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An Abstract of the Thesis of

Rim Assem Ibrahim for Master of Science
Major: Physics

Title: Optical Properties Of Pulsed Laser Deposited Manganese Oxide
Thin Films Determined By Infrared Spectroscopy

Despite recent advances in nonlinear optical techniques for examining elemen-
tary excitations in semiconductors, infrared spectroscopy remains an attractive
approach to nondestructive and quantitative measurement of relevant optoelec-
tronic properties of materials, because of it is readily available as an experimental
technique and that relatively simple theories can be used to describe the mate-
rial’s response to an infrared wavelength excitation. The optical and electronic
behavior of semiconductors are determined by two major properties particularly
energy gap and refractive index, the determination of which is necessary in the
design of optoelectronic devices. In this work, we use fourier-transform infrared
spectroscopy in reflective mode for the optical characterization of the manganese
oxide thin films synthesized on silicon substrates using Pulsed Laser Deposition,
under different experimental operating conditions, such as deposition tempera-
ture and pressure. The IR reflectivity measurements are analyzed by combining
the Kramers-Kronig conversion theorem with the Fresnel equations for the re-
flectivity of a multilayer structure. The technique used allowed to separate the
dielectric properties of the substrate from the dielectric properties of the thin
films. The results obtained show that the index of refraction of the films depends
on growth conditions and in some instances, high values of the index of refraction
in the infrared region can be obtained. This result paves the way for interesting
technological applications for these films as waveguides and other nanophotonic
devices.
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Chapter 1

Introduction

Achievements of new functions in advanced optical devices are becoming increas-
ingly dependent on the availability of new functional materials [16]. Besides,
with the advent of recent technologies, novel semiconductors rich in their opto-
electronic properties encounter a wide range of applications in optical, electronic
and optoelectronic devices such as light emitting diodes (LED), laser diodes (LD),
integrated circuits (IC), photo detectors (PD), nanotechnology, heterostructure
lasers and optical modulators operating in mid infra-red regions (2 − 5 µm) [19]
[25]. The optical and electronic behaviour of semiconductors are determined by
two major properties particularly energy gap and refractive index. Generally,
the energy gap is determined by the threshold of photon absorption of a semi-
conductor while refractive index is a measure of transparency to the incident
photon.

It is needless to affirm that, a proper design of optoelectronic device requires a
detailed information about the refractive indices of materials. Besides, high-index
dielectric materials are in great demand for nanophotonic devices and applica-
tions, from ultrathin optical elements to metal-free sub-diffraction light confine-
ment and wave guiding.

In 1935, quickly after moderate sized artificially grown crystals of magnesium
oxide became available, two papers were published handling with the optical
properties of this material [24] [3]. In this work, the infrared index of refraction
and the infrared dielectric function of manganese oxide are determined using a
numerical technique based mainly on the reflectivity measurements using Fourier
Transform Infrared Spectroscopy (FT-IR). The manganese oxides thin films used
in this research work are synthesized using Pulsed-Laser Deposition (PLD). After
our measurements and calculations, we find out that our synthesized samples are
of high index of refraction in the infrared region. Thus, our samples are of great
interest as they can be used in several applications.

In this dissertation, we will start by the theoretical background of the electro-
magnetic waves in semiconductors and of manganese oxides, the samples used.
Then, we will display our experimental techniques used in this work: The Pulsed-
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Laser Deposition (PLD) and Fourier Transform Infrared Spectroscopy (FT-IR).
Later on, the numerical technique used in this work is explained in details. Fi-
nally, we will show our results and discuss them.
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Chapter 2

ELECTROMAGNETIC WAVES
IN SEMICONDUCTORS

2.1 Electromagnetic Waves

James Clerk Maxwell published the unified theory of electricity and magnetism in
1873 by presenting previously established experimental findings from Coulomb,
Gauss, Ampere, and Faraday and by including the idea of displacement current.
The claim consists of four simple equations, called the Equations of Maxwell.
Maxwell’s equations are one example of the postulate that fundamental laws of
physics should be invariant with respect to changes from one inertial frame to
another via a Lorentz transformation. What is interesting about these equations
is that they are independent on the material medium. Maxwell’s Equations
can be in two forms, either differential or integral form. In understanding the
electromagnetic field intensities at each point in the given space, the differential
form is effective. The integral structure, on the other hand, is useful in describing
the physical principles underlying it.

Particularly, in researching the bandgap and phonons, the electromagnetic
radiation-matter interaction can be described using the classical impact of an
oscillating electric field on a charge or using the quantum mechanical effect. In
this chapter, we will begin by presenting the interaction’s classical approach and
then move to the quantum approach.

2.1.1 Electromagnetic waves in free space

Maxwell’s Equations are the key tools in describing basic electromagnetic behav-
ior. In free space, their solutions describe undamped transverse waves consisting
of perpendicular oscillating magnetic and electric fields that propagate at con-
stant speeds of light. The interaction between the electromagnetic field and the
charges produces damped waves within the solid as they transfer energy to the
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solid. The propagation wave speed is not constant and depends on the frequency.
Incorporated in Maxwell’s Equations is the full classical explanation of light:

∇× E = −∂B
∂t

∇×H = j +
∂B

∂t
∇.D = ρ

∇.B = 0

(2.1)

such that:

• E: Electric Field

• B: Magnetic Field

• D: Displacement Vector

• H: Magnetic Field Strength

• ρ: Charge Density

• j: Current Density

2.1.2 Electromagnetic waves in semiconductors

Semiconductors, unlike free space, contain both free and binding charges where
the free charges are the conduction electrons and the holes of the valence band in
a semiconductor. In the lattice structure, which involves the host crystal and the
inner electrons that are closely localized at the atomic cores, the bound charges
are coated.

Therefore, because of the free and bound charges’ polarizability, Maxwell’s
Equations are influenced by the current and charge density. Polarization P, which
is the dipole moment per unit volume, is provided by bound crystal charges. It is
aligned and proportional to the outside electric field E in a homogeneous linear
and isotropic medium as shown in the equation below where, ε0 is the electric
permittivity in in free Space and the susceptibility of the material is represented
by χ:

P = ε0χE (2.2)

We will present now the constitutive relations of an electromagnetic medium
which relate D, the electric displacement of the medium, to its electric field E :

D = ε0E + P

= ε0(1 + χ)E

= ε0εlatticeE

(2.3)
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where εlattice = (1 + χ) is the lattice frequency-dependent dielectric response.
Consequently, the current in the material will flow because of the applied

electrical field. The proportionality between the current density j and the electric
field E is defined by Ohm’s Law:

j = σ(ω)E (2.4)

Knowing that σ(ω) is the material’s electric conductivity.
Now substitute Eq. 2.3 and Eq. 2.4 in the Maxwell’s equations 2.1, we get

the following relation:

∇2E −∇(∇.E) = εlatticeε0µ0
∂2E

∂2t
+ σµ

∂E

∂t
(2.5)

Let
E = E0e

i(kz−ωt) (2.6)

be a plane wave solution defined by: the wave’s amplitude by E0, the angular
frequency ω, and the wave vector k:

k =
2π

λ

=
ω

v

=
nω

C

(2.7)

Where

• λ: Medium’s wavelength

• v: Wave’s speed

• n: Index of refraction

• C: Speed of light

Consequently, substitute the solution 2.6 in Eq. 2.5 to get:

k2 − k(k.E) = εlatticeε0µ0ω
2E + iσµ0ωE (2.8)

ε(ω) = εlattice(ω) + i
σ(ω)

ε0ω
(2.9)

We define ε(ω) to be the total dielectric response function. Where in the
linear limit ε(ω) is the central quantity defining the interaction between the elec-
tromagnetic wave and the semiconductors.
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Accordingly, Eq. 2.8 can be written as a function of ε(ω):

k2 − k(k.E) = ω2ε(ω)ε0µ0E (2.10)

Now the electric field E is expressed in terms of its longitudinal and transverse
components:

E = Ett̂+ Ekk̂ (2.11)

where

• t̂: Unit vector in the x-y plane perpendicular to the direction of propagation

• k̂: Unit vector along with k

Writing Eq. 2.10 using the decomposed equation of electric field 2.11, we get:

(
ω2

C2
ε(ω)− k2)Ett̂+

ω2

C2
ε(ω)Ekk̂ = 0 (2.12)

Since Eq. 2.12 is linearly independent, each term should be equal zero to
satisfy the equation. Thus, to find k, the first term of Eq. 2.12 should be equal
to zero:

k2 =
ω2

C2
ε(ω) (2.13)

Given the complex refractive index:

n∗ = n+ ik (2.14)

The equation of the wave vector k 2.7 can be generalized to the absorbing
medium and can be written as a function of n∗:

k =
n∗ω

C

= (n+ ik)
ω

C

(2.15)

Also, after inserting Eq. 2.15 in the wave solution Eq. 2.6, it becomes:

E(z, t) = E0e
−kωz
C ei(

ωnz
C
−ωt) (2.16)

The physical sense of the refractive index and the complex wave-vector are
described by Eq. 2.16. It indicates that wave propagation is related to the real
part of n∗ while the imaginary part of n∗, k the extension coefficient, is related
to an exponential decay of the wave as it reaches the medium.

