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ABSTRACT 

 

Indium Oxide and Zinc Oxide thin films have been prepared by reactive dc magnetron 

sputtering in oxygen plasma, using metallic In or Zn targets respectively. Films were 

deposited onto Corning 1707F low alkali glass substrates.  

Transmission spectrum has been obtained by UV/Vis spectroscopy, in order to 

determine the optical constants in a variety of thickness (600 – 1600 nm) and optical 

band gaps. For Indium oxide, refractive index had an average value of 1.99, the 

energy band gap was found to be 3.5±0.05 eV and its lattice permittivity in the region 

of 3.6 – 4.3. For Zinc Oxide, refractive index had an average value of 1.89, the energy 

band gap was found to be 3.21±0.05 eV and its lattice permittivity in the region of 3.3 

– 3.8. 

Spectroscopic Ellipsometry measurements have been made on ZnO thin films with a 

variety of thicknesses (200 nm, 250nm), in order to create a model for the fitting of 

the measured values and evaluate the optical constants, thickness and their  complex 

dielectric function.  

 

 

 

 

 

 

 



 

ABSTRACT 

 

Χπηζιμοποιώνηαρ dc magnetron εναπόθεζη ζε ςπόζηπυμα corning glass (Corning 

1707F low alkali) με μεηαλικούρ ζηόσοςρ In και Zn εηοιμάζαμε λεπηά ςμένια 

οξειδίος ηος Ινδίος και οξειδίος ηος Ψεςδάπγςπος 

Χπηζιμοποιώνηαρ θαζμαηόμεηπο UV/VIS πήπαμε ηο θάζμα διάδοζηρ, έηζι ώζηε να 

ςπολογίζοςμε ηιρ οπηικέρ ζηαθεπέρ ηυν λεπηών ςμενίυν ζε διαθοπεηικά πάση καθώρ 

και ηον ςπολογιζμό ηος ενεπγειακού σάζμαηορ. Για ηο οξείδιο ηος Ινδίος, ο δείκηηρ 

διάθλαζηρ είσε μέζη ηιμή 1.99 με ενεπγειακό σάζμα ζηην πεπιοσή ηυν 3.5 eV. Για ηο 

οξείδιο ηον τεςδαπγύπος, ο δείκηηρ διάθλαζηρ είσε μέζη ηιμή 1.89 με ενεπγειακό 

σάζμα ζηην πεπιοσή ηυν 3.3 eV. 

Χπηζιμοποιήζαμε θαζμαηοζκοπία ελλειτομέηπος ζε λεπηά ςμένια οξειδίος ηος 

Ψεςδαπγύπος (200nm, 250nm), για ηην δημιοςπγία κενηπικού μονηέλος ςπολογιζμού 

οπηικών ζηαθεπών, πάσοςρ καθώρ και ηηρ διηλεκηπικήρ ζηαθεπάρ. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



1. Introduction 

Zinc oxide (ZnO) and Indium oxide (In2O3) are both of the metal oxide family. They 

are both transparent semiconducting materials. Indium oxide has a wide direct optical 

band gap (3-4 eV) with high transparency in the visible light range and high 

reflectivity in the near IR light range. Indium oxide transparent thin films can be used 

as transparent electrodes in electronic and optoelectronic devices (solar cells, flat 

panel displays). Zinc Oxide is known to have a wide bandgap in the region of 3.2 eV 

and a high exciton binding energy, in the region of 60 meV. This combination is 

making it useful in the growth of high quality crystals as well as blue optical devices 

(Blue LED). 

Zinc oxide and Indium oxide thin semiconducting films can be deposited using 

several techniques such as: dc and rf sputtering, reactive evaporation, chemical vapor 

deposition, spray pyrolysis, molecular beam epitaxial. In all of these methods, 

deposition is made with oxygen as background atmosphere. Oxygen is the reason that 

conductivity of these films arises, due to the excess of electrons of charged oxygen 

vacancies in the crystal structure of both crystals. 

Optical properties of zinc oxide and indium oxide can be studied by using a 

transmission spectrometer; region of the wavelengths measured is from 200 nm (UV 

region) to 1000 nm (NIR). By acquiring the transmission spectrum of the thin films 

the thickness d can be determined. Optical constants such as: refractive index n, 

extinction coefficient k, as well as complex dielectric function ε and energy band gap 

can also be calculated using Fresnel coefficients or the Manifacier equations [27]. 

Thickness calculated by the transmission spectrum can be compared with the 

thickness obtained by using the stylus profilometer.  

Spectroscopic ellipsometry measurements can be done for thin films of low thickness 

(200 nm – 550 nm); with the spectrum obtained many parameters of the thin films can 

be calculated, such as its optical constants and thickness. Modeling of structure and 

optical constants is made during the fitting process of the samples.  

The aim of this thesis is to study the optical properties of semiconducting zinc oxide 

and indium oxide thin films prepared by reactive dc magnetron sputtering at room 

temperature. This thesis is divided into 5 chapters. Introduction is Chapter 1. Chapter 

2 is divided into 2 sections. In section 2.1, natural structure of In2O3 and ZnO is 

described. In section 2.2, Stoichiometry and non-stoichiometry as well as oxygen 

vacancies are described. In chapter 3, experimental techniques and methods which 

have been used for the growth and characterization of our films, are described in 

detail. In chapter 4, experimental results of the characterization are presented in 

sections, each followed by a discussion. In Chapter 5, a general conclusion of this 

thesis is presented. 

 



2. Current status of In2O3 and ZnO 

2.1 Natural Structure of In2O3 and ZnO 

2.1.1 In2O3 

In2O3 belongs to the metal sesquioxides family, M2O3. Crystallization formation for 

this family is of the corundum type and has 3 modifications, the A, B and C rare earth 

structure.  Corundum type A modification is trigonical, B modification is monoclinic 

and C modification is cubic. Crystal structure of Indium Oxide has the C-type rare 

earth structure, known since the early beginning of 20
th

 century and has been refined 

by x-ray diffraction [1-3]. Crystal structure is body-centered cubic with 80 atoms per 

unit cell (respecting the 2/3 cation/anion ratio), 32 are metallic atoms (Indium), from 

which 8 In(1) are at the b site and the remaining 24 In(2) at the d site, and the 

remaining 48 are oxygen atoms positioned at e sites [4].  There are two structural 

arrangements in the crystal, Indium atoms coordinated by 6 oxygen atoms forming a 

tetrahedron while oxygen atoms coordinated by 4 indium atoms forming a 

tetrahedron, as shown in Fig 2.1. Neighboring structural arrangements share their 

edges and corners.  

 
Fig. 2.1 Unit Cell of In2O3 

The C modification structure is similar to fluorite structure.  According to the fluorite 

structure, the lattice of the In2O3 is formed by a cubic face centered indium sublattice, 

three quarters of tetrahedron vacancies between indium atoms are occupied by oxygen 

atoms while the remaining one quarter is empty. Every fourth anion is missing so 

there are anion shifts in its place.  



Marezio [2] carried out X-ray diffraction analysis on In2O3 single crystals and proved 

that there are two non-equivalent crystallographic indium atoms and only one oxygen 

atom.  Coordination arrangement can be seen in Fig. 2.2 

 
Fig. 2.2 Indium Oxide atom coordination [2] 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



2.1.2 ZnO 

Zinc Oxide has been widely studied since 1935 [5] and is still critical in our day-to-

day life through industry. Interest in this material is highly arisen lately by the 

development of growth technologies for producing high quality crystals and epitaxial 

layers.  

Zinc Oxide has a wide bandgap, of about 3.4 eV and a large exciton binding energy, 

in the region of 60 meV at room temperature making ZnO important for blue and 

ultra-violet optical devices.  Although it is still difficult for ZnO to be doped as p-

type, stated by Alex Zunger et al and Hosono et al, efforts are being made to 

overcome this and allow the development of it [6].  

At ambient pressure and temperature, ZnO crystallizes in the wurtzite structure as 

shown in Fig. 2.3. 

ra

 
Fig. 2.3 Zinc Oxide Wurtzite structure 

 

Wurtzite structure, is a hexagonal lattice, and is characterized by two interconnecting 

sublattices of Zn
2+

 and O
2-

, in a way that each Zn ion is surrounded by a tetrahedral of 

oxygen ions. With this tetrahedral coordination, a polar symmetry is achieved along 

the hexagonal axis. This polarization gives to ZnO numerous of its properties, 

including its piezoelectricity and spontaneous polarizations, and also helps in its 

crystal growth as well as etching and defect generation.  The four common face 

terminations of wurtzite ZnO are the polar Zn terminated (0001) and O terminated 



(000.1) faces (c-axis oriented), and the non polar (11.20) (a-axis) and (10.10) faces 

that contains equal Zn and O atoms [7].  

Tetrahedral coordination of ZnO is also an indicator of sp
3
 covalent bonding. The Zn-

O bonds possess a strong ionic character and thus ZnO lies on the borderline between 

covalent classification and ionic compound [8-12].  

