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Abstract
In this thesis, manganese oxide thin films are prepared by a vacuum evaporation techpique under
a vacuum pressure of 10~ mbar. The films are then sandwiched with Au nanosheets in the range
of 5-100 nm. The structural, optical and dielectric properties of the films are studied by the X-ray
diffraction and  optical  spectrophotometry  techniques. It is observed that
MnO,/Aw/MnOsnanofilms are of amorphous nature due to the possible existence of more than
one polymorphic phase in its structure. Insertion of Au nanosheets between layers of MnO2
successfully enhanced the optical reflectivity and engineered the energy band tails, energy band
gap and dielectric constant as well. The achievements are presented by band gap narrowing and
increasing of the dielectric constant value. It is also observed that the exponential distribution of
energy band tails become wider as a result of Au/MnO> orbital states overlapping. In the light of
the above mentioned properties MnO> nanosheets can be nominated for optoelectronic

applications.
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Chapter One
Introduction

In recent years, extensive researches have been concerned with the use of transition
metal oxides, including Manganese dioxide (MnOz). MnO: is canonicalized
compound [1]. Also, is robust and stable material with tunable properties which offer
great surface areas [2].Today, oxidized manganese has become important and
technically attractive for applications in various fieldssuch as catalysts,
adsorption,environmental applications [3], and magnetoelectronic devices [4].MnO:
has also been used extensively in electrolysis and photocatalytic activities [5]. It's
found that MnO; has four crystal phases [6], and crystallizes in many different
crystalline polymorphs [7]. Such as pyrolusite (B), hollandite (a), v types and various
controlled morphologies [8].MnO; can exhibit many polymorphic phases because of
the combination of the basic octahedral MnOs units [9]. These polyphases strongly
affect the crystal structure of the material and play vital role in its optical

properties[10].

Recently, MnO> with several phase structures are synthesized by different methods
and raw materials including electrodeposition, sol-gel templating and hydrothermal
methods [6]. In a previous work, the doped MnO, was prepared by one step
hydrothermal method. The thickness of nano flakes decreased after doping, thus the
transmission path of electrons in bulk material was abbreviated [8]. In addition, it has
been discovered in previous research that the optical band gap energy of doped MnO»
is narrower compared to undoped MnO> [11].Also, doping of MnO; nanostructures
leads to a red shift in the absorption edge [11]. It was discovered by the functional
density theory calculations of doped MnO> that there is a change in the electronic

properties of MnO; after being doped [12].

The wide range of applications of MnO> and the interesting features of the material
that was achieved to doping, motivated us to study its structural and optical
properties. Thus, here in this work, stacked layers of MnO; of thickness of 50 nm are
sandwiched with Au nanosheets of different thicknesses. The effect of the Au
nanosheets thickness on the optical transmittance, reflectance, absorption coefficient,

energy band tail, energy band gap and dielectric dispersion will be explored. The




work will provide information about a method of enginaing the optical properties of

MnOa.

In the second chapter of this thesis, the necessary theortical background that is needed
for explaining the results is reported. In the third chapter, the experimental methods of
preperation is reported. Particular focus on the thermal evaporation technigue 1s

given. In the fourth and fifth chapters, the obtained results are reported and discussed.




Chapter Two

Theoretical Background

2.1:X-ray diffraction (XRD)

X-ray diffraction is a common technique used to detect the nature of the materials as
amorphous or crystalline. Also, it is used in many applications such as structure and
phase identification, composition of solid solution, lattice constants, grain size
determination, and degree of crystallinity in a mixture of crystalline and amorphous
substances [13]. When the monochromatic beams of X-rays are scattered at appointed
angles from each group of lattice planes in a material and a constructive interference
occurs, the X-ray diffraction peaks is produced [14]. The x-ray spectra created by this
technique provide a structural fingerprint of the substance. The peak height is
proportional to the number of grains in a preferred orientation [15]. As shown in Fig
2.1[16], X-ray diffractometer system consisted of three basic components: a X-ray
tube, a sample stage, and a X-ray detector. X-ray beams are created in a cathode ray
tube by heating a filament to produce electrons. By applying avoltage,the electrons
are accelerated toward a target and the target material is bombarded with electrons.
When electrons have sufficient energy to eject inner shell electrons of the target
material,distinctive X-ray spectra are generated. These spectra consist of many
components, the generally common being Ko and Kg. For single crystal diffraction,
Copper (Cu) is the most common target material with CuK,, radiation and energy are
equal 1.5418 A° and 8.04 KeV, respectively. These X-rays are collimated and directed
toward the sample. While the sample and detector is rotated, the intensity of the
reflected X-rays is registered. If the incident X-rays impinging the sample fulfill
Bragg's law, constructive interference happens and a peak in intensity arises. a
detector registers and processes this X-ray signal and transfers the signal to account

rate, which is then output to a device such as computer monitor.