The relation between the complex refractive index n∗ and the total dielectric
function ε(ω) can be found by the combination of Eq. 2.15 and Eq. 2.13:

n∗ =
√
ε(ω) (2.17)
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Hence, ε(ω) can be written as a function of the real and imaginary parts:

ε(ω) = n∗2

= ε1 + iε2
(2.18)

Now, using Eq. 2.13, we can extract the relations between the real and
imaginary parts of n∗ and ε(ω):

ε1 = n2 − k2

ε2 = 2nk

n =
1√
2

√
ε1 + |ε|

k =
1√
2

√
−ε1 + |ε|

(2.19)

Consequently, by its frequency-dependent dielectric function, the microscopic
optical response of semiconducting materials, defined by the refractive index and
extinction coefficients, can be controlled. When the reflectance spectroscopy of
the semiconductor is taken into account, the measurements and calculations will
be clearer.

In this work, we are interested in Manganese Oxide thin films deposited on
silicon substrate. The aim of the presented work, it to develop a numerical tech-
nique to retrieve the dielectric property of Manganese Oxide using reflectivity
measurement of unpolarized light. We also want to check how do the deposi-
tion parameters affect the dielectric properties of the different Manganese Oxide
microstructure.

2.2 Manganese Oxide

Due to their possible technical applications and appealing physical properties,
Manganese Oxides have attracted considerable interests in thin-film sciences.
Across several oxidation states: Mn2+, Mn3+, and Mn4+ manganese cations
can exist. These manganese cations contribute to the crystallization of the re-
spective oxides into stable phases, of which MnO, Mn3O4, Mn2O3, and MnO2

are the most widely recognized.
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Figure 2.1 presents the manganese-oxide phase diagram [15]:

Figure 2.1: MnO phase stability diagram

Figure 2.1 illustrates the presence of various phases of manganese oxide, that
have different physical and chemical properties including their structures, crystal
consistency and chemical stoichiometry. It is assumed that each of the above
MnO phases mentioned will be stable in a well-defined pressure and temperature
area (where the pressure log lies on the y-axis and temperature lies on the x-
axis). Experimentally, the various lines dividing the phases were found [10] where
the transition from one phase to another can be accomplished by appropriate
temperature and oxygen pressure changes.

Manganese Oxides, as semiconductors, show interest in various applications:
as a part of dry cell batteries [17], promising electrode materials for electrochem-
ical capacitors [31], [27], and for several chemical applications as catalysts for
oxidation of CO and CO2. Manganese Oxides also play a significant role as elec-
trolyte components for lithium cells [20], biocatalysts in microbial fuel cell [8],
catalysts for water treatment[9] and efficient removals of Co2+ and Sr2+ from
aqueous solutions [14]. They are also used as gas sensors[4],[6]. Moreover, their
novel mesoporous structure has been attractive for large scale applications in mo-
bile equipment [28], and they have appealed to comprehensive attention in the
field of anticancer applications [30].

Manganese oxides, with their different phases, are one of the most impor-
tant groups of materials in science. Mn3O4, alluded to as hausmanite, contains
a spinel structure with tetragonal twisting prolonged along the c axis (space
groupI41/amd) [2]. AB2O4 is the common equation of the spinel structure
where A atoms possess the tetrahedral sites and B atoms occupy the octahe-
dral sites that are presented within the unit cell. By comparison to this struc-
ture, manganese cations are localized as takes after: On the tetrahedral A po-
sitions, Mn2+ is positioned while Mn3+ occupies the octahedral B locations
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with the lattice parameters a = b = 5.762 Å and c = 9.470 Å [13]. At room
temperature and pressure, this tetragonal structure is stable whereas Mn3O4

undergoes at high temperature (T = 1160◦C) a Jahn-Teller transition (JTT) fol-
lowed by a major lattice deformation that gives rise to a cubic structure. The
development of an orthorhombic phase results in higher pressure (10GPa) and
temperature(900◦C)[11]. Mn3O4 is classified at room temperature as a weak con-
ductor with resistivity on the order of 107 ohm-cm at room temperature [5]. The
electrochromic properties of this material were revealed in a study on Mn3O4

thin films grown by chemical vapor deposition, where the films displayed a shift
in optical absorption when an electric field was applied[18].

Another interesting phase of manganese oxides is dimanganese trioxide, Mn2O3.
Mn2O3 has a crystal unit cell that comprises 32 ions of Mn3+ and 48 ions of O2−.
This compound goes from an orthorhombically distorted bixbyite defined by the
Pcab space group to an undistorted cubic bixbiyte with Ia3 symmetry at a tem-
perature of 302K [12],[7]. Magnetic structure studies show that α −Mn2O3 at
TN 90K is para-magnetic and at lower temperatures becomes anti-ferromagnetic
[21].

Another manganese oxide form is MnO, known as manganous oxide, which
has the same crystal structure as NaCl with a lattice constant of a = 4.445 Å.
At room temperature, it is para-magnetic and undergoes a first-order transition
at 118 K to an anti-ferromagnetic phase [29].

In this research work, our main goal is to study the infrared dielectric function
of manganese oxide thin film deposited on silicon substrate using Pulsed Laser
Deposition.
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Chapter 3

EXPERIMENTAL
TECHNIQUES

This chapter describes the experimental setup of the technique of Pulsed Laser
Deposition (PLD) used for the growth of thin films of manganese oxide and the
various experimental techniques used for the characterization of the films grown.
First, Remote Plasma Assisted Pulsed Laser Deposition (RPA-PLD) along with
the various parameters of deposition is described.

For the aim of finding the dielectric function of the manganese oxide thin films
deposited by PLD, Fourier Transform Infrared Spectroscopy (FTIR) is performed.
We measure the film thickness using Stylus Profilometer.

3.1 Pulsed-Laser Deposition

PLD has evolved rapidly as a very promising technique used to produce a wide
range of films. This is because of the simplicity and versatility of the method that
allows the growth of complex multi-layered structures under ultra-high vacuum
conditions and controllable pressures and temperatures. In microelectronic de-
vices and optical coatings, PLD has been chosen as the technique for the growth
of oxides that are considered essential for technological breakthroughs.

The technique of pulsed laser deposition (PLD) uses short-last laser pulses of
high power to ablate a solid target. The laser energy evaporates material from
the surface of the target, creating a transient, highly luminous plasma plume
composed of ablated species, expanding and condensing on a substrate placed in
front of the target, thus inducing film growth. In the presence of a background
gas such as oxygen or nitrogen that can react chemically with the ejected species
or even an inert gas such as argon to alter plume dynamics, the film can be
produced. The key deposition conditions that significantly influence the physical
process of PLD are: laser parameters, target material properties, background
pressure, and substrate temperature. In what follows, the main characteristics of
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PLD and the basic mechanisms that come into play during film growth will be
described briefly.

3.1.1 Excimer Laser

The excimer is an unstable diatomic molecule of inert gas and halogen, emitting
a photon in the UV range when decaying. The laser used in our work is the KrF
laser with emitted wavelength of 248nm. As most target materials have a high
absorption coefficient and a limited penetration depth, this value in the UV range
is suitable for PLD thin-film growth.

3.1.2 Mechanisms of PLD

While it is very easy to set up the PLD framework, the physical theory of PLD
is very complicated. It requires the physical phase of the interaction of the laser
material with the impact of the high-power pulsed laser on the solid target, the
creation of the plasma plume with high-energy species, and the transition to the
heated substrate surface of the ablated material via the plasma plume.

The process of thin film formation by PLD are generally divided into three
sections:

1. Light-material interaction: when the laser radiation is absorbed by the
target’s surface area, electromagnetic radiations in the form of plasmons and
unbound electrons are immediately transformed into electronic excitation.
Within a few picoseconds, the excited electrons transfer their energy to the
lattice and heating of the absorption layer begins.

2. Plasma generation and expansion: the laser energy should be sufficiently
high for substantial surface evaporation and material removal from the tar-
get’s surface. In this scenario, there is surface evaporation within a portion
of the pulse of ns. The vapor is hot enough, and some of the atoms are
ionized within the vapor. This vapor will further absorb energy from the
remaining pulse; a completely ionized plasma will therefore be formed in
an area called the Knudsen layer near the target surface.

3. Film growth: the growth of films and their quality depend on the temper-
ature of the substrate, the rate of deposition, and the expanding species’
kinetic energy. It is also possible to include the effects of vacuum efficiency
and the background gas as fundamental parameters that affects the growth.
The deposition parameters should be set in such a way that the plume tip
hits the substrate surface in order for film growth to take place. The high-
energy species expelled impinge on the surface of the substrate and can
cause different types of substrate damage. Some of the surface atoms are
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sputtered by these energetic species and a collision region is formed be-
tween the incident flow and the sputtered atoms. Film grows after the
development of a thermalized zone. The area serves as a source of particle
condensation. Thus, when the rate of condensation is greater than the rate
of particles provided by the sputtering, the state of thermal equilibrium can
be easily achieved and the film grows on the surface of the substrate.

3.1.3 Remote Plasma Assisted PLD for Oxide Growth

For oxide film growth by PLD, the presence of O2 gas in the reaction chamber is
important, where chemical reactions between the ambient gas and the expelled
species can promote the absorption of oxygen into the deposited layers. How-
ever, an abundant presence of oxygen in the film that may not be adequately
supplied by working at high O2 pressure is needed when finding a particular
phase characterized by a high oxidation state of a certain metal. The connec-
tion of the PLD system to a plasma source producing reactive oxygen species
consisting primarily of vibrationally excited molecules and dissociated oxygen
atoms satisfies this requirement. This technique, known as Plasma Assisted PLD
(PA-PLD), has been shown to improve the consistency of the films grown and
to stabilize unattainable metastable phases by traditional PLD. The creation of
oxygen-excited species that are much more reactive than O2 molecules encour-
ages the further incorporation of oxygen into the rising layers. Thus allows the
chemical composition and crystalline nature of the deposited layers to be better
regulated. A microwave (MW), radio frequency (RF), and direct current (DC)
discharge may be used to generate ions along with excited atomic and molecular
species. A remote plasma is generated when these excited species are guided
by the gas flow from the discharge zone to the area where the deposition pro-
cess takes place and the resulting process is called Remote Plasma Assisted PLD
(RPA-PLD).
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3.1.4 PLD Experimental Setup

Using our ”SURFACE” workstation, shown in Figure 3.1, manganese oxide thin
films were synthesized.

Figure 3.1: PLD system

Figure 3.2 represents a schematic diagram for a typical PLD experimental
setup.

Figure 3.2: Schematic diagram of experimental setup in PLD
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It consists mainly of a high vacuum deposition chamber that achieves a base
pressure of 10−7 mbar (7.5 ×10−8 mTorr) coupled to a turbomolecular and di-
aphragm pump-based pumping unit. It also includes an optical device based on
a KrF excimer laser with a wavelength of 248 nm, a pulse period of 20 ns with
an adjustable repetition rate (1-10 Hz) and a laser energy of up to 600 mJ. The
repetition rate is set at 10 Hz during deposition, while the laser energy varies be-
tween 200 and 500 mJ. The target is placed on rotary drives that facilitates the
rotation in order to maintain homogeneous consumption of the target. Thin films
of Manganese oxide have been deposited by ablation of a pure MnO target (99.9
%). Films are grown on single crystal substrates of Si (100) that were chemically
treated prior to each deposition cycle. The substrate holder comprises a thermo-
couple for temperature readings and a heater that allows complete regulation of
the deposition temperature up to 950 ◦C. The temperature ranged from 25 to
650 ◦C in our experiment. Deposition runs are performed in an oxygen gas or
remote oxygen plasma chemically reactive atmosphere produced by a microwave
plasma source connected to the deposition chamber.

3.1.5 Remote Microwave-Plasma Source

The source of plasma consists of two primary parts:

1. The MW generator wave guide with R26-coaxial transformer, as well as the
sliding elements of the tuning and the power generator.

2. The vacuum quartz tube in which the plasma is created by connecting
microwaves to the flowing gas. This tube, which is placed directly on the
deposition chamber, guarantees the transport of the excited species into the
chamber with the gas flow to the area where the deposition process takes
place to form what is usually referred to as remote plasma.

In order to avoid overheating of the device, water and air cooling of the plasma
source is required. The plasma power was set to 400W during deposition with
plasma activation, a value obtained by minimizing the reflected power to a limit.
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As mentioned, the samples used in this work are manganese oxide thin films
deposited on silicon substrate. Table 3.1 shows the conditions used to obtain a
MnO2 thin film.

Sample Thickness Pressure Temperature Plasma Power Laser Energy

T3 840 100 500 350 220
T4 800 100 250 350 220
T14 750 100 500 400 470
T15 930 50 500 400 470
T8 880 250 500 400 500
T9 850 250 500 0 500
T1 990 100 500 0 328
M13 770 100 500 0 200

Table 3.1: Samples synthesized using Pulsed Laser Deposition

Where the units of: thickness: nm, temperature ◦C, pressure: mbarr, plasma
Power: W , and Laser Energy: mJ.

The synthesized samples are divided into 4 groups:

• Group 1: Samples T3 and T4 are grown at different temperature

• Group 2: Samples T14 and T15 are grown at different pressure

• Group 3: Samples T8 and T9 are grown at different plasma power

• Group 4: Samples T1 and M13 are grown at different laser energy

3.2 Surface Profilometry

Surface profilometry is a mechanical technique used to determine film thickness
by detecting a stylus’s mechanical motion as it traces a film-substratum phase
topography. The phase is done before deposition by masking a small region of
the sample.

3.3 Characterization Method Using FT-IR Spec-

troscopy

3.3.1 Infrared Spectroscopy

Herschel has discovered IR radiation in 1800. Then, the applications on IR
spectroscopy rises in material sciences by 1900 when the spectra for 52 com-
pounds were recorded relating molecular structure with absorption bands by
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Abney and Festing. IR spectroscopy also known as vibrational spectroscopy
measures matter-infrared radiation interaction dealing with the infrared portion
of the electromagnetic spectrum that lies on its low energy side (lower frequency
and larger wavelength than visible light). The method of infrared spectroscopy
gives an infrared spectrum utilizing a spectrometer used for the identification
of chemical substances or functional groups by measuring absorption, emission,
transmission and reflection.

IR absorption is defined by the transition of a molecule from the ground state
to a vibrationally excited state using the absorption of an infrared photon with
energy equals to the difference between the energies of the two states. Whereas
in IR emission a photon is emitted by a molecule during its transition from
the excited to the ground state. Therefor, IR infrared spectroscopy identifies
characteristic vibrational bands of bonded units to give chemical information
about the molecular structure of a material.

In IR transmission spectroscopy, part of the IR radiation transmits through
the samples and the other is absorbed which gives a spectrum indicating the
molecular absorption and transmission, and thus generating a molecular finger-
print of the sample. Whereas, in IR reflection spectroscopy, the technique we
are dealing with in our work, the change in the reflectance spectrum is measured
for thin films deposited on reflective substrates. The infrared spectrum for each
molecular structure is unique, as each molecule has a specific combination of
atoms. Thus, infrared spectroscopy can serve in the study of different types of
material.

3.3.2 Fourier Transform Infrared Spectroscopy

Fourier-transform infrared spectroscopy (FTIR) is a technique for obtaining the
absorption or emission spectrum of a solid, liquid, or gas in the infrared. High-
resolution spectral data is obtained simultaneously by an FTIR spectrometer
over a large spectral spectrum. The term Fourier-transform infrared spectroscopy
stems from the fact that in order to convert raw data into the actual spectrum,
a Fourier transform (a mathematical process) is required. The aim of absorption
spectroscopy techniques is to measure how much light at each wavelength a sam-
ple absorbs. The easiest way to do this is to shine a monochromatic light beam
at a sample, determine how much of the light is absorbed, and repeat for each
different wavelength, this is called the ”dispersive spectroscopy” process. A less
intuitive way of collecting the same knowledge is Fourier-transform spectroscopy.
This technique shines a beam containing several frequencies of light at once in-
stead of shining a monochromatic beam of light at the sample and tests how much
of the beam is absorbed by the sample. Next, the beam is altered to contain a
particular frequency combination, giving a second data point. Over a short time
period, this process is replicated rapidly several times. Then, a computer takes
all this knowledge and works backward to decide at each wavelength what the
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absorption is. Computer processing is necessary, as stated, to translate the raw
data into the desired result (light absorption for each wavelength). A popular
algorithm called the Fourier transform turns out to be the processing necessary.

Sample molecules selectively absorb radiation from particular wavelengths
when exposed to infrared radiation, causing the dipole moment shift of the sam-
ple molecules. The vibrational energy levels of the sample molecules are then
transferred from the ground to the excited state. The vibrational energy GAP
defines the frequency of the absorption peak. The number of peaks of absorption
is related to the molecule’s vibrational freedom. The strength of the peaks of
absorption is connected to the shift dipole moment and to the probability of the
transition of energy levels. Therefore, one can readily obtain abundant structure
knowledge from a molecule by studying the infrared spectrum. The fact that it
is capable of analyzing all gas, liquid, and solid samples is what makes infrared
absorption spectroscopy even more useful.

The vibrations of molecular bonds are explained by Hooke’s law where two
atoms within the connecting bond are treated as a simple harmonic oscilla-
tor.Thus, the spring’s vibration frequency is connected to the reduced mass
µ = m1m2

m1+m2
of the two atoms forming the molecule and the spring constant k

by the following equation:

νvib =
1

2π

√
k

µ
(3.1)

Knowing that the infrared energy region of the electromagnetic spectrum
includes the typical values of νvib which are of order 1014s−1. Vibrational motion
is quantized in accordance with quantum mechanics, and the mechanical solution
of a quantum harmonic oscillator is as follows:

Ei = hν(ni +
1

2
) (3.2)

Where ni = 0, 1, 2... is the vibrational quantum number.
As quantum theory describes the interaction between an atom and light, the

absorbed energy of radiation is a multiple number of the energy difference be-
tween the molecular vibrational ground and excited states. Therefore, light ab-
sorption takes place when the frequency of the infrared radiation matches with
the vibrational frequency of the molecule and contributes to an infrared spectrum
characteristic of the molecular structure.

In addition, FTIR has achieved a substantial rise in modern software algo-
rithms, so it is an irreplaceable instrument for quantitative analysis. What made
FTIR analysis almost infinite, highly accurate and worthwhile over the dispersive
infrared spectral analysis methods:

• The interferometer which results in extremely quick measurements as all
the frequencies are measured simultaneously, so most FTIR measurements
are made in a matter of seconds rather than several minutes.
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• High signal-to-noise ratio which is proportional to the time of measurement,
and the number of scans as data is obtained at the same time from all
wavelengths.

• High resolution which is obtained by increasing the distance of mirror move-
ment without the use of narrow slits.

Various types of interferometers, such as the Michelson interferometer, the
lamellar grating interferometer, and the Fabry-Perot interferometer can be used
in FTIR spectroscopy. The FTIR spectrometer method can be briefly explained
as follows:

• The interferometer produces a signal known as an interferogram.

• The obtained signal is a record of intensity by the detector as a function of
optical path difference of the two beams of the interferometer.

• Apply Fourier transform for the interferogram to get the final spectrum .

The intensity which is a function of path difference transforms as a whole to
give the spectrum S which is a function of frequency ν. This is known as the
inverse Fourier Transform:

S(ν) =

∫ ∞
−∞

I(x)ei2πνxdx = F−1[I(x)] (3.3)

where the Fourier Transform is:

I(x) =

∫ ∞
−∞

S(ν)ei2πνxdν = F [S(ν)] (3.4)

3.3.3 Extracting the spectrum from raw data

Using a computer, the interferogram I(x) is transformed to the spectrum S(ν) by
the inverse Fourier transform integral. Where the interferogram is decoded using
Fourier transform to draw out the actual spectrum I(ν). Then, the detector
collects the intensity which is a function of the path length differences in the
interferometer x and wave-number ν:

I(x, ν) = I(ν)[1 + cos(2πνx)] (3.5)

Therefore, for every data point at a specific path length difference, the total
intensity measured is:

I(x) =

∫ ∞
0

I(x, ν)dν (3.6)

Now, we can reach the spectrum S(ν) in terms of I(x) by determining the
inverse Fourier transform to get:

S(ν) = 4

∫ ∞
0

[I(x)− 1

2
I(x = 0)] cos(2πνx)dx (3.7)
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3.3.4 Experimental Setup

Most of the available Fourier transform spectrometers use Michelson interferom-
eter, which is easy to construct and operate.

A typical Michelson interferometer consists of two perpendicular mirrors and
beamsplitter.

Figure 3.3: Michelson Interferometer Scheme

In frequency measurements, the benefits of using the Michelson interferometer
are its high sensitivity to surface topography, ability to cover large areas with high
resolution, and high accuracy. In a standard Michelson interferometer, there are
a beam splitter and two perpendicular mirrors in which one of the mirrors is
fixed and the other is free to move. The beam splitter is used to reflect half
of the light towards the fixed mirror and transmits the other half towards the
moving mirror. Then the light is reflected back toward the beam splitter where
they recombine after hitting the mirrors. This recombination of light waves will
lead to an interference pattern incident on the detector due to the difference in
path difference. This pattern is called the interferogram, where at each data
point that is a function of the location of the moving mirror, collects information
about all the infrared frequencies produced from the source. Thus, the use of an
interferometer enhances our measurements as all the frequencies are determined
concurrently as the interferogram is obtained.

In this research work, the FTIR system is a Nicolet 4700 spectrometer from
Thermo Electron Corporation in the mid-infrared range of 400-4000 cm−1. On
the samples, 100 scans were performed out adjusting the resolution to cm−1 in
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order to improve the signal-to-noise ratio. As the sample compartment is not
evacuated, a relative scale is required for the absorption intensity. Before each
measurement, we use a gold-coated mirror to obtain a background spectrum and
this is before placing the sample. To remove the contribution of both the in-
strumental and environmental features to the infrared spectrum, the background
signal is subtracted from the sample’s spectrum. As a result, the sample is inten-
sively responsible for all spectral features that occur in the collected spectrum.
Adjustment of parameters and data collection are manipulated by OMNIC soft-
ware, while the data collected is plotted and analyzed using Microcal Origin
software.
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Chapter 4

THEORETICAL STUDY

The main objective of this research work is to determine the dielectric property of
manganese oxide thin films using reflectivity measurement of unpolarized light. In
order to manipulate the dielectric properties, we use the Transfer Matrix Method
which has been used to calculate the optical reflectance of multilayer structures
by creating a chain of multiplied single layer-transfer matrices, accompanied by
the boundary conditions of the electromagnetic fields at the interfaces of the
structure. By determining the reflectance in a very abstract way, we can estimate
the main optical properties of a given combination of films.

4.1 Kramers-Kronig Analysis

The main aim of this section is to find the classical Hilbert transform relations
that contribute to the complex dielectric constant between the real and imaginary
components of the generalized complex refractive index. Connections of this kind
are mostly referred to in the literature of physics as dispersion relations. However,
they are most commonly referred to as the Kramers-Kronig relations for the two
functions just described, and for many related attributes. Historically, these were
the first implementations in the physical sciences of the Hilbert transform prin-
ciple and were discovered by Kronig (1926) and Kramers independently (1927).
Hence, Kramers-Kronig (K-K) analysis is a universal method of extraction of the
complex dielectric function from experimentally accessible optical quantities is
developed [22].

Using specular spectrometer, spectral measurement can be achieved easily
without damaging the sample. However, irregular dispersion occurs when it is
applied to the measurement of a sample that is highly specular as a glassy or
crystalline material and experiences absorption in the infrared region, rendering
the spectrum peaks distorted to look like those of a first derivative curve Analysis
and recognition of functional groups from such a continuum is difficult. This
distorted spectrum therefore needs to be transformed for analysis into an ordinary
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spectrum. For that reason, the Kramers-Kronig transform is used.
The Kramers-Kronig relations are:

χ1(ω) =
P

π

∫ ∞
−∞

χ2(ω
′
)dω

′

ω′ − ω

χ2(ω) = −P
π

∫ ∞
−∞

χ1(ω
′
)dω

′

ω′ − ω

(4.1)

where given:

χ(ω) = χ1(ω) + iχ2(ω) (4.2)

A complex function, such that χ1(ω) and χ2(ω) are real numbers. P is the Cauchy
principle value.

For satisfying (K-K), the complex function χ(ω) is defined such that the
function χ1(ω) is even and the function χ2(ω) is odd with respect to real ω and
the positions of the χ(ω) poles are below the real axis and the function in the
upper half of the complex plane is analytic .Moreover,as taken around an infinite
half circle in the upper part of the complex plane, the

∫ χ(ω)
ω

tends to zero.
Upon manipulating the real portion of χ(ω) = χ1(ω) + iχ2(ω) and dividing

the integral into two parts, we get:

χ1(ω) =
P

π

∫ ∞
−∞

χ2(ω
′
)dω

′

ω′ − ω

χ1(ω) =
P

π

∫ 0

−∞

χ2(ω
”)dω”

ω” − ω
+
P

π

∫ ∞
0

χ2(ω
′
)dω

′

ω′ − ω

(4.3)

Now substituting ω” for -ω
′

and χ2(−ω
′
) = −χ2(ω

′
) we get the following two

integrals:

χ1(ω) =
2P

π

∫ ∞
0

ω
′
χ2(ω

′
)dω

′

ω′2 − ω2

χ2(ω) =
−2ωP

π

∫ ∞
0

χ1(ω
′
)dω

′

ω′2 − ω2

(4.4)

Kramers Kronig transform is one of the key instruments in all media for the
study of phenomena of light matter interaction as it provides constraints for
checking the self-consistency of data produced by experiments or models. It also
enables the inversion of optical data, i.e. data on dispersive phenomena can
be calculated by translating absorptive phenomena measurements all over the
entire spectrum and vice versa. Thus, the main purpose now is to relate the only
experimental data extracted in our work, the reflectance R(ω), to the real and
imaginary parts of the dielectric optical function.
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We will express r(ω), the reflectivity coefficient (light intensity ratio), defined
at the surface of a crystal in it’s polar notation to be:

r(ω) =
ER
EI

= ρ(ω)eiθ(ω) (4.5)

where:

• The modulus: ρ(ω) =
√
R(ω)

• The argument: θ(ω) is the phase difference between the reflected and trans-
mitted rays and will be extracted from the experimental values of R(ω).

In this way, infrared spectrum analysis by Kramers-Kronig is used to derive
the phase shift from the measured experimental data R(ω). To accomplish our
objective of determining the complex dielectric function of the system we should
provide a relation between the reflectivity coefficient r(ω) and the complex re-
fractive index n∗(ω) = n(ω) + ik(ω). The corresponding relations are expressed
as:

r(ω) =
√
Reiφ =

n2 cos θ1 − n1 cos θ1
n2 cos θ1 + n1 cos θ1

(4.6)

R = |r|2 = r.r∗ (4.7)

The term r∗ is the complex conjugate of r. The logarithmic expression of Eq.
4.7 is as follows:

ln (r) = ln (
√
R) + iφ (4.8)

In Eq. 4.8,
√
R and φ are mutually dependent according to the Kramers-

Kronig equation:

φ(ω) = −ωP
π

∫ ∞
0

lnR(ω′)dω′

ω′2 − ω2

φ(ω) = −ω
π

∫ ∞
0

(lnR(ω′)− lnR(ω))dω′

ω′2 − ω2

(4.9)

By integrating by parts Eq. 4.9 , we can obtain a more effective expression
of the theoretical phase shift which displays the whole reflection spectrum from
zero to infinite frequencies where:

φ(ω) = − 1

2π

∫ ∞
0

ln
|ω′ + ω|
|ω′ − ω|

d lnR(s)

dω′
dω′ (4.10)

The integral 4.10 shows that only a limited part of the entire spectrum con-
tributes significantly to φ(ω). Whereas, the regions with constant reflectance

and those where ln |ω
′
+ω|

|ω′−ω| is very weak, such that ω
′
>> ω or ω

′
<< ω, do not

contribute in the integral. Consistently, significant contributions come from the

neighborhood of ω0, where ln |ω
′
+ω|

|ω′−ω| gives a very sharp peak and from region where

reflectivity shifts quickly.
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4.2 Fresnel Theory

The Fresnel equations explain how light (or electromagnetic radiation in general)
reflects and transmits when an interaction between various optical media occurs.
Agustin-Jean Fresnel was the first to recognize that light is a transverse wave,
even though no one knew that electric and magnetic fields were the ”vibrations”
of the wave. Polarization could be quantitatively understood for the first time,
as Fresnel’s equations [23] correctly predicted the different behavior of the s and
p polarization waves on a material interface. When the interface between two
mediums with different refractive indices (say n1 and n2) is reached by light, there
can be both reflection and refraction of light. The Fresnel equations describe the
ratios of the electric fields of the reflected and transmitted waves to the electric
field of the incident wave where the magnetic fields of the waves can also be
related using identical coefficients. They define not only the relative amplitude,
but also the phase changes between the waves because these are complex ratios.
Moreover, they presume that the interface between the media is flat and that
the media is homogeneous and isotropic. Fresnel and Maxwell’s equations are
coherent with the treatment of light. Hence, by setting the boundary conditions
of Maxwell’s equations at each interface, the behavior of electromagnetic waves at
the interface between two different mediums is found. Consequently, we consider
the incident light to be a plane wave, which is sufficient to solve any problem
because it is possible to decompose into plane waves and polarizations.

As mentioned above for two separate linear polarization elements of the inci-
dent wave, there are two sets of Fresnel coefficients:

Figure 4.1: s polarization

1. S-polarization (parallel) where light’s electric field is oriented perpendicular
to the incidence plane , and the magnetic field is in the plane of incidence.
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Figure 4.2: p polarization

2. P- polarization (perpendicular) where light is known to have an electric field
direction parallel to the incidence plane ,and it’s magnetic field is perpendicular

to the incidence plane.

4.2.1 Fresnel Equations

Referring to figure(s), we can observe the incident plane wave hitting the the
interface separating two media of different refractive index, n1 and n2. A part
of this wave is reflected and the other is transmitted through the surface. The
given angles θI (angle of incidence) and θR (angle of reflection) are related using
the law of reflectivity:

θI = θR (4.11)

As well as angles θI and θT (angle of transmission) are related by Snell’s law:

n1 sin θI = n2 sin θR (4.12)

Now, by considering the electric and magnetic fields that form the electromag-
netic wave presented is the Fig. 4.2/4.1 above and the laws of electromagnetism,
the action of light on the interface is solved. Hence, to find the fraction of the
incident power reflected from the interface, the reflectance, we should apply elec-
tric and magnetic fields’ boundary conditions at the interface between n1 and
n2. ER and ET are the amplitude of the reflected and transmitted electric field
respectively.

Apply Faraday’s and Ampere’s law to a rectangular loop mounting the surface
to draw out the boundary conditions for the tangential components of electric
and magnetic fields. In the manner of deriving the Fresnel’s equation for parallel
and perpendicular polarization, we will define the coefficient of reflection:
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r =
ER
EI

(4.13)

and the coefficient of transmission:

t =
ET
EI

(4.14)

For solving the equations that we will derive from the boundary conditions,
we should recall the Maxwell’s equation that relates the electric and magnetic
fields for any wave by:

H =

√
ε

µ
E (4.15)

where:

• ε is the electric permittivity of the material in which the light propagates

• µ is the magnetic permeability of the material in which the light propagates

Now, as n =
√
ε and µ = 1 at optical frequency we get:

HI,R = n1EI

HT = n2ET
(4.16)

4.2.2 Fresnel Equations for P-polarization

Referring to figure 4.2, the reflected and transmitted waves are of the same po-
larization by symmetry. Applying the tangential boundary conditions for the
tangential components of electric fields that should be continuous across the
boundaries, we get:

EI cos θI + ER cos θR = ET cos θT (4.17)

However, we get for the magnetic field which is collinear in the incident,
reflected, and transmitted manner:

HI −HR = HT (4.18)

Combining equations 4.16 and 4.18, we get:

n1(EI − ER) = n2ET (4.19)

Connecting equation 4.17 with equation 4.19, we get the P-polarized Fresnel
equations:

tp =
2n1 cos θI

n1 cos θT + n2 cos θI

rp =
n1 cos θT − n2 cos θI
nI cos θT + n2 cos θI

(4.20)
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4.2.3 Fresnel Equations for s-polarization

On the other hand, referring to figure 4.1, the boundary conditions for the per-
pendicular polarization:

EI + ER = ET (4.21)

−HI cos θI +HR cos θI = HT cos θT (4.22)

This leads to the s-polarization Fresnel equations:

ts =
2n1 cos θI

n1 cos θI + n2 cos θT

rs =
n1 cos θI − n2 cos θT
nI cos θI + n2 cos θT

(4.23)

4.3 Transfer Matrix Method

The study of multi-layer films has gained increasing interest in recent years due
to their many potential uses as optical coatings and as transparent conductive
electrodes in opto-electronic devices such as flat displays, thin film transistors
and solar cells [26]. As the unique optical properties of multi-layer films play
an important role in the construction of thin-film solar cells’ it is important for
the design and tuning of more powerful opto-electronic devices to establish a
general method that enables the analysis of the optical response of multi-layer
systems. In this section, a transfer matrix method (TMM) for calculating the
optical properties of multi-layer systems including constructive and destructive
interference will be described.

Figure 4.3: Reflection and Transmission at interfaces
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Figure 4.4: Single-layer film on substrate

By writing the field expressions and recognizing their continuity over each
boundary, the transfer matrix approach can be extracted. The transfer matrix
method is used to solve Maxwell’s equations in a multi-layer system subject to
a uniform incident field E. Simple matrix operations that connect the top and
bottom electric and magnetic fields of a single layer are used in this process.

Fresnel equations derived in the previous section are used to define light re-
flections for a single interface. Now for multi-layers systems, the powerful TMM
will be used for the study of the propagation of light. We will first find the char-
acteristic matrix including coefficients for each layer, and then we will derive the
reflectance R for the matrices product of individual layers.

4.3.1 Transfer Matrix for a single layer-film on a substrate

The method of Transfer Matrix can model the reflectance and propagation of
light propagating a medium by establishing Maxwell’s equations and applying
the necessary boundary conditions. In this manner, we are going to use TMM to
find the reflectance for a single layer-film on a substrate.
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Figure 4.5: Field vectors of incident, reflected and transmitted waves in p- po-
larization

Figure 4.6: Field vectors of incident, reflected and transmitted waves in s- polar-
ization

In figure 4.5 we have:

• An incident plane wave at z=0

• xOz plane pf incidence

• θ0 reflection angle

• θ1 transmission angle

• An interface between two dielectric media of refractive indices n0 and n1

• EI
0p and EI

0p the electric vectors’ amplitudes arriving at the interface

• Er
0p and Er

0p the reflected electric field vectors

• Et
0p and Et

0p the transmitted electric field vectors
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It is known that, Maxwell’s equation’s electric and magnetic plane wave so-
lutions at a fixed angular frequency take the form:

E(r, t) = E0e
i(ωt±k.r)

H(r, t) = H0e
i(ωt±k.r)

such that the sign of the scalar product k.r depends on the direction of the
wave propagation.

At the interface between mediums n0 and n1, a phase factor must be added
for the incident, reflected, and transmitted waves’ electric vector which will take
the following forms:

ei(wt−
2πn0 sin θ0x

λ
− 2πn0 cos θ0z

λ
) (incident)

ei(wt−
2πn0 sin θ0x

λ
+

2πn0 cos θ0z
λ

) (reflected)

ei(wt−
2πn1 sin θ1x

λ
− 2πn1 cos θ1z

λ
) (transmitted)

It is remarkable that Maxwell’s equations can be represented in a sinusoidal
steady state in terms of a phasor, a complex number representing a sinusoidal
function whose amplitude A, angular frequency ω, and initial phase φ are time-
invariant. Hence,the phasor form of Maxwell’s equations in a frequency domain
is written as follows:

∇× E = −iωµH

∇×H = iωεE + σE

∇ · E = 0

∇ ·H = 0

(4.24)

where:

• ε is the dielectric permittivity

• µ is the magnetic permeability which is taken to be

Applying the curl operator to the electric plane wave solution and comparing
to the first equation in the above set of equations, the relation between H and E
is:

H =

√
ε

µ
× E

H =
√
εK × E

H = nK × E

(4.25)

where n =
√
ε

The tangential components of the electric field E and the magnetic field H
that represents the x and y components of the fields are given as:
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• for the first medium:

E0x = (E+
0pe
−ix0z + E−0pe

+ix0z) cos θ0

E0y = (E+
0pe
−ix0z + E−0pe

+ix0z)

H0x = (−E+
0se
−ix0z + E−0se

+ix0z)n0 cos θ0

H0y = (E+
0pe
−ix0z − E−0pe+ix0z)n0

(4.26)

• For the second medium :

E1x = E+
1pe
−ix1z cos θ1

E1y = E+
1se
−ix1z

H1x = −n1E
+
1se
−ix1z cos θ1

H1y = n1E
+
1pe
−ix1z

(4.27)

Knowing that xi = 2πni cos θi
λ

.
Therefore, the continuity relation, of the tangential field boundary conditions,

derived from Maxwell’s equations, should be applied to determine the reflection
and transmission of electromagnetic waves through a medium. The continuity
equation are:

• For the x tangential component:

E0x = E1x

H0x −H1x = J
(4.28)

• For the y tangential component:

E0y = E1y

H0y −H1y = J
(4.29)

where J is the surface current density.
Equating the tangential components of the electric and magnetic fields using

the boundary conditions above and taking J = 0 for dielectric materials, we get:

• At z=0:

E0x = E1x

(EI
0p + Er

0p) cos θ0 = Et
1p cos θ1

E0y = E1y

EI
0p + Er

0p = Et
1s

H0x = H1x

(−EI
0s + Er

0s)n0 cos θ0 = −n1E
t
1s cos θ1

H0y = H1y

(EI
0p − Er

0p)n0 = n1E
t
1p

(4.30)
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• At the plane z=d:

(Et
1pe
−ix1d + Er

1pe
+ix1d) cos θ1 = Et

2pe
−ix2d cos θ2

Et
1pe
−ix1d + Er

1pe
+ix1d = Et

2se
−ix2d

(−Et
1se
−ix1d + Er

1se
+ix1d)n1 cos θ1 = −n2E

t
2se
−ix2d cos θ2

(Et
1pe
−ix1d − Er

1pe
+ix1d)n1 = n2E

t
2pe
−ix2d

(4.31)

Now, we will consider the interface between the kth and (k+1)th layers to gen-
eralize the problem. The electric and magnetic fields should satisfy the following
conditions:

Et
k + Er

k = Et
k+1 + Er

k+1

H t
k −Hr

k = H t
k+1 +Hr

k+1

(4.32)

Recalling the definitions of r =
Erk−1

Etk−1
and t =

Etk
Etk−1

. Each electric and mag-

netic field is composed of a p and s polarized components, the Fresnel equations
associated with the interface between two media (k and k+1 at incidence angle
different from zero are as follows:

rks =
nk−1 cos θk−1 − nk cos θk
nk−1 cos θk−1 + nk cos θk

rkp =
nk cos θk−1 − nk−1 cos θk
nk cos θk−1 + nk−1 cos θk

tks =
2nk−1 cos θk−1

nk−1 cos θk−1 + nk cos θk

tkp =
2nk−1 cos θk−1

nk cos θk−1 + nk−1 cos θk

(4.33)

Recalling the total reflectance for p and s polarizations:

Ris = risris∗
Rip = riprip∗

(4.34)

Moreover, for reaching the matrix form we should write equations 4.30 and
4.31 as:

Et
k−1 =

eiδk−1Et
k + rke

iδk−1Er
k

tk

Er
k−1 =

rke
−iδk−1Et

k + e−iδk−1Er
k

tk

(4.35)

where:
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• i stands for the two interfaces (i=1 for the air-thin film interface and i=2
for thin film-substrate interface)

• δk = 2πnkdk cos θk
λ

represents phase change of the wave transmitted through
the film]

(
Et
k−1

Er
k−1

)
=

1

tk

(
eiδk−1 rke

−iδk−1

rke
−iδk−1 e−iδk−1

)(
Et
k

Er
k

)
(4.36)

Such that the characteristic matrix of a single layer:

Mk =

(
eiδk−1 rke

−iδk−1

rke
−iδk−1 e−iδk−1

)
(4.37)

Where given the reflectance and transmittance for a single film:

R =
(Er

0)(Er
0)∗

(Et
0)(E

t
0)∗

T =
(Et

2)(E
t
2)∗

(Et
0)(E

t
0)∗

(4.38)

Therefore, to manipulate the above coefficients, we should find the matrices for
k=1 and k=2 for using the matrix in 4.36. For k=1:(

Et
0

Er
0

)
=

1

t1

(
eiδ0 r1e

−iδ0

r1e
−iδ0 e−iδ0

)(
Et

1

Er
1

)
(4.39)

For k=2: (
Et

1

Er
1

)
=

1

t2

(
eiδ1 r2e

−iδ1

r2e
−iδ1 e−iδ0

)(
Et

2

Er
2

)
(4.40)

The relation between transmitted and reflected rays can be derived by com-
bining equations 4.39 and 4.40:(

Et
0

Er
0

)
=

1

t1t2

(
eiδ1 r1r2e

−iδ1

r1r2e
−iδ1 e−iδ0

)(
Et

2

Er
2

)
(4.41)

We can express the matrix product:

(M1)(M2) =

(
a b
c d

)
(4.42)

where using matrix multiplication rules we can find out a, b, c, and d. Thus,
the reflectance and transmittance fractions can be written as:

R =
cc∗
aa∗

T =
(t1t2)(t1t2)∗

aa∗

(4.43)
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4.3.2 Transfer Matrix for a multi-layer thin film

Our job now is to extend the transfer matrix method for a single layer to a
multi-layer structure.

Figure 4.7: The reflectance and transmission though a multi-layer semiconductor

In Fig. 4.7, we consider a stack with parallel-plane layers of indices: 1,2,...,i...,k-
1 that are placed between the first layer and the substrate. Let ni and di be the
refractive index and geometrical thickness of the layer i, respectively. We recall
Snell’s law that relates θi with θi+1:

ni sin θi = ni+1 sin θi+1 (4.44)

The linear Relation between Et
0, E

r
0 ,Et

k+1, and Er
k+1 should be provided by

the transfer matrix method by applying a characteristic matrix multiplication
over the layers. Consequently, the expression for the whole multi-layer structure
is developed as:
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(
Et

0

Er
0

)
=

(M1)(M2)...(Mk+1)

t1t2...tk+1

(
Et
k+1

Er
k+1

)
(4.45)

where (
eiδk−1 rke

iδk−1

rke
−iδk−1 e−iδk−1

)
(4.46)

and

(M1)(M2) · · · (Mk+1) =

[
a b
c d

]
(4.47)

Now, we can find out the total response of the above structure by finding out
the total reflectance and transmittance:

R =
(Er

0)(Er
0)∗

(Et
0)(E

t
0)∗

=
cc∗
aa∗

T =
(t1t2...tk+1)(t1t2)tk+1∗)

aa∗

(4.48)

In our research work, we perform the transfer matrix method for a three layers
system (air-MnO thin film - silicon). We will Provide a notation for the elements
of the matrix that enables expressions relating to the finite number of layers.
Thus, we are going to consider an unpolarized light where there is no distinction
between the perpendicular and the parallel polarizations. The complex refractive
index of the k-1 layer is represented by:

˜nk−1 = nk−1 + i ˜kk−1 (4.49)

and that for the k layer is:
ñk = nk + ik̃k (4.50)

Given the Fresnel coefficients between the k-1 and k layers :

rk = gk + ihk

tk = 1 + rk = 1 + gk + ihk
(4.51)

where

gk = real(rk)

hk = imaginary(rk)
(4.52)

In addition, the phase shift of the (k − 1)th layer is expressed as:

eiδk−1 = ei2πωdk−1 cos θk−1(nk−1+i ˜kk−1)

eiδk−1 = eαk−1eiγk−1
(4.53)

where
αk−1 = −2πω ˜kk−1dk−1 cos θk−1
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γk−1 = i2πωnk−1dk−1 cos θk−1

All the elements of single matrices are complex, so the kth matrix is gives as:

Mk =

(
eiδk−1 rke

−iδk−1

rke
−iδk−1 e−iδk−1

)(
pk + iqk rk + isk
tk + iuk vk + iwk

)
(4.54)

We extract the new specified coefficients by applying simple mathematics, as
follows:

pk = eαk−1 cos γk−1

qk = eαk−1 sin γk−1

rk = eαk−1(gk cos γk−1 − hk sin γk−1

sk = eαk−1(hk cos γk−1 + gk sin γk−1

tk = e−αk−1(gk cos γk−1 + hk sin γk−1

uk = e−αk−1(hk cos γk−1 − gk sin γk−1

vk = e−αk−1 cos γk−1

wk = −e−αk−1 sin γk−1

(4.55)

The characteristic matrix product of individual layer matrices should be sim-
plified for the measurement of the reflectance for the multilayer structure of n
layers. The recurrence relations make it possible to express the elements of the
product matrices in a double suffix form as follows:

(M1)(M2)...(Mk+1) =

(
p1,k+1 + iq1,k+1 r1,k+1 + is1,k+1

t1,k+1 + iu1,k+1 v1,k+1 + iw1,k+1

)
(4.56)

Where the recurrence relations are defined as:

p1,k+1 = p1kpk+1 − q1kqk+1 + r1ktk+1 − s1kuk+1

q1,k+1 = q1kpk+1 + p1kqk+1 + s1ktk+1 + r1kuk+1

r1,k+1 = p1krk+1 − q1ksk+1 + r1kvk+1 − s1kwk+1

s1,k+1 = q1krk+1 + p1ksk+1 + s1kvk+1 + r1kwk+1

t1,k+1 = t1kpk+1 − u1kqk+1 + v1ktk+1 − w1kuk+1

u1,k+1 = u1kpk+1 + t1kqk+1 + w1ktk+1 + v1kuk+1

v1,k+1 = t1krk+1 − u1ksk+1 + v1kvk+1 − w1kwk+1

w1,k+1 = u1krk+1 + t1ksk+1 + w1kvk+1 − v1kwk+1

(4.57)

The reflection would finally have the following expression:

R =
cc∗

aa∗
=
t21,k+1 + u21,k+1

p21,k+1 + q21,k+1

(4.58)

36



We adopted the same strategy derived above in our model, but for unpolarized
light. Subsequently, for both the perpendicular and parallel polarizations, the
recurrence relations should be determined.

Rs =
t212s + u212s
p212s + q212s

Rp =
t212p + u212p
p212p + q212p

(4.59)

Where the system’s total reflectivity is:

R =
1

2
(Rp +Rs) (4.60)

The appropriate Fresnel coefficients are, at the same time, presented as:

rp =
r1p + r2pe

−2iδ

1 + r1pr2pe−2iδ

rs =
r1s + r2se

−2iδ

1 + r1sr2se−2iδ

r =
1

2
(rp + rs)

(4.61)

As a summary of our work, the reflectance coefficient is separated into real
and imaginary parts: r(ω) = A+ iB. Every one of our experimental reflectivity
measurements is extrapolated at the low and high frequency end using Origin
software. The estimated error for the measured values of reflectivity is about
1% , upon extrapolation , it may reach 20% at the boundaries but remains very
small in the middle of the spectrum. The results are put in a Kramers-Kronig
MATLAB code that gives the values of φ(ω) at every wave number. We obtain:
r(ω) =

√
R expiφ(ω) =

√
R cosφ +

√
R sinφ. . Finally, the two equations are

equated as follows: {
A−
√
R cosφ = 0

B −
√
R sinφ = 0

(4.62)

The only unknowns in this system of two equations are the index of refraction
and extinction coefficient of the film which will be obtained by equating these two
equations using a MATLAB code that performs iterations on all the frequency
range.
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4.4 Description of the Analytical Model

In this section, we will describe the steps that were followed in order to develop
our computational code to retrieve the complex dielectric properties.

We start by inputting the fixed parameters in the code. Our fixed parameters
are the index of refraction of air n0, the thickness of the manganese oxide thin
film, the wave-number range ω, and the experimental values of the reflectance
R. In addition, we add the the incident angle θ0, and the values of φ that were
mentioned in the previous section are also inserted.

We then give a range of values for both n and k. Take n as a row vector and
k as a column vector and arrange them in a form of a table, where for every n
we have a corresponding k and the values in the table are the multiplication of
these n and k.

Figure 4.8: Table sample for the values of n and k

Then we insert the two formulas from Eq. 4.62 individually. The physics
behind our code underlies in this step. When inserting the derived equations, we
include all the physical properties and the theoretical derivations of the boundary
value problem.

We now add two tables each containing a grid of n and k resulting from each
formula. These two tables are sorted in ascending order and the position of
the smallest value in each column is recorded for both tables. By knowing this
position, two sets of values of n and k can be obtained from each table using
the step that was given. n = nmax − (step × position). The position is taken
with respect to nmax. Next, we form another table similar to the ones before
but using the new sets of n and k that were obtained. Let N1 = n1 + ik1 and
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N2 = n2 + ik2 be the complex indices of refraction extracted from the first and
second table respectively. We apply a condition on N1 and N2 to be equal or
extremely close to each other, i.e. their difference should be approximately zero.
Another condition is introduced which imposes that the calculated reflectance
must be equal to the measured experimental reflectance data. This limits our
calculations to only one value of n and k for each wave number which when
combined, results in the graphs of n and k for every sample.
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Chapter 5

RESULTS AND DISCUSSIONS

In this chapter, we use the developed model to retrieve the dielectric function of
Manganese Oxide thin films deposited on Silicon substrate using infrared reflec-
tivity measurements.

The amplitudes of the reflected rays are measured using the experimental
setup described in chapter 4. Using the Kramers-Kronig conversion theorem,
we determined the phases of the plane infrared electromagnetic waves. Then,
the complex infrared dielectric function, of Manganese Oxide grown at different
conditions using the PLD technique, is deduced using the numerical technique
mentioned in chapter 4.

5.1 Measurements

FT-IR measurements were performed on the samples to measure their reflectivity
spectra as a function of the excitation wavelength. Then, the phase shift as a
function of excitation wavelength is retrieved using the Kramers-Kronig conver-
sion theorem. From the reflectivity R and the phase shift φ, we were able to
determine the complex refractive index (n+ ik) spectrum for each sample.

The figure below shows the refractive index spectrum as a function of excita-
tion wavelength.
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Figure 5.1: Refractive index spectrum as a function of excitation wavelength

A refractive index is an indicator of how different frequencies and wavelengths
of light propagate through a transparent material. As shown in Fig.5.1, the ma-
terial used in our work is of high index of refraction. Thus, our material has
high end at infrared, so it can do more reflections. High refractive index materi-
als are increasingly prevalent in optoelectronic applications. They are primarily
useful for optimizing the visual properties of electronic displays, including LCDs,
OLEDs, and quantum dot (QDLED) televisions.

Thus, the real and imaginary parts of the dielectric functions are then derived
from the relationships:

ε1(ω) = n2(ω)− k2(ω)

ε2(ω) = 2n(ω)k(ω)

In the following subsections, we will present the real ε1 and the imaginary
ε2 of the dielectric function ε as function of ω for the different samples grown
at different conditions. In the first subsection, we will investigate the affect of
the temperature on ε1 and ε2 whereas in the second subsection we will study the
affect deposition pressure on both ε1 and ε2. In the third subsection, we will see
how do ε1 and ε2 behave with changing the laser energy. Lastly, in the fourth
subsection we will study the affect of the plasma source on ε1 and ε2.
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5.1.1 Measurements for the samples grown at different
temperature

Figure 5.2: Real part of the dielectric function as function of ω for thin film
synthesized at different temperature

Fig.5.2 presents the real part of the complex infrared dielectric functions of
manganese oxide thin films synthesized at two different temperatures. As shown
in Fig.5.2, the real part of the dielectric constant increases with increase in tem-
perature. This phenomenon is explained by using dielectric polarization. At
low frequency, four types of polarization occur simultaneously: electronic po-
larization, ionic polarization, dipolar polarization and interfacial polarization.
Nonetheless, the dielectric constant is mostly related to the interfacial polariza-
tion. As frequency increases, the interfacial polarization fail to occur and thus
dipolar polarization is the main contributor. This also happens to dipolar and
atomic polarizations at greater frequencies. At low frequency, the charge carriers
reach the grain boundary and accumulated at the boundary resulting in inter-
facial polarization, yet as frequency increases the dielectric constant decreases
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because of the transition from interfacial polarization to dipolar polarization. In-
terfacial polarization generally takes a longer time to form completely than other
polarizations. The dielectric constant increases with increase in temperature.
The charge carriers are at low energy state when the temperature is relatively
lower. Thus, the charge carriers are difficult to move and the movement to follow
the direction of the applied field is relatively small which results in low contribu-
tion to polarization and dielectric behaviour. With the increase in temperature,
the charge carriers are excited and have enough energy to follow the change of
the applied field, therefore increase the dielectric constant.

In Fig.5.2, we can see that sample T4 has negative dielectric constant. At high
frequencies, resonance occurs and this indicates a polar behavior of the material.
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Figure 5.3: Imaginary part of the dielectric function as function of ω for thin film
synthesized at different temperature

Fig.5.3 presents the imaginary part of the complex infrared dielectric functions
of manganese oxide thin films synthesized at two different temperatures. As
shown in Fig.5.3, the imaginary part of the dielectric function is not affected by
the change of temperature.
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5.1.2 Measurements for the samples grown at different
deposition pressure

Figure 5.4: Real part of the dielectric function as function of ω for thin film
synthesized at different pressure
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Figure 5.5: Imaginary part of the dielectric function as function of ω for thin film
synthesized at different pressure

Fig.5.4 and Fig.5.5 present the real and imaginary parts of the complex in-
frared dielectric functions of manganese oxide thin films synthesized at two differ-
ent deposition rates. As shown in Fig.5.4, the real part of the dielectric property
is not affected by the change of the deposition rate while the imaginary part of
the dielectric property increases with the increase of pressure, as shown in Fig.5.5.
This also shows that the samples used are transparent and contain defects.
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5.1.3 Measurements for the samples grown at different
plasma power

Figure 5.6: Real part of the dielectric function as function of ω for thin film
synthesized at different plasma power
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Figure 5.7: Imaginary part of the dielectric function as function of ω for thin film
synthesized at different plasma power

Fig.5.6 and Fig.5.7 present the real and imaginary parts of the complex in-
frared dielectric functions of manganese oxide thin films synthesized at two dif-
ferent plasma source. As shown in Fig.5.6 and Fig.5.7, we can see that plasma
power has no effect on the dielectric function.

Both T8 and T9 are synthesized on a high pressure around 250 mTorr. T8 is
synthesized with the presence of a plasma source while T9 is synthesized without
the presence of a plasma source. The X-ray diffraction measurements of the
two samples show that the two samples have the same microstructure of the
manganese oxide thin film [1]. This agrees with our obtained results of the
dielectric properties.
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5.1.4 Measurements for the samples grown at different
laser energy

Figure 5.8: Real part of the dielectric function as function of ω for thin film
synthesized at different laser energy
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Figure 5.9: Imaginary part of the dielectric function as function of ω for thin film
synthesized at different laser energy

Fig.5.10 and Fig.5.11 present the real and imaginary parts of the complex
infrared dielectric functions of manganese oxide thin films synthesized at two
laser energies. As shown in Fig.5.10, the real part of the dielectric property is
not affected by the change of the laser energy while the imaginary part of the
dielectric property decreases with the increase of laser energy, as shown in Fig.5.5.
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To check that the collected data are reasonable, we recalculate the reflectance
”R” and the reflectance ”φ” as function of ω. Then, we compare the numer-
ically calculated results with the experimental ones. In the Fig. 5.10 and Fig.
5.11, we display the calculated reflectance Rcal and the measured experimental
reflactance data Rexp as function of ω. Besides, the calculated phase shift φcal
and the phase shift determined by Kramers-Kronig equations φexp as function of
ω.

Figure 5.10: Reflectivity measurements as function of ω for sample M13
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Figure 5.11: Reflectivity measurements as function of ω for sample M13
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From Fig. 5.10 and Fig. 5.11, we deduce that the recalculated reflectivity
and phase shift agree with the experimental data. Thus, the experimental results
are regenerated from the back calculations of the reflectivity and phase shift.
Therefore, the estimation of the dielectric properties is true.
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Chapter 6

CONCLUSION AND FUTURE
WORK

In this work, an experimental technique for the measurement of the index of
refraction and the complex infrared dielectric function of different micro-structure
of Manganese Oxide thin films deposited on substrate is used.

In chapter 2, we cover Maxwell’s theory, as well as the laws governing the
propagation of electromagnetic waves in a polar dielectric. The behavior of elec-
tric and magnetic fields in dielectrics are described in details. This chapter should
provide the necessary information on the interaction between light and matter.
Besides, literature review on Manganese Oxide is presented.

In chapter 3, we present the experimental techniques used in this work. We
start with a detailed description of the Pulsed Laser Deposition (PLD) growth
technique that has been used to synthesis manganese oxide thin films on silicon
substrate. In addition, we present the Fourier Transform Infrared Spectrometer
(FTIR) used in this work. We also present the characteristics of this technique
which make it the tool of choice for probing the complex dielectric functions of
materials.

In chapter 4, a detailed theory on the reflection of light from a multilayer
system is explained. Then, we describe the transfer matrix method for the calcu-
lation of Fresnel coefficients and its application for the evaluation of reflectance.
Besides, we illustrate the approach which is based on the combination of Fresnel
theory and Kramers-Kronig conversion theorem, for the analysis of the infrared
reflectance spectrum of a multilayer system and the derivation of the complex
infrared dielectric function of a specific layer of the system.

In chapter 5, we use the technique developed to deduce the complex infrared
dielectric function of manganese oxide thin film deposited on silicon substrate at
different deposition parameters using the pulsed laser deposition (PLD) growth
technique. Firstly, we show that the synthesized manganese oxide are of high
index of refraction. Thus, this material can be used as infrared wave guide. Sec-
ondly, we check the effect of the growth conditions on the dielectric properties.
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We show that the plasma power does not have a significant effect on the dielectric
properties of the manganese oxide thin films. However, the real part of the dielec-
tric property increases with the increase of temperature while the imaginary part
of the dielectric property increases with the increase of the deposition pressure.
On the other hand, the imaginary part of the dielectric property decreases with
the increase of the laser energy.

6.1 FUTURE WORK

The most pressing goal of future research to do a full investigation of the mi-
crostructure of the film to link the structure to the optical properties for potential
technological applications.
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Appendix A

Abbreviations

3GPP Third Generation Partnership Project
AD Automatic Differentiation
AWGN Additive White Gaussian Noise
Baron Branch-And-Reduce Optimization Navigator
BB Branch and Bound
BFGS Broyden-Fletcher-Goldfarb-Shanno
BS Base Station
CCP Chance-Constraint Programming
CDF Cumulative Distribution Function
CDMA Code Division Multiple Access
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