Except from the wurtzite phase, ZnO also crystallizes as cubic zincblend and rocksalt 

(NaCl) structures. Zincblend is known to be stable on cubic structure only by growth, 

while the rocksalt structure can not be epitaxially stabilized, because of its high-

pressure metastable phase forming at around 10 GPa [13]. 

As stated above, Zinc oxide has an exciton with a binding energy of 60 meV. 

Excitons are basically weakly bound electron-hole pairs (Wannier Excitons). This 

binding occurs in semiconductors with low dielectric functions, where the shielding 

charges are relatively weak, so Coulomb potentials between negative charged 

electrons and positive holes are higher than their combined thermal energies [14]. 

Along with its high binding energy, an exciton in ZnO has a high luminescence 

efficiency making it primary candidate for a possible lasing material for a UV 

polariton laser [15]. By using above-gap photoexcitation it was observed that there is 

a two-step process in the exciton formation: the thermalization and cooling of the 

electron-hole plasma gas allows the formation of excitons with excess center of mass 

momentum (K≠0) and secondly a relaxation to the K = 0 occur. [16].  

 

 

 

 

 

 

 

 

 

 

 

 

 



2.2 Stoichiometry or non and oxygen vacancies 

2.2.1 Stoichiometry and non-stoichiometry 

Generally most of the oxide materials are used as transparent conductors and are 

known to be n-type. The meaning of n-type is that its conductivity is due to the 

transport of electrons, while in p-type it is due to the transport of holes. High n-

conductivity is observed in metal oxide which results from the anion deficiency that 

usually appears inside the crystal lattices in the form of oxygen vacancies. 

Chemical formulas for binary oxides are usually written in a way to indicate that there 

is a definite ratio of cations to anions in the crystal, MaOb, where a and b are 

determined by the valency of the constituent atoms. When the material contain M and 

O atoms in the exact ratio a/b, then its composition is stoichiometric, though when a 

metal oxide is completely stoichiometric it is known as an ionic conductor whereas 

materials of this form can not be used as transparent conductors because of the high 

activation energy required for ionic conductivity. Metal oxides used for transparent 

conductors are not completely stoichiometric. 

Non stoichiometry in metal oxides can be a result of two things: 

1. Oxygen deficiency with respect to stoichiometric composition 

2. Metal deficiency (or an excess of oxygen) with respect to stoichiometric 

composition 

Inside a compound, non-stroichiometry equals to point defects in the crystal lattice 

compared to that in stroichiometric condition, while the extent of non-stoichiometry is 

also a measure of the net concentration of the corresponding type of defect in the 

compound. When a metal oxide is non-stoichiometric, oxygen deficient, dominant 

effects may be either oxygen vacancies or excess metal, or both type of defects. The 

way that oxygen vacancies are formed, lead to the formation of free electrons, thus 

oxygen deficient metal oxides are characterized by n-type conductivity. When a non-

stoichiometric oxide is metal deficient, dominant defects may be metal vacancies, or 

interstitial oxygen atoms (excess of oxygen).The way metal defects are formed leads 

to the formation of positive electronic defect (holes), thus metal deficient metal oxides 

are characterized by p-type conductivity.  

Regarding In2O3, oxygen deficiency is observed usually as oxygen vacancies acting as 

doubly charged doors giving electrons to the conduction band (in accordance with the 

2/3 cation/anion ratio). If non-stoichiometric Indium Oxide contains an amount of x 

doubly charged oxygen vacancies, 𝑉𝑜
.., it is written as 𝐼𝑛2𝑂3 𝑉𝑜

.. 𝑒2𝑥 , but it can also be 

written as InOx. Oxygen deficiencies in InOx may be equivalent to the presence of 

excess indium compared to the stoichiometric composition [17].  This means, that the 

dominant defects are interstitial In
+3

 cations with a possible contribution to the 

conductivity of a maximum 0.1%, so their contribution is not taken account in the 

conductivity of the film. 



In a perfect and pure single crystal (no point defects, no impurities), ZnO would be an 

insulator rather than a semiconductor at room temperature. The concentration of free 

electrons in the conduction band would amount only 4 m
-3

 compared to 10
14

-10
25

 m
-3

 

in most semiconductors. Real single ZnO crystals though exhibit n-type conductivity 

with an electron concentration varying over the whole range given for 

semiconductors, over more than 10 orders of magnitude. This large variation is caused 

mainly by its lattice non-stoichiometry and by donor impurities, which are located in 

the gap below the lower conduction band edge some 0.025-0.5 eV. Non-stoichiometry 

is due to native point defects like interstitial Zinc (Zni) or oxygen vacancies (V0) 

which are generated thermally by variation of oxygen (or zinc) pressure and 

temperature [18]. 

 

2.2.2 Oxygen Vacancies 

It is widely known that in a crystal (or an ionic compound) atoms are charged and the 

anions and cations are attributed with a definite valence. In oxides, oxygen ions are 

considered to have a valence of -2, cations have a positive valence, so the sum of 

positive and negative charges in the compound are equal to zero. The point defects 

that may exist in the compound are neutral or charged. If a crystal is to be electrically 

neutral then the sum of all effective positive charges must be equal with the sum of all 

effective negative charges.  

The process of oxygen vacancies formation in a binary metal oxide is as follows: An 

oxygen vacancy is formed when an oxygen atom is removed. Two negative charges of 

the oxygen ion are left in the crystal. If both of these negative charges are localized at 

the oxygen vacancy, then the charge is the same as the charge in a perfect crystal. If 

that is the case, oxygen vacancies has zero effective charge. If the negative charges 

are electrons then if one or both of them are excited and transferred away from the 

vacancy, oxygen vacancy becomes singly or doubly ionized. As electrons are 

removed then the ionized oxygen vacancy will have a positive effective charge. This 

charged oxygen vacancy becomes an electron trapping site but in this process ore or 

two electrons are available for conduction [19]. A typical number for free electron 

concentration in binary oxides is in the region of 10
17

 – 10
23

 cm
-3

. Oxides used as 

transparent conductors are all chemically unstable, thus they are easily oxidized and 

reduced. Based on this process; metal oxides are widely used as effective gas sensing 

elements and organic compounds [20,21]. 

 

  

 

 



3. EXPERIMENTAL TECHNIQUES AND METHODS USED FOR THE 

GROWTH AND CHARACTERIZATION OF IN2O3 AND ZnO FILMS 

3.1 Sputtering deposition technique 

3.1.1 Sputtering deposition process 

Sputtering deposition is widely used in the development of Indium Oxide and Zinc 

Oxide, as thin films and other microelectronic applications. The process is simple, 

atoms or ions with energy of several keV bombard a solid surface, then single atoms 

(or molecules, clusters) will deposit on the surroundings. A dc and rf sputtering 

schematic can be seen in Figure 3.1.  

 
 

Fig. 3.1 Schematic of a dc and of an rf sputtering system 

The target, also known as cathode because it is connected to the negative terminal, is 

a plate of the material to be deposited. The substrate, also known as the anode, may be 

grounded, but is always facing the target, biased positively or negatively, either 

cooled or heated, or with a combination of those. After creating vacuum inside the 

chamber, an inert gas, in most cases argon (in a pressure of 100 mTorr usually), is 

injected and is the medium in which a discharge is initiated and sustained. For the 

film to start growing in the substrate a visible glow discharge must be maintained 

between the electrodes. The process which the glow discharge progress is as follows: 

for starters, a small current flow in the chamber due to the small number of particles 

inside. As the voltage is increased, sufficient energy is imparted to the charged 

particles, thus more carriers are created (neutral atoms, positive ions and electrons).  

Electrons accelerate toward the anode by the electric field and produce additional ions 

by impact ionization. Positive ions strike the cathode transferring energy to the neutral 

atoms at the target surface. Some of the neutral atoms that acquire enough energy, are 

ejected from the target, and enter and pass through the discharge region and deposit 

on the film. Secondary electrons are emitted from the target and accelerate towards 

the anode producing new ions at the gas. When enough electrons are generated, they 

produce sufficient ions to regenerate the same number of initial electrons and thus 

sustain the discharge. The gas begins to glow and the voltage drops followed by a 

sharp increase in the current. Initially, ion bombardment of the cathode is not uniform 

but is concentrated near the cathode edges. While applying more power, 



bombardment spreads over the whole cathode surface until a uniform current density 

is achieved. Further increase in power results in higher voltage and current density 

levels. The “abnormal discharge” state is entered and this is the operative region for 

sputtering [22-25].  

For the preparation of thin semiconducting films, the techniques used mainly, are 

sputtering and evaporation, mostly due to their low cost and the easiness of the 

process. However, sputtering process has the following over evaporation: 

- Thickness control during the process 

- Smoothness of surface of the film 

- Good adhesion 

- Good film uniformity 

- Less waste of material 

There are four sputtering techniques: 

- dc 

- rf 

- magnetron 

- reactive 

There are a lot of variants within each technique, such as dc bias, and crossbreads 

between them, such as reactive dc, etc. In all the techniques, atoms are ejected from 

the target with the same mechanism, energy exchange between energetic particles and 

surface atoms. Magnetron sputtering allows higher deposition rates compared to 

conventional one. In reactive sputtering, films of compounds may be deposited on 

substrates from metallic targets in the presence of reactive gases mixed with the 

Argon (Ar, inert gas of deposition). By varying reactive gas pressure, deposition 

process is controlled and so is the composition of the film. 

 

3.1.2 Magnetron sputtering 

In our work, all samples were produced using dc magnetron sputtering. In this 

technique, only the electric field affects the electrons between the target and the 

substrate. When we impose magnet field (B), on the electric field (E) between target 

and substrate, electrons orbit in a different motion [26]. Electrons within this field 

experience a Lorentz force in addition to electric force:  

𝐹 = 𝑚
𝑑𝑢

𝑑𝑡
= −𝑞(𝐸 + 𝑣 × 𝐵)        (3.1) 

q is the electron charge, m is the mass and u the velocity. If the electric and the 

magnetic fields are parallel, secondary electrons are emitted exactly normal to the 

target surface and parallel to both fields, then the 𝑣 × 𝐵 equals to zero. If this is the 

case then, electrons are influenced only be the electric field, which accelerates 

towards the anode. If we neglect the electric field but the magnetic field is still 

applied, then if an electron is emitted from the cathode with u velocity at a θ angle in 



respect to the magnetic field, then it experience a force of 𝑞𝑢𝑏𝑠𝑖𝑛𝜃 in a direction 

perpendicular to B. As such, the electrons orbit in a circular motion with a radius r 

which is determined by the balance of the centrifugal force and the Lorentz force 

equal to 𝑟 =
𝑚𝑢

𝑞𝐵
𝑠𝑖𝑛𝜃 and its motion is helical with a constant velocity of 𝑢𝑐𝑜𝑠𝜃. If 

the electron is emitted at an angle in respect to both the electric and the magnetic 

fields then its motion is more complex. It has a helical motion with a constant radius, 

but because of the electron acceleration, pitch of the helix increases. Result of this 

movement is a larger discharge current, thus a higher deposition rate. 

 
Fig. 3.2. a.) Linear motion when E is parallel to B (θ=0), b.) Helical orbit when E=0 and B≠0, c.) 

Helical orbit when E is parallel to B (θ≠0) 

In magnetron sputtering, the electron is trapped near the cathode, increasing the 

ionizing efficiency, resulting in much higher deposition rates. This is accomplished by 

employing a magnetic field parallel to the target and perpendicular to the electric field 

[27]. The magnetic lines come out normal to the target, then bend with a component 

parallel to the target surface and then return completing the magnetic circuit. As such, 

electrons emitted from the cathode are accelerated toward the anode, performing a 

helical action, but bent in an orbit back to the target when they reach the parallel 

magnetic field. The parametric equations, resulting from solving the differential 

equations from the 3 components of equation 3.1, are: 

𝑥 =
𝐸𝑡

𝐵
 1 −

sin⁡(𝜔𝑐𝑡)

𝜔𝑐𝑡
          (3.2) 

𝑦 =
𝑞𝐸

𝑚𝜔𝑐
2  1 − cos⁡(𝜔𝑐𝑡)         (3.3) 

x and y are the distances along and above the target and υc= qB/m. These equations 

are used to describe the cycloidal motion that the electrons perform within the cathode 



space where electrical and magnetic fields are present. If electrons stay inside the 

negative glow region where the electric field is small, they perform a circular motion 

before collisions drive them back into the dark space or towards the anode. 

 

3.1.3 DC Sputtering Equipment 

The sputtering equipment used for the deposition of Indium Oxide and Zinc Oxide 

films is a dc planar reactive magnetron sputtering from ALCATEL and can be seen in 

Fig. 3.3 [28]. 

 
Fig. 3.3 Dc sputtering equipment 

The equipment consists of a vacuum chamber; it is the area where the deposition 

process takes place, a pumping system, a gas supply system and a power supply 

system. Deposition system is of cylindrical shape with a square base of 0.28 m
2
 and a 

height of 0.4 m and it is made of stainless steel. It also consists of two plane circular 

sputter sources (Targets) with 15 cm diameter each. It has permanent magnets placed 

at the back of the targets in a suitable arrangement for the production of the magnetic 

field. The targets are cooled by water circulation during the sputtering process. Above 

the sputter sources at a distance of 6 cm and parallel to them, a substrate holder is 

placed with the availability to be rotated. On the substrate holder, plane circular 

sample holders with a diameter of 9 cm are placed and can be transferred outside of 



the chamber so it can be easier to place or exchange the samples on it. This system 

forms the substrate for the deposited material. On the substrate holder, we can place 4 

samples with dimensions of 1.5 cm × 1.5 cm each for every deposition run. Substrate 

holder is also cooled at room temperature by the water circulation system during the 

deposition. 

Vacuum pumping system consists of a rotary mechanical pump, used for pre-

pumping, and an oil diffusion pump, used to achieve high vacuum. To achieve even 

higher vacuum, a liquid nitrogen pump is adjusted to the pumping system. Using this 

equipment, chamber is evacuated primarily to a base pressure of 10
-7

 mbar. After 

achieving this pressure, introduction of the gases can begin, (Argon, as sputtering gas 

and Oxygen as the reactive gas, in our depositions) and can be controlled by mass 

flow controllers. The pressure of the chamber is measured by two manometers 

(pressure gauges) which cover different values of pressure. The Pirani type is used for 

measuring pressures in the region of atmospheric pressure to 10
-4

 mbar, whereas for 

lower pressures (till 10
-7

), the Penning type is used. Dc voltage is provided by a dc 

power supply unit and is applied to the targets using a selector, while the dc voltage 

and current can be controlled independently.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



3.2 Optical properties of semiconducting thin films, methods and 

techniques used for characterization 

 

3.2.1. Introduction 

Optical characterization is the process which allows the investigation of the 

optical properties, the energy band gap and the film thickness. In the present work 

we used an A-step, an UV-VIS spectrometer and a theoretical method with the use 

of equations toped with spectroscopic ellipsometry. 

 

3.2.2. Optical constants 

The optical constants of thin films are necessary to be calculated so to evaluate the 

optical properties of transparent semiconducting films. Optical properties rely in 

the different angle of propagation of electromagnetic radiation in materials 

compared to that in free space because of the presence of charge, resulting in a 

change of the wave of velocity and intensity of the radiation, described by the 

complex index of refraction: 

𝑛𝑐 ≡ 𝑛 − 𝑖𝑘         (3.4) 

whereas n is the refractive index of the material and k is the absorption index, also 

known as extinction coefficient. 

Light can be absorbed, reflected or scattered when it „hits‟ the surface of the 

material. Absorption by bound charges or charge carrier and molecular scattering 

can result in loss of light. Same type of absorption can also occur in the substrate 

of the thin films and the effect of this is subtracted from the data. Reflection 

occurs at the point where two matters come in touch, air-thin film, thin film-

substrate and substrate-air. 

Ratio of the transmitted light intensity I to the incident light intensity I0, when 

light pass through absorbing film is given by Lambert‟s law equation: 

𝐼 = 𝐼0𝑒
−𝑎𝑑         (3.5) 

a is the absorption coefficient and d is the thickness of the film. Absorption 

coefficient relates to extinction coefficient k through the equation: 

𝑎 =
4𝜋𝑘

𝜆
         (3.6) 

λ is the wavelength of light. 

 



3.2.3. Determination of refractive index and thickness of a transparent film 

on a transparent substrate, using equations 

In our experimental work we used as transparent substrates corning glass, along 

with PEN (polyethylene naphthalate), PET (polyethylene-terephthalate) and 

quartz substratess. Substrate and thin film surfaces were smooth.  In this section, 

theory of the optical behavior of thin films will be presented. Transmission T and 

reflectance R depend on the refractive index n1 and thickness d of the film, 

wavelength λ of the light and the refractive index of the substrate n2.  

 
Fig. 3.4. System of air-thin film-substrate. Transmission and reflection of light by a thin film 

[25] 

Our substrate thickness ds is in the region of 0.4 mm (corning glass) and is 

much larger than the thickness of the thin film d (normally less than 1μm). 

Angle of incidence in our system is θ0. Incident ray is partly reflected back to 

the surface of the film and partly transmitted at an angle θ1. Upon reaching the 

interface thin film-substrate, the transmitted part of light is partly reflected to 

the surface of the film and party transmitted at an angle θ2. These three angles 

θ0, θ1 and θ2 can be calculated by Snell‟s law: 𝑛0𝑠𝑖𝑛𝜃0 = 𝑛1𝑠𝑖𝑛𝜃1 = 𝑛2𝑠𝑖𝑛𝜃2 

The optical pathlength of rays is calculated through the equation [29]: 

𝛥 = 2𝑛1𝑑𝑐𝑜𝑠𝜃1        (3.7) 

Reflectance and transmittance are calculated by the summation of the multiple 

reflected and transmitted beams, measuring first the phase difference δ 

between the beams: 

𝛿 =  
𝛥

𝜆
 𝜋 =

2𝜋

𝜆
𝑛1𝑑𝑐𝑜𝑠𝜃1          (3.8) 

Consequently, the result of the summation for the reflected and transmitted 

amplitude: 



𝐴 =
𝑟1+𝑟2𝑒𝑥𝑝  −2𝑖𝛿 

1+𝑟1𝑟2𝑒𝑥𝑝  −2𝑖𝛿 
          (3.9) 

𝐵 =
𝑡1𝑡2𝑒𝑥𝑝  −𝑖𝛿 

1+𝑟1𝑟2𝑒𝑥𝑝  −2𝑖𝛿 
         (3.10) 

and having calculated the summations, reflectance and transmittance can be 

found using the following equations: 

𝑅 =
𝑟1
2+2𝑟1𝑟2𝑐𝑜𝑠2𝛿+𝑟2

2

1+2𝑟1𝑟2𝑐𝑜𝑠2𝛿+𝑟1
2𝑟2

2        (3.11) 

𝑇 =
𝑛2

𝑛0
∙

𝑡1
2𝑡2
2

1+2𝑟1𝑟2𝑐𝑜𝑠2𝛿+𝑟1
2𝑟2

2        (3.12) 

where r and t represent the Fresnel coefficients of reflectance and 

transmittance and depend on the polarization of the incident light. If the 

polarization is in the plane of the incidence, then the Fresnel coefficients with 

the help of Snell‟s law can be calculated as follows: 

𝑟1 = 𝑟1𝑝
=

tan ⁡(𝜃1−𝜃0)

tan ⁡(𝜃1+𝜃0)
           𝑟2 = 𝑟2𝑝

=
tan ⁡(𝜃2−𝜃1)

tan ⁡(𝜃2+𝜃1)
        (3.13) 

𝑡1 = 𝑡1𝑝
=

2𝑠𝑖𝑛𝜃1𝑐𝑜𝑠𝜃0

sin ⁡(𝜃1+𝜃0)cos ⁡(𝜃1−𝜃0)
     𝑡2 = 𝑡2𝑝

=
2𝑠𝑖𝑛𝜃2𝑐𝑜𝑠𝜃1

sin  𝜃2+𝜃1 cos ⁡(𝜃2−𝜃1)
  (3.14) 

If the polarization is normal then they take the form: 

𝑟1 = 𝑟1𝑝
=

sin ⁡(𝜃1−𝜃0)

sin ⁡(𝜃1+𝜃0)
       𝑟2 = 𝑟2𝑝

=
⁡sin (𝜃2−𝜃1)

sin (𝜃2+𝜃1)
         (3.15) 

𝑡1 = 𝑡1𝑝
=

2𝑠𝑖𝑛𝜃1𝑐𝑜𝑠𝜃0

sin ⁡(𝜃1+𝜃0)
        𝑡2 = 𝑡2𝑝

=
2𝑠𝑖𝑛𝜃2𝑐𝑜𝑠𝜃1

sin  𝜃2+𝜃1 
   (3.16) 

If the surrounding media is absorbing, the values of the refractive indexes are 

replaced by the complex refractive index nc. 

In this work, for the determination of optical constants and thickness of our 

thin films we used the equations first introduced by Manifacier et al. [30,31]. 

It is a straightforward procedure to deduce the optical constants and thickness 

by using the fringe pattern of the transmission spectrum of the thin film 

surrounded by non-absorbing media. In our case, the film with a complex 

refractive index n1, is bounded by two media, also transparent, with refractive 

indexes of n0 and n2 for the case of normal incidence.  

According to equation (3.10), the amplitude of the transmitted beam is: 

𝐵 =
𝑡1𝑡2exp ⁡(−2𝜋𝑛1

𝑑
𝜆 )

1+𝑟1𝑟2exp⁡(4𝜋𝑛1
𝑑

𝜆 )
       (3.17) 

Where r1, r2 are the reflection coefficients and t1, t2 are the transmission 

coefficients, calculated by equations (3.15) and (3.16). 



Transmission can be calculated now by equation (3.12): 

𝑇 =
𝑛2

𝑛0
 𝐵 2 =

16𝑛0𝑛2 𝑛
2+𝑘2 𝑏

𝐴′+𝐵′ 𝑏2+2𝑏 𝐶 ′ cos  4𝜋𝑛𝑑
𝜆  +𝐷′sin⁡(4𝜋𝑛𝑑

𝜆 ) 
   (3.18) 

Where for normal absorption: 𝐴′ =  (𝑛 + 𝑛0)
2 + 𝑘2  (𝑛 + 𝑛2)

2 + 𝑘2  

𝐵′ =  (𝑛 − 𝑛0)
2 + 𝑘2  (𝑛 − 𝑛2)

2 + 𝑘2   

𝐶′ = − 𝑛2 − 𝑛0
2 + 𝑘2  𝑛2 − 𝑛2

2 + 𝑘2 + 4𝑘2𝑛0𝑛2  

𝐷′ = 2𝑘𝑛2 𝑛
2 − 𝑛0

2 + 𝑘2 + 2𝑘𝑛0(𝑛
2 − 𝑛2

2 + 𝑘2)  

𝑏 = exp −4𝜋𝑘𝑑
𝜆  = exp⁡(−𝑎𝑑)       (3.19)  

𝑎 = 4𝜋𝑘
𝜆   

with a been the absorption coefficient. 

In the case of weak absorption, k
2
 << n

2
, k

2
 << (n-n0)

2
 and k

2
 << (n-n2)

2
, we 

get: 

𝐴′ = (𝑛 + 𝑛0)
2(𝑛 + 𝑛2)

2 ≡ 𝐶1
2,  

𝐵′ = (𝑛 − 𝑛0)
2(𝑛2 − 𝑛)2 ≡ 𝐶2

2, 

𝐶′ = − 𝑛2 − 𝑛0
2  𝑛2 − 𝑛2

2 = 𝐶1𝐶2  

where for D
‟
 << C

‟
 the term 𝐷′sin⁡(4𝜋𝑛𝑑

𝜆 ) is neglected. As such, 

transmittance in weak absorption is written as: 

𝑇 =
16𝑛0𝑛2𝑛

2𝑏

𝐶1
2+𝐶2

2𝑏2+2𝐶1𝐶2𝑏𝑐𝑜𝑠 (
4𝜋𝑛𝑑

𝜆 )
       (3.20) 

In both transmittance and reflectance spectrum, we observe that they exhibit 

interference fringes (shown as oscillations) versus wavelength in wavelength 

regions outside the fundamental absorption (EG, energy band gap of the film) 

or the free carrier absorption, where film is transparent. Interference fringes 

appear as maxima and minima T in the transmission spectrum and occur for: 

4𝜋𝑛𝑑

𝜆
= 𝑚𝜋        (3.21) 

where m is the order of interference fringes in the transmission spectrum. This 

equation is used for the production of interference fringes.  

Transmission maxima and minima values are given by: 

𝑇𝑚𝑎𝑥 =
16𝑛0𝑛2𝑛

2𝑏

(𝐶1−𝐶2𝑏)2
         (3.22) 



𝑇𝑚𝑖𝑛 =
16𝑛0𝑛2𝑛

2𝑏

(𝐶1+𝐶2𝑏)2
       (3.23) 

Manifacier et al. consider Tmax and Tmin as continuous functions of λ. These 

functions are the envelopes of maxima and minima in the transmission 

spectrum as can be seen in Figure 3.5.  
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Fig. 3.5 Transmission spectrum for ZnO film of thickness in the region of 750 nm. 

Then the ratio of the equations (3.22) and (3.23) gives: 

𝑏 =
𝐶1 1−(𝑇𝑚𝑎𝑥 𝑇𝑚𝑖𝑛 ) 1/2

 

𝐶2 1+(𝑇𝑚𝑎𝑥 𝑇𝑚𝑖𝑛 ) 1/2
 
       (3.24)  

By substituting this ratio into the equation for maxima one gets the refractive 

index (n): 

𝑛 =  𝑁 + (𝑁2 − 𝑛0
2𝑛2

2)1/2 
1/2

      (3.25) 

Where 𝑁 =
𝑛0
2+𝑛2

2

2
+ 2𝑛0𝑛2

𝑇𝑚𝑎𝑥 −𝑇𝑚𝑖𝑛

𝑇𝑚𝑎𝑥 𝑇𝑚𝑖𝑛
  

Thus the refractive index n is determined by transmission maxima and minima 

at the same wavelength, provided the values of refractive index of air and 

substrate are known. Knowing the refractive index of our thin films, we can 

calculate the values of C1 and C2 and the ratio of maxima and minima. Then 

the thickness can be calculated from two maxima or two minima, from: 

𝑑 =
𝑀12𝜆1𝜆2

2𝑛(𝜆1−𝜆2)
         (3.26) 

λ1 and λ2 are the wavelengths of the two extrema and M12 is the number of 

fringes separating those two extremas (for two adjacent maxima or minima 



then the value of M12 is 1, and if we choose maxima and the adjacent minima 

then the value is ½). Knowing b and the thickness d, we can determine the 

extinction coefficient k and the absorption coefficient a from equation (3.19). 

 

3.2.4 Fundamental absorption and optical gap determination 

Initially an outline on the energy gap and fundamental absorption will be 

presented, before applying them to our work (InOx and ZnO).  

Fundamental absorption is related mostly to the excitation of an electron from 

valence band to conduction, i.e is a band to band transition, and as such can be 

used to determine the semiconductor energy gap. It is known, that the kinetic 

energy of the electron is written as:  

𝐸 =
𝑝2

2𝑚𝑒
         (3.27) 

p is the crystal momentum and me is the effective mass of the electron. In 

quantum mechanics the crystal momentum is written as: 

𝑝 = ℏ𝑘         (3.28) 

where k is the wave vector, in the case of semiconductors the “the momentum 

vector”.  Thus the kinetic energy can be rewritten as: 

𝐸 =
ℏ2𝑘2

2𝑚𝑒
          (3.29) 

For holes, the only difference is that we use their effective mass mh. Photon 

absorption process is described by the absorption coefficient a(hv), which for 

a given photon energy is proportional to the probability (Pif) of the transition, 

from an initial (i) state to the final (f) state, and the density of electrons in the 

initial ni state and the density of the empty (available) final state nf
.
: 

𝑎 𝑕𝑣 = 𝐴 𝑃𝑖𝑓𝑛𝑖𝑛𝑓           (3.30) 

It is assumed that all the lower states are filled and all the upper states are 

empty. The dependence of the absorption coefficient a with photon energy hv 

is different for direct transitions and indirect ones. However, since both In2O3 

and ZnO are semiconductors with direct transitions, we will present their 

transitions only (Figure 3.6)  



 
Fig. 3.6 Schematic of a direct absorption transmission [29] 

For transitions between two direct valleys at crystal momentum k = 0, 

transition probability is independent of photon energy and therefore can be 

taken as a constant. The initial energy state can be associated with the final 

energy state as: 

𝐸𝑓 = 𝑕𝑣 −  𝐸𝑖         (3.31) 

For parabolic bands: 

𝐸𝑓 − 𝐸𝑔 =
ℏ2𝑘2

2𝑚𝑒
 and    𝐸𝑖 =

ℏ2𝑘2

2𝑚𝑕
      (3.32) 

So: 𝑕𝑣 − 𝐸𝑔 =
ℏ2𝑘2

2
 
1

𝑚𝑒
+

1

𝑚𝑕
       (3.33) 

 
1

𝑚𝑒
+

1

𝑚𝑕
 =

1

𝑚𝑟
 , and mr is the reduced mass. 

The density of directly associated states can be written as [32]: 

𝑁 𝑕𝑣 𝑑 𝑕𝑣 =
8𝜋𝑘2𝑑𝑘

(2𝜋)3
=

 2𝑚3 
3
2

2𝜋2ℏ3
 𝑕𝑣 − 𝐸𝑔 

1

2𝑑(𝑕𝑣)    (3.34) 

Using equations (3.30) and (3.34), one gets: 

𝑎 𝑕𝑣 = 𝐴∗(𝑕𝑣 − 𝐸𝑔)
1/2       (3.35) 

When a is equivalent to zero, then the value of Eg is equivalent to hv (h is also 

expressed in eV). 

In the case of heavily doped semiconductor, then the Fermi level is inside the 

conduction band (for n-type material), or inside the valence banc (for p-type 

material) by a quantity of ξ. For a n-type material this can be seen in Figure 

3.7. 



 
Fig. 3.7 n-type energy/density of states diagram, for heavily doped material [29] 

According to Fig 3.7, states below ξn are filled, so fundamental transitions to 

states below the point with energy Eg+ξn are forbidden. Therefore, the  

absorption edge should lift to higher energies by about ξn. This shift of the 

absorption band is also known as Burstein-Moss shift [33, 34]. Then the 

energy shift is calculated by: 

𝐸𝑔 − 𝐸𝑔0 =
𝜋2𝑕2

2𝑚
(
3𝑛𝑒

𝜋
)3/2       (3.36) 

𝐸𝑔0  is the intrinsic band gap and m is the effective mass.  

 

3.2.5 Stylus profilometer 

Thickness of the deposited films is also measured by use of a stylus 

profilometer. Stylus method consists of measuring the mechanical movement 

of a stylus as it traces the topography of the film-substrate step. A diamond 

needle stylus serves as the electromagnetic pickup. Stylus force is adjustable 

from 1 to 30mg and vertical magnifications of a few thousands up to a million 

times are possible. Thickness is directly read out as the height of the step-

contour trace. 

 

 

 

 



3.3 Spectroscopic Ellipsometry 

3.3.1 Introduction and History 

Ellipsometry was first developed by Drude in 1887. He also derived the equations 

of ellipsometry also known as „the Drude model‟ which expresses the optical 

properties of metals. Until the early 1970‟s ellipsometry was operated manually. 

In 1975, Aspnes et al. [35] realized the complete automation of spectroscopic 

ellipsometry measurements. The first real time monitoring ellipsometer was 

developed by Muller and Farmer [36], increasing the number of measurement 

data. In 1990, a group of researchers from the Pennsylvania State University 

developed a real time instrument, which is used widely until now, with a 

photodiode array detector, allowing measurements of light intensities at different 

multiwavelengths in the same time [37]. Due to the rapid development in 

computer technology, spectroscopic ellipsometry developed rapidly, expanding its 

application field. Spectroscopic ellipsometry allows for an in situ analysis (real 

time) of the samples used by employing light as a measurement probe.  

 

3.3.2 Features of Spectroscopic Ellipsometry 

Ellipsometry is an optical measurement technique based on light transmission or 

reflection from samples [38-40]. Ellipsometry studies the fact that polarized light 

often becomes „elliptical‟ upon light reflection. Key feature is the measurement of 

the change in polarized light upon light reflection on a sample (in our work metal 

oxide semiconducting thin films). Ellipsometry measures two values: amplitude 

ratio τ and phase difference Δ between light waves known as p- and s- polarized 

light waves. Spectra are subject to changes in the wavelength of light. The study is 

carried out in the ultraviolet/visible region, but can also be performed in the 

infrared region.  

In real-time monitoring, except for characterization of thin film thickness, etching 

and thermal oxidation can be performed. Spectroscopic ellipsometry allows also 

the characterization of thin films formed by a solution, as light is employed as 

probe. However, there are two restrictions on the measurements: 

1) The surface roughness of the thin films has to be small, 

2) Measurements must be performed at oblique incidence. 

If light intensity is severely reduced due to surface roughness, measurements are 

less as ellipsometry determines a polarization state from its light intensity. If 

roughness exceeds ~30%, errors in the measurements generally increase. 

In spectroscopic ellipsometry, incidence angle is chosen so that the sensitivity of 

the measurement is maximized. The choice, though, of the angle varies according 

to the optical constants of the sample. For our samples we used incidence angles 



near the Brewster angle, 65
o
-70

o
-75

o
. Ellipsometry measurements cannot be 

performed at normal incidence, due to the fact that p- and s- polarizations cannot 

be distinguished at this angle. 

By using spectroscopic ellipsometry for measurements on our samples we had the 

following advantages: 

a. High precision measurements 

b. Very high thickness sensitivity, ~0.1 Å 

c. Fast and non-destructive measurement 

d. Wide series of characterizations such as optical constant and film thickness 

measurement  

Even though this technique provides us with those advantages, characterization of 

our samples using spectroscopic ellipsometry had some disadvantages, such as: 

a. Necessity of an optical model in data analysis 

b. Complicated analysis 

c. Low spatial resolution 

d. Characterization of low absorption coefficients is difficult,  a < 100 cm
-1

 

Spot size of the light beam used is several millimeters, making possible the 

determination of the surface area ratio of the materials that covers the thin film. 

3.3.5 Ellipsometric Configurations 

The basic configuration  of an ellipsometer (described best at H.G. Tompkins and 

E.A. Irene [41]) can be seen in Figure 3.8. 

 
Fig. 3.8 Schematic configuration of an ellipsometer [37] 

It consists of a light source, a linear polarizer (P), compensator C, sample (S), 

analyzer (a) and a detector. The triangle source-polarizer-retarder is known as 

polarization state of light incident on the sample. The system analyzer-detector is 



used to detect the change of polarization produced by the sample. The beam, 

incident on and reflected from the sample, lie in the plane of incidence, which 

contains the normal to the sample surface. Oblique incidence (θ>0) is typical, 

since it leads to pronounced changes of the polarization. The reason is a 

pronounced difference in the behavior of the two basic linear polarizations, the 

one parallel to the plane of incidence, known as p-polarization, and perpendicular 

to it, s-polarization.  

3.3.4 Data Analysis 

An optical model represented by the complex refractive index of air (N0), thin film 

(N1) and substrate, as can be seen in Figure 3.9. 

 
Fig. 3.9 Optical model with Air/thin film/substrate structure 

In ellipsometry, the two parameters (τ, Δ) are defined by π = tanτexp(iΔ). π is 

expressed also by the following equation: 

𝑡𝑎𝑛𝜓 exp 𝑖𝛥 = 𝜌(𝑁𝑜 , 𝑁1, 𝑁2, 𝑑, 𝜃0)      (3.37) 

In the data analysis, the dielectric function is required, ε=ε1-ιε2. When it is not known, 

then modeling is required. There are many dielectric function models and we select 

one according to the optical properties of our sample. Some of the models used are: 

for dielectric functions in a transparent region (ε2 ~ 0), Sellmeier or Cauchy model is 

selected. For free-carrier absorption, Drude model is used. For electric polarization in 

the Ultra-Violet/Visible region we use the Lorentz or Tauc-Lorentz model. 

For our work the Sellmeier-Cauchy model was selected: Complex refractive index of 

air is N0 = 1 and the values of N2 and θ0 must be known in advance. In the (τ, Δ) 

spectra there is an optical interference effect in the energy region, where absorption of 

light is small. Analysis of this pattern is used to estimate the thin film thickness d. 

With the thickness known, the only parameter need to be measured is the complex 

refractive index of the thin film N1 and its parameters n1 and k1. These two values can 

be obtained directly from the (τ, Δ) values. Supposing the dielectric function of the 

thin film changes smoothly in the region from En = initial to final, and the dielectric 

function is expressed from Cauchy model: 

𝑛 = 𝐴 +
𝐵

𝜆2
+

𝐶

𝜆4
+⋯        (3.38) 



𝑘 = 𝐷𝑒𝑥𝑝  𝐸𝑛 − 𝐸𝑔 𝐸𝑢         (3.39)  

In this case, fitting from En = initial to final can be performed easily using the 

thickness d and the (A, B, C) parameters of Cauchy. As thickness d can be found from 

the analysis fitting, solving the equation (3.37) we convert the known (τ, Δ) into 

(n1, k1). This procedure is called mathematical inversion and is performed by using 

linear regression analysis. Thus, mathematical inversion is called optical constant fit 

and is used to calculate the optical constants of the whole measured range. This data 

analysis is quite effective in determining the dielectric function of our thin film, even 

in regions when determining it is difficult. Equation 3.39 shows the light absorption 

by the Urbach tail [42, 43]. Urbach tail is generated by the imperfection of 

semiconductor crystals, and the light absorption by the tail state near Eg is described 

by the Urbach energy Eu. In rare cases, it is utilized to express optical transitions that 

have no direct relation to the Urbach tail. 

 In the high-energy region, light absorption increases and the penetration depth tends 

to zero, thus optical interference is negligible in this region. Concluding, in 

spectroscopic ellipsometry, the study of (τ, Δ) spectrum, provides characterization, in 

a wide energy range, of various physical properties.  

As it is known, ε1 and ε2 are not independent of each other and if one of them varies, 

then the other one changes too. To describe the relation between them, the Kramers-

Kronig relation is used: 

𝜀1 𝜔 = 1 +
2

𝜋
𝑃  

𝜔 ′ 𝜀2 𝜔 ′  

𝜔 ′ 2−𝜔2
𝑑𝜔′

∞

0
  

𝜀2 𝜔 = −
2𝜔

𝜋
𝑃  

𝜀1 𝜔′ −1

𝜔′2−𝜔2 𝑑𝜔′
∞

0
  

When ε2 is known in the region from υ=0 to ∞, then ε1 can be estimated directly. 

Kramers-Kronig relations follow causality, meaning that light absorption occurs after 

light enters media. The Lorentz, Tauc-Lorentz and Drude models satisfies the 

conditions of Kramers-Kronig relation. The Sellmeier and Cauchy models, however, 

do not satisfy those conditions since in these models the ε1 is obtained by assuming 

that ε2 is non-existant. 

So in few words the procedure of data analysis is: 

1. Construction of an optical model 

2. Selection or modeling of dielectric function 

3. Fitting to (τ, Δ) spectrum 

4. Calculation of fitting error 

5. Determination of optical constants and thickness 

6. Judgment of result 

For the calculation of fitting error, the following equation is used: 



𝜍2 =
𝛴 𝜌𝑒𝑥  𝑕𝑣𝑖 −𝜌𝑐𝑎𝑙  𝑕𝑣𝑖  

2

𝑀−𝑃−1
 , 

Μ is the number of data points and P the number of parameters. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



4. EXPERIMENTAL RESULTS AND DISCUSSION 

4.1 Preparation of the films 

In this work, our films have been deposited by a dc planar reactive magnetron 

sputtering of ALCATEL, in a mixture of argon-oxygen plasma, using a 99.999% pure 

Indium and Zinc target, in a total pressure of 8×10
-3

 mbar. Prior to deposition the 

pressure inside the vacuum chamber was 1×10
-7

. Films used for the determination of 

thickness and energy band gap were in the region of 600-1600 nm, while for 

spectroscopic ellipsometry measurements, thicknesses were in the region of 200-550 

nm. Before the main deposition, films target was presputtered for about 15 minutes to 

eliminate any differential sputtering effects and remove any contaminants that have 

been there from previous depositions.  

In the present work, films were deposited onto Corning 1707F low alkali glass 

substrates (thickness of 0.4 mm), which had thermally evaporated NiCr electrodes 

used for conductivity measurements.  

The preparation for the films used for spectroscopic measurements is presented: 

Firstly we use ethanol on the back side of the corning glass. We mildly-roughen the 

back surface of the corning glass in order to avoid reflection/back-scattering. After 

finishing this procedure, we place our film into a peaker filled with acetone. Then, the 

film was placed for an ultrasonic bath for 15 minutes. We repeat the same procedure 

(15 minutes), replacing acetone with isopropanol. After the ultrasonic bath is finished, 

we cleaned the thin films with distilled water and had them dried by using nitrogen 

gas. 

 

 

 

 

 

 

 

 

 

 

 

 



4.2 Optical properties 

4.2.1 Transmission measurements and thickness calculation 

Optical transmittance of our films was measured using a Perkin-Elmer UV/Vis 

transmission spectrometer; region of the wavelengths measured was from 200 nm (Uv 

region) to 1000 nm (Near Infrared region). Theoretical thicknesses of the films used 

for this part were in the region between 500 nm to 2000 nm (2 μm). In the 

transmission spectrum, as stated, we use the maxima or minima of the fringes that we 

have, to determine the thickness. To calculate though the thickness, first we had to 

calculate the refractive index of the thin film. 

Refractive index n was calculated for all the samples by using the interference minima 

in their transmission spectrum. Condition for interference fringes is given by the 

equation (3.21): 

4𝜋𝑛𝑑

𝜆
= 𝑚𝜋, 

m is the order of the fringe at a wavelength λ, n is the refractive index and d the 

measured thickness. If m is an even integer, it provides the interference maxima, 

while if m is an odd integer, it provides the interference minima. As such the 

conditions can be stated as: 

4𝑛𝑑 = 𝑚𝜆          (4.1) 

4𝑛𝑑 =  2𝑚 + 1 𝜆         (4.2)   

The method used in the measurement of the films has been discussed in section 3.2.3. 

The complex refractive index of a transparent dielectric film is given by equation 

(3.4): 

𝑛𝑐 = 𝑛 − 𝑖𝑘,  k2 
<< n

2
  

Where n is the refractive index, whereas k is the extinction coefficient. The refractive 

index n is calculated by equation (3.25): 

𝑛 =  𝑁 +  𝑁2 − 𝑛0
2𝑛2

2 1/2 
1/2

       (4.3) 

where: 𝑁 =
𝑛0
2+𝑛2

2

2
+ 2𝑛0𝑛2

𝑇𝑚𝑎𝑥 −𝑇𝑚𝑖𝑛

𝑇𝑚𝑎𝑥 𝑇𝑚𝑖𝑛
      (4.4)  

Where n0 is the refractive index of air and its value is 1, n2 is the refractive index of 

glass; in our work corning glass has the same refractive index with glass, with value a 

of 1.5. Tmax and Tmin, are the maxima and minima measured at the same wavelength λ.  

Knowing both the refractive index and the thickness of the film, we can calculate the 

extinction coefficient by using equations (3.19) and (3.24): 

𝑏 = 𝑒𝑥𝑝 −4𝜋𝑘𝑑 𝜆   and        (4.5)  



𝑏 =
𝐶1

𝐶2

 1− 𝑇𝑚𝑎𝑥 𝑡𝑚𝑖𝑛  1/2 

 1+ 𝑇𝑚𝑎𝑥 𝑡𝑚𝑖𝑛  1/2 
  

And C1 = (n+n0)(n+n2), C2 = (n-n0)(n2-n).  

Thickness of the film is then calculated by using equation (3.26): 

𝑑 =
𝜆1𝜆2

2𝑛(𝜆1−𝜆2)
  

The determination of the refractive index and thickness of our films was based on the 

transmission spectra seen in Figure. 4.1 and Figure. 4.2. 
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Fig. 4.1 Transmission spectrum of thin film with thickness: a) 1600 nm (1.6μm), 

b) 1000 nm (1 μm) 



As observed, thin films with large thicknesses have many fringes. By having more 

fringes in the transmission spectrum, determination of the thickness is more precise, 

as there are more maxima and minima to integrate minimizing the risk for errors in 

the calculations.  

For thin films with thickness lower than 1 μm, transmission spectrum has fewer 

fringes, making the determination of the thickness easier but with a high possibility of 

making the wrong calculation for the thickness.  
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Fig. 4.2 Transmission spectrum for thin films with thickness: a) 550 nm 

b) 650 nm 

 

 



Before using equations (4.3) and (4.4) we determine the refractive index.  For our 

samples, calculated values for n and k are presented in Tables 4.1, 4.2, 4.3, 4.4: 

Table 4.1: Optical constants for sample #420 (1600 nm) 

λ 

(nm) 

T  

min 

T 

max 

N n 

411.97 0.57 0.67 2.13 1.91 

427.99 0.62 0.68 2.14 1.91 

447.04 0.64 0.69 2.15 1.92 

468.92 0.67 0.71 2.11 1.89 

493.97 0.69 0.73 2.16 1.92 

526.92 0.72 0.75 2.07 1.87 

564.03 0.72 0.78 2.12 1.91 

608.92 0.72 0.81 2.13 1.92 

 

Table 4.2: Optical constants for sample #570 (1012 nm) 

λ 

(nm) 

T  

min 

T 

max 

N n 

401.93 0.57 0.67 2.42 2.08 

427.99 0.62 0.74 2.40 2.07 

460.98 0.65 0.77 2.31 2.02 

504.99 0.68 0.80 2.28 2.00 

567.92 0.70 0.82 2.23 1.97 

643.99 0.71 0.83 2.25 1.98 

 

Table 4.3: Optical constants for sample #626 (600 nm) 

λ 

(nm) 

T  

min 

T 

max 

N n 

424.01 0.73 0.81 2.04 1.85 

484.95 0.75 0.85 2.10 1.89 

581.05 0.76 0.87 2.07 1.87 

 

Table 4.4: Optical constants for sample #507 (600 nm) 

λ 

(nm) 

T  

min 

T 

max 

N n 

430.97 0.69 0.80 2.19 1.94 

491.98 0.73 0.84 2.18 1.93 

558.97 0.75 0.85 2.11 1.90 

 

 



In Figure 4.3 we plot refractive index versus wavelength for our samples (#420, 

#570, #626, #507. 
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Fig. 4.3 Refractive index for the films: a) sample #420, b) sample #570, 

c) sample  #626, d) sample #507 

 

As observed, for ZnO samples #420 and #626, refractive index n does not have major 

shifts, in the visible region of the wavelength; it has an average value of 1.89. For 

InOx samples #570 and #507, refractive index begins from a high value in the low 

visible region and slowly decreases as it progresses in the high visible region; it has 

an average value of 1.99. 

For the verification of our calculated thickness, we compare it with the thickness 

obtained using the profilometer (A-step) technique. Although A-step is a precise 

technique, the thickness that we obtain using A-step for our metal oxide thin films, 

was in fact the average measurement of the values (of thickness), obtained by the 

stylus when it scans the surface. We use the average value because as it is known, the 

roughness of metal oxide thin films (ours too) surface, is not uniformed but dispersed. 

Calculated thicknesses compared with the thicknesses obtained by A-step technique 

are presented in Table 4.5 

Table 4.5. Calculated thickness and thickness obtained by A-step technique 

Run Material Thickness by A-

step (nm) 

Thickness 

calculated (nm) 

Difference (%) 

420 ZnO 1600 1556.219 2.7 

570 InOx 1012 1031.672 1.9 

626 ZnO 600 562.064 6.3 

507 InOx 600 555.759 7.4 

 

As observed there is a difference between the two measured thicknesses, experimental 

(A-step) and theoretical (calculated). For thin films with high thickness, difference is 

minimal (1-3 %), while in thin films with lower thickness, difference is higher (6-

8%). 
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By using equation (4.5) we determine the extinction coefficient; Table 4.6 – 4.7 

Table 4.6. Extinction coefficient for samples #420, #570, #626, #507 

Sample #420  Sample #570  

Wavelength (nm) k Wavelength (nm) k 

411.97 0.000 401.93 0.012 

427.99 0.013 427.99 0.008 

447.04 0.015 460.98 0.009 

468.92 0.029 504.99 0.008 

493.97 0.034 567.92 0.006 

526.92 0.032 643.99 0.009 

564.03 0.018   

608.92 0.008   

 

Table 4.7. Extinction coefficient for samples #626, #507 

Sample #626  Sample #507  

Wavelength (nm) k Wavelength (nm) k 

424.01 0.014 430.97 0.010 

484.95 0.012 491.98 0.010 

581.05 0.013 558.97 0.016 

 

In Figure 4.4 we plot extinction coefficient versus wavelength: 
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Fig. 4.4. Extinction coefficient for the films: a) sample #420, b) sample #570, 

c) sample #626, d) sample #507 
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For sample #420, the extinction coefficient k has major shifts in the visible region, 

which is due to its large thickness (1600 nm); meaning that the surface of the sample 

has regions with high roughness, resulting in either more loss of light in certain 

wavelengths or allowance of the whole portion of light to get through. In our ZnO 

samples #420 and #626, the average value for the extinction coefficient is 0.018. For 

the InOx samples #570 and #507, the average value is 0.011.  

As it is known, values of refractive index n and extinction coefficient k in metal 

oxides, are not independent. Both of them are connected by the classical dispersion 

relations [38] for the complex dielectric function 𝜀 ≡ 𝜀1 − 𝑖𝜀2: 

𝑛2 − 𝑘2 = 𝜀1          (4.3) 

2𝑛𝑘 = 𝜀2           (4.4) 

ε1 represents lattice permittivity, εL, of the material. Quantity 2nk is related to 

absorption. In Tables 4.6, 4.7, 4.8, 4.9 we present the calculated values of ε1 

(therefore εL) and ε2. 

Table 4.6 ε1 and ε2 calculation for sample #420 

λ (nm) n k ε1 ε2 

411.97 1.91 0.000 3.648 0.001 

427.99 1.91 0.013 3.648 0.049 

447.04 1.92 0.015 3.686 0.057 

468.92 1.89 0.029 3.571 0.109 

493.97 1.92 0.034 3.685 0.130 

526.92 1.87 0.032 3.495 0.119 

564.03 1.91 0.018 3.647 0.068 

608.92 1.92 0.008 3.686 0.030 

 

Table 4.7 ε1 and ε2 calculation for sample #570 

λ (nm) n k ε1 ε2 

401.93 2.08 0.012 4.326 0.049 

427.99 2.07 0.008 4.285 0.033 

460.98 2.02 0.009 4.080 0.036 

504.99 2.00 0.008 4.000 0.032 

567.92 1.97 0.006 3.881 0.024 

643.99 1.98 0.009 3.920 0.036 

 

Table 4.8 ε1 and ε2 calculation for sample #626 

λ (nm) n k ε1 ε2 

424.01 1.85 0.014 3.422 0.052 

484.95 1.89 0.012 3.572 0.045 

581.05 1.87 0.013 3.497 0.049 



 

 

Table 4.9 ε1 and ε2 calculation for sample #507 

λ (nm) n k ε1 ε2 

430.97 1.94 0.010 3.763 0.039 

491.98 1.93 0.010 3.725 0.038 

558.97 1.90 0.016 3.61 0.061 

 

 

 
Fig. 4.5. Real part (ε1) of the complex dielectric function for our films 
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Fig. 4.6. Imaginary part (ε2) of the complex dielectric function for our films 

 

4.2.2 Optical band gap, Eg 

Direct optical band gap of our deposited films was determined by optical 

measurements. For direct transitions between the edges of the parabolic bands, the 

fundamental absorption coefficient a is given by equation: 

𝑎 = 𝐴 𝑕𝑣 − 𝐸𝑔 
1/2

  

where Eg, is the optical band gap between valence and conduction band. Therefore, 

when we plot the a
2
 versus hv and fit a straight light to the region above the edge we 

find the band gap, as can be seen in Figure 4.7. 
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Fig. 4.7. a) Plot of a

2
 versus hv (Energy) of our ZnO thin film sample #420 

Band gap for our ZnO thin films #420 and #626, was calculated in the region of   

Eg = 3.21 ± 0.05 eV, while for our InOx films #570 and #507 was calculated in the 

region of Eg = 3.50 ± 0.05 eV. 

 

4.2.3 Discussion 

The optical properties of InOx and ZnO thin films, prepared by dc sputtering, have 

been studied for this section by optical transmission. Both Indium oxide and Zinc 

oxide were found to be transparent in the visible light region and to near infrared 

region, with a transmission range from 80% to 90%. For our Zinc Oxide films the 

refractive index average value is 1.89 and range from 1.86 to 1.92, while for our 

Indium Oxide we found that the refractive index average value is 1.99 and range from 

1.92 to 2.08. The variation of the refractive index observed is mainly attributed to the 

oxygen absorbed after the deposition due to interaction of the surface with the 

atmosphere. This variation is also attributed to the surface roughness, which is to be 

expected for thin films prepared by dc sputtering.  After obtaining the refractive 

index, we calculated the thickness of our films, comparing it also with the thickness 

determined by A-step.  

We calculated, also, the extinction coefficient for each wavelength. Manifacier et al. 

[28] applied this method to SnO2 films, prepared by spray and thermal evaporation 

techniques having a thickness of 900 nm and 2 μm, determining a relative error of 

around 2-5%. In our work, thickness was 600 nm, 1012 nm and 1600 nm and the 

calculation of n and k mostly have an error of around 4%. 

With the values of n and k known, we calculate the lattice permittivity and the 

absorption of our films as a function of wavelength. For InOx films, lattice 



permittivity was found to be in the region of 3.6-4.3, while for ZnO is in the region of 

3.3-3.8. 

A direct optical band gap was found to be Eg=3.21±0.05 eV for ZnO films and 

Eg=3.50±0.05 eV for InOx films. The shift of the energy band gap has been attributed 

to Burstein-Moss effect [39, 40]. 

As observed in Table 4.5, for thin film with thickness of 900 nm and above, the 

calculated thickness is in agreement with the thickness obtained by A-step technique, 

but for thin films with thickness lower than 1 μm is not. To determine the thickness of 

these thin films we use another method that was described in section 3.3, 

spectroscopic ellipsometry. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



4.3 Spectroscopic Ellipsometry 

4.3.1 Introduction 

As stated in section 3.3, in SE we measure (τ, Δ) values. Ψ is the amplitude ratio, 

while Δ is the phase difference of the p- and s- polarized light waves. In this work, 

samples were of Zinc oxide and the measurements were carried out in the 

ultraviolet/visible region, or from 1 eV to 6 eV region. Theoretical thickness of the 

samples used was 200 nm and 250 nm. 

Data analysis consists mostly, of fitting our experimental data to a model, where 

certain parameters are used to obtain the best fit possible. Fitting process can be 

summarized in three steps [37]: 

1) Model selection/creation: Input in this step is the number of layers, so the  

basic structure of our thin film is known; input of any interface layer as a 

single effective medium or more complicated interface 

2) Assign optical function to each layer: Use of existing data or new 

parameterization.  

3) Fitting of the data: Metric must be chosen that will decide between good and 

bad data fits.  

Samples used for this work have 2 basic layers, corning glass as substrate (0.4 mm) 

and a thin layer that is our sample, ZnO. A hypothesis was made that between our thin 

film surface and ambient, there is an interference layer created by the oxidization of 

the surface when the sample came in touch with the atmosphere after the deposition. 

Optical constants for corning glass may be known, but for the purpose of this work 

(and because there is not any model known in the bibliography for it), a new model 

was created for it. In bibliography SE measurements were found for zinc oxide. The 

difference with our samples is that our substrate is of corning glass while the substrate 

used in bibliography was of Si; therefore a new model was made for the samples.  

 

 

 

 

 

 

 

 

 



4.3.2 Data Analysis 

Fitting of measured values (τ, Δ) can be seen in Figure 4.8. 

 

 
Fig. 4.8. Fitting of values (ψ, Δ) of sample #497 (~250 nm) 

As observed in those fitted values, in the region 3.5 – 6 eV, there is full absorption 

from the thin film. In Figure 4.9 the fitted values for refractive index and extinction 

coefficient can be seen. 



 

 
Fig. 4.9.  Fitted values of (n, k) for sample #497 

 

Those fitted values were of sample #497 with a thickness of 250 nm. For sample #590 

fitted values can be seen in Figure 4.10 and Figure 4.11. 



 

 
Fig. 4.10. Fitting of values (ψ. Δ) for sample #590 (200 nm) 

 



  

 
Fig. 4.11. Fitting values (n, k) of sample #590 

The fitting values, shown in the figures above, are the overall for our samples; 

meaning the substrate-thin film- interference layer. In samples with thickness 200 nm 

and 250 nm, interference layer thickness was in the region of 5-8 nm, which is to be 

expected. In sample with thickness 510 nm, interference layer had a thickness of 20 

nm. 

 

 

 

 



In the models produced for the data analysis, modeling of n and k values was also 

made; Figure 4.12. 
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Fig. 4.12. Values of (n, k) for sample #497 

 

 

 

 

 

 



 

In Figure 4.13 values of (n, k) for sample #590 will be shown. 
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Fig. 4.13. Values of (n, k) for sample #590 

 

 

As observed from the Fig. 4.12 and Fig. 4.13 the models of n, k for both samples are 

similar. To justify that those models are similar we will use the model of each one to 

fit the values of τ, Δ for the other one.  

 

 



Using the modeling of sample #497 to fit the values of τ, Δ for sample #590 we have 

a perfect match. 

 

 
 

Fig. 4.14. Values of (ψ, Δ) for sample #590 using sample's #497 modelling 

 

Now we use the model of sample #590 to fit the values of τ, Δ for sample #497. 
 

 



 

  

Fig. 4.14. Values of (ψ, Δ) for sample #497 using sample's #590 modelling 

 

As observe in the Fig 4.14., usage of sample's #590 model has a perfect match for the 

fitting of values of τ, Δ for sample #497. 

 

 

 

 

 

 

 



4.3.3 Discussion 

 In this section we used spectroscopic ellipsometry in the region of 1 eV to 6 

eV to determine the amplitude ratio (τ), the phase difference (Δ), the refractive index 

(n) and the extinction coefficient (k) of our samples (#497 and #590). Our samples 

consist of 2 basic layers, the substrate (corning glass of 0.4 mm thickness) and a thin 

layer which is our sample, ZnO. We assumed that between the thin film surface and 

the ambient, a new layer was created by the oxidization of the surface when it came in 

touch after the deposition with the atmosphere.  

 

 Altough in biblography SE measurements were found for ZnO, the substrate 

of those samples were Si; therefore we created new models for the substrate and the 

sample. With the fitted values known we observed that in the region 3.5 – 6 eV, there 

is full absorption from the thin film surface.  

 

 For the final part we used the modeling of n and k for each sample to fit the τ, 

Δ values of the other sample. When the fitting for each sample was finished, the result 

was  that either model could be used to fit the values needed for our work. Therefore 

we found a model for the fitting of ZnO (with corning glass as substrate) τ, Δ values. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



5.  GENERAL CONCLUSIONS 
 

 In this thesis, Zno and InOx films with thicknesses of 200-1600 nm have been 

deposited by reactive dc magnetron sputtering technique using a 99.999% pure target 

onto room temperature substrates. We used a Perkin-Elmer UV/Vis transmission 

spectrometer and a spectroscopic ellipsometer to obtain the films spectra for 

measuring optical and structural properties. 

 

 For the first part of this thesis, two ZnO and two InOx have been used. 

Spectra obtained by the Perkin-Elmer spectrometer were used for optical 

characterization, measuring refraction index n and extinction coefficient k, and for 

structural characterization, measurement of films thickness and energy gap. 

Refractive index of our Zinc Oxide films had an average value of 1.89 while for our 

Indium oxide films it had an average value of 1.99. The variations found in the 

measurements are attributed mainly to the fact that even after the deposition oxygen is 

absorbed due to the interaction of the films with the atmosphere and to the surface 

roughness of the films. With the refractive index known we calculated the thickness 

of our films using the method used by Manifacier et al [28] and then compared it with 

the thickness obtained using A-step. In our work, thickness of the films were 600 nm, 

1012 nm and 1600 nm and the calculation of n and k gave us an error of around 4%. 

A direct optical band gap was found to be Eg=3.21±0.05 eV for ZnO films and 

Eg=3.50±0.05 eV for InOx films. The shift of the energy band gap has been attributed 

to Burstein-Moss effect [39, 40]. 

 For the second part of the thesis, two ZnO films have been used for 

spectroscopic ellipsometry measurements, to define τ, Δ values as well as n, k values. 

Although in our samples there are two basic layers (substrate and the thin film), we 

assumed there is also another small one due to the oxidazation of the surface of our 

film. Modeling of the substrate was made due to the fact we did not find a similar one 

the known bibliography as well as modeling of our thin films. With the models 

known, we fitted the values of τ, Δ and made a model for our refractive index, n, and 

extinction coefficient, k. For the final part we used the models we made for n and k of 

each sample to determine if we have a model that can be used for the fitting of τ, Δ of 

the other sample and hopefully for ZnO thin films in general. 
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