 eV with the help of valence electron energy loss spectroscopy and  electron energy loss 

spectroscopy respectively. 

Besides the experimental methods, several theoretical calculations were performed to compute 

the band gaps of ZrO2 thin films. These include generalized gradient approximation (GGA) [56], 

GGA+ exchange coulomb interaction [274] and local density approximation (LDA) [56,57,275]. In 

contrast to the experimental techniques, the theoretical calculations, based on the density functional 

theory, always underestimate the value of the band gap of a material. Moreover, the determination of 

the correct band gap value depends upon the theoretical aspects of calculation like the choice of a 

pseudo potential and the type of the functional approach used in it. For example, the band gap 

determined from the generalized gradient approximation (GGA) varied from 2.98 to 4.1 eV 

[57,231,275 277]. On the other hand, the band gap determined using the exchange Coulomb 

correlation and orthogonalized linear combination of atomic orbitals (OLCAO) methods predicted 

larger band gaps of 5.8 and 5.1 eV, respectively [56,276]. Yeng et al. showed the variations in the 

band gap value of ZrO2 from 3.14 to 5.43 eV by employing different functional approaches [278]. 



Regardless of the large variations in the band gap values, the nature of transitions predicted by the 

theoretical calculations were indirect. That is from X  for the cubic structure [275,278] and from 

B  for the monoclinic structure [275] . In case of our electroreflectance analysis, the peak at a 

value of 5.52 eV was quite close to the value of 5.3 eV obtained by Dash et al. using EELS analysis 

[136] and hence, it might be attributed to the fundamental band gap transition. Moreover, the value 

was close to the value of 5.25 eV obtained by Al-Kuhaili et al. using Tauc method and consider the 

indirect nature of transitions [195]. Moreover, among the theoretical calculations, it was close to the 

predicted value of 5.2 eV obtained by French et al. using OLCAO approach [56].                     
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Fig 6. 10. Electroreflectance spectrum of zirconium oxide thin film. 

 The open circles represent the   experimental spectrum, and the continuous curve is the theoretical fit obtained using the 

ATD model. The best fit parameters are given in the table below 

Best-Fit Parameters for ZrO2 

C -1.3×10-5 

Eg (eV) 5.52 

 (radians) 2.96 

 (meV) 204 



Chapter 7 

Conclusion 

Metal oxide thin films were fabricated using thermal evaporation and RF sputtering method. 

Their structural analysis showed that most of the films were amorphous except CeO2, Fe2O3 and ZnO 

which showed some poly-crystallinity. All of the films showed columnar structure, as revealed by 

atomic force microscopy, with different grain size and surface roughness values. According to their 

optical analysis, all films showed a transmittance of greater than 80% for both visible and infrared 

regions. However, apart from wide band gap metal oxide thin films (Ga2O3, HfO2 and ZrO2), the 

transparency of the metal oxide films dropped to zero in the UV region. Moreover, it started dropping 

to zero for Fe2O3 in the lower visible region. XPS analysis of the films revealed that the prepared 

samples were in the oxide form. In order to perform the electroreflectance analysis, the metal oxide 

thin films were sandwiched between two metal electrodes and a metal- oxide- metal configuration 

(MOM) was obtained. The band gaps of metal oxide thin films were found by employing the 

electroreflectance technique. All the electroreflectance spectra of metal oxides were within the low 

electric field regime with no signs of Franz Keldysh oscillations.  It was observed that regardless of 

the huge variations found in the literature in the band gap values, as predicted by spectrophotometric 

method, or first principle calculation studies, the electroreflectance technique provided clear optical 

transitions around the critical points of the metal oxide thin films. The exact energy locations and the 

broadening parameters of the transition peaks were found using Aspnes third derivative model. The 

energy locations of the optical transitions, associated with the oxides, were within the energy range of 

the band gaps of these oxides, reported in the literature. Keeping in view, the uncertainty caused by 

the spectrophotometric method, this study will prove to be an efficient substitute for the experimental 

determination of the band gaps of the oxides with high accuracy. Moreover, it will serve as a reference 



for the selection of suitable approximation techniques and a proper functional approach to compute 

the correct band gaps of oxides within the frame work of density functional theory.         

Future Recommendations 

For the better results related to the optical transitions associated with the materials, the 

crystalline phase of the materials should be used, and the electroreflectance analysis should be 

achieved at the low temperature to increase the spectral sharpness of the electroreflectance peaks. 

Moreover, the electromodulation can be extended in the future to observe the transitions associated 

with low band gap oxides, and to find the optical characteristics of alloyed films. In addition to that, 

the existence of high electric fields in the metal-oxide- metal configuration can be used as an efficient 

perturbation to engineer the band gaps of the oxides.         



Appendix 
A.1 Derivation of Tauc Plot 

By the definition of absorption coefficient, we have  

( )
( ) tR

I
   (A) 

where, I is the intensity of light, Rt is the transition rate of electrons, and is the energy of 

photons.  The intensity of light is related to the electric filed. In order to define intensity of radiation 

in terms of the pointing vector So we have 

4o F

c
S E B       (A.1) 

Where FE  and B  are the electric and magnetic component of electromagnetic radiation, and c is the 

speed of light.  Expressing B in terms of magnetic field strength H in coulomb gauge, we can write 

(A.1) as 

4o F

c
S E H     (A.2) 

Since the intensity I is the time average of pointing vector So, we have 

oI S     (A.3) 

Now, using the definition of vector product 

1
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I  as  

Re
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c
I E B    (A.4) 

For an electromagnetic radiation in the vacuum, the magnitudes of electric and magnetic components 

are equal. That is  E B . So, equation (3.4) can be written as 

2

8 F

c
I E     (A.5) 

Defining the electric field in terms of vector potential A  under coulomb gauge, we have 

1
F

A
E

c t
    (A.6) 

For a given radiation frequency , the vector potential is described as 

( . ) .i k r t
oA eA e c c     (A.7) 

So, using this relation in equation (3.6) we have 

F

i
E A

c
     (A.8) 

By inserting (3.7) in to (3.5), we have 

2
2

8 oI A
c

     (A.9) 

This is expression of intensity of an electromagnetic radiation. For the electrons moving in the crystal, 

the transition rate from their valence bands to the conduction bands is described as 



22
t cv cv

eAo
J

mc
R    (A.10) 

cvJ  is the dipole matrix element or force oscillator strength, and it is equal to   

2
2 0. .

2
gik r

cv c v

m E
J e e P     (A.11) 

where gE  is the band gap energy of the material, om is the mass of the electron, and r  is the reduced 

mass of the electron. The term cv is defined as the joint density of states for the electros available for 

the transitions from their valence band to the conduction band. The expression for the joint density of 

states is described in equation (2.51) as 
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Using (3.8) (3.9), (3.10),(2.51) in equation  (2.41) we have 
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Rearranging the expression we have 



1/2

gE        (A.14) 

This is the expression for the Tauc plot with  is a constant factor defined as 

1/22
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In more generalized form, the Tauc plot relation is described as 

2 2
gE      (A.16) 

 

 

 

 

 

 

 

 

 

 

 



 

A.2  Uncertainty in the Energy Value Measured Through 
Electroreflectance (Case of CeO2)  

Variation in the energy values for the case of CeO2 was measured with respect to the broadening 

parameter. For each fixed values of the broadening parameter, the ATD model was employed to find  

the energy location of the critical point. The results are summarized in table A.2  

Broadening parameter 
 

Energy of the critical point 
E (eV) 

  
0.05 3.31 

 
0.10 3.32 

 
0.15 3.33 

 
0.20 3.33 

 
0.25 3.32 

 
0.30 3.29 

 
0.35 3.35 

 
0.40 3.38 

 
0.45 3.38 

 
0.50 3.38 
Table A.2. Variations in the energy values of broadening parameter 

Uncertainty in the energy values



 Broadening Parameter  (eV)

0.00 0.10 0.20 0.30 0.40 0.50
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Fig A.2 Variation in the energy values with respect to the broadening parameter 
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