Figure 2.1: The schematic diagram of the X-ray diffractometer.

2.1.1 Bragg's Law

X-ray diffraction analysis is based on Bragg's law. The law demonstrates the
relationship between an incident x-ray light and its reflection off from a crystal
surface Fig 2.2 [17]. When the X-ray is incident onto a crystal surface, its angle of
incidence (0) will reflect with the same angle of scattering (6). According to Bragg
Equation, constructive interference will occur, when the path difference (d) is equal
to a whole number (n) of wavelength (A) of the reflected X-ray [17].

2dsin 6 = ni (Z21)
Where, d is the interplanar distance between two plans of atoms which is measured in
angstrom (A°), 8 is the angle between the incident beam and the plane surface, the

integern is the order of the corresponding reflection and Ais the wavelength of the

incident X-ray beam which is equaled to 1.5405 A
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Figure 2.2: The schematic diagram of Bragg scattering on the lattice surface.

2.1.2 Crystallography

X-ray crystallography is a method for finding the arrangement of atoms within a
crystal structure. A crystalline solid is created by uniform repetition of its identical
building blocks (atoms or molecules) in a three dimensional periodic array. The unit
cell is a basic fundamental concept in crystal structures. It is the smallest unit of
volume that allows identical cells to be stacked together to fill all space. A primitive
cell is a unit cell that contains only one lattice point. There are three axes that
represent the dimensions of the unit cells. The lattice constants a, b and ¢ with o, p
and y being the angles between them, also can be determined by XRD[18].

Miller indices are the mathematical representation of the crystal planes. The direction
and orientation of a surface or a crystal plane may be determined by considering how
the crystal plane intersects the main crystallographic axes of the solid. The
enforcement of a set of principles leads to the assignment of the Miller Indices {hkl},
which are a set of numbers which quantification the intercepts and so may be used to

identify the plane or surface [19].

There are 14 different 3-dimensional configurations into which atoms can be arranged
in crystals. These configurations are called Braves lattice[18]. These Braves latticesis
distributed into seven systems (structures), as seen in Table 2.1 below. Also, the

fourteen Braves lattice is presented in Table 2.2. Note that the letters ai, a2, and




ashave been used to indicate the dimensions of the unit cells while the letters o, B,
and y indicate the corresponding angles in the unit cells.

Table 2.1 The 7 lattice groups in three dimensions

Crystal structure Number of Braves Conditions
Lattice
Cubic 3 a|=a=as
a=B=y=90°
Hexagonal 1 a|=ax#as

o=p= 90, y=120°

Trigonal 1 aj=a=as

0=B=y<120°£90°

Tetragonal 2 aj=a#as
o=B=y=90°
Orthorhombic 4 a|Faxfas
o=p=y=90°
Monoclinic 2 a|Faz#as
0=B=90%y
Triclinic : | arfasas

0p#Y£90°




Table 2.2 The 14 lattice types in 3D.

system Braves lattice
ot 'f—,/l'c ] v
Cubic LR | e %l
Simple Cubic  Body centered cubic Face centered cubic
Eif o c i
Orthorhombic c] ,l/ I*o[/a’ [_[4
F— 5 < a = b b
Simple Cubic  Base centered cubic Body centered cubic Face centered cubic
Tetragonal
Monoclinic
Triclinic
Trigonal
Hexagonal




2.2 Optical properties

The semiconductor materials have unique optical properties that make them important
in optoelectronic applications. the study of optical properties includes the evaluation
of transmittance (T), reflectance (R), absorption coefficient (a), energy gap (Eg), band
tails and dispersion of dielectric constant (g). Fig. 2.3 shows the transmittance,

reflectance and the absorbance of incident light on optical medium.

Reflectance

Incident Light

Transittance

Figure 2.3: The transmittance, reflectance and absorbance of a light incident on optical

material.

When light passes from one medium to another, it generally refracts, or bends. The
law of refraction gives us a way of foretelling the amount of bend. The law of
refraction is also known as Snell's Law. It is described the light bending at the

interface between two mediums [20].

n, sinf; = n, sin 6, (2.2)

Snell's Law is displayed in the following diagram Fig 2.4. Refraction
includes the angles that the incident ray and the refracted ray make with the
normal to the surface at the point of refraction. The constants n are the

indices of refraction for the corresponding media.




Snell’s Law :
n1smE)1 = nzsme2

Figure 2.4: the diagram of Snell's Law.

2.2.1 The absorption coefficient

One of the most widely used techniques for obtaining information about the band
structure and energy gap (Eg) of semiconductor materials is optical absorption
spectrometry analysis. Absorption is strongly affected by photon-electron interaction.
When light (photons) incident on an optical surface of a semiconductor material, it
will be either reflected from the upper surface or absorbed into the material
Otherwise, it transmitted through the material. If an incident photon is absorbed by
the optical medium, it induces an electron to exit from the valence band to conduction
band. The absorption of light by an optical medium is specified by its absorption
coefficient (). Which determines to what extent into a material light of a specific
wavelength can penetrate before it is absorbed. If a beam of light propagates in the z -
axis, and the light intensity at point z is I(z). The amount of reduction dI of the
propagated light is given by:

dl =—al(z)dz (2.3)
By integrating both sides of the equation (2.3) we get a formula of Beer's law [21],
which state:

I(z) = I,e7 (2.4)
Where I, 1s the intensity of light at z = 0, « is the absorption coefficient and z is the
material thickness. A

The transmittance (T) of light in situation of two parallel surfaces is explained by the

following expression [22, 23]:
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T=(1-Ri)(1—R)ee(2.5)

R,and R, represented the reflectivities of the front and back film surface, respectively.
and t is the medium thickness.The term (e™) is the exponential decreased in the light
intensity according to Beer's law.

In the situation of two materials deposited on the glass substrate, the term (1 —

R3) should be added in the equation (2.5).

The transmittance (T) of the multi-layer film can be written as,

T

(1= R)(1—R,)(1—Ry)e™™
- 1 — RyR,R,e(~2at=3Rt)

Figure 2.5 : a light beam incident on an optical medium is exposed to multiple reflections.

In our study, for three materials deposited on a glass substrate the absorption

coefficient is given by:
a= —lln( d )(2.7)
t "\(@—RD(A - R)(1— R5)(1 — Ry)
In this work Ri, Rz, R and R4 are the reflectance of glass, MnO2, MnO2/Au and

MnO,/Auw/MnOs, respectively.

2.2.2 Tauc's equation

Tauc's equation with the help of spectra of the absorption coefficient is used to find
the optical band gap for semiconductor materials. This equation shows that the energy
band gap (E,) of the materials is directly proportional to (aE)P as given in the
following equation [24], in which the exponent (p) indicates the nature of the

transition.

(aE)Y? = B (E —E,;)(2.8)

(2.6)
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Where B is a constant that is fundamentally depending on the transition probability of
an electron, p is an index that indicates the type of the optical absorption process and
it is theoretically equal the values 2, 1/2, 3, and 3/2 for indirect allowed, direct
allowed, indirect forbidden and direct forbidden electronic transition, respectively, E

is the incident photon energy, Ey is the energy band gap.

1
The energy gap (E,) is determined by plotting a graph of (aE )7 versus photon energy.
Then take itin the high absorption region upon linear fittingthe widest range of linear
data. The value of E; will be determined by the intercept on the photon energy (E)

axes.

2.2.3 Direct and indirect transition

AE AE
C.B.
- £
E,j I —» & .~ S
direct gap indirect gap

Figure 2.6:Energy (E) vs crystal momentum (k) for a semiconductor with direct and indirect

band gap.

In semiconductor physics, the band gap is permanently one of two types, a direct band
gap or an indirect band gap.The lowest energy states in the conduction band (CB) and
the highest energy state in the valence band (VB) is recognized by a certain k-vector
in the Brillouin zone.If k-vectors are similar, it is called direct band gaps. If they are
dissimilar it is called an indirect band gap [25]. In direct band gaps the electrons can
shift from the conduction band to the valence band without any change in crystal
momentum (k-vectors) as shown in Fig 2.6. While in indirect band gaps the electron
cannot shift from the minimum energy state in the conduction band to the maximum
energy state in the valence band without a change in the K-vectors.The difference in

the crystal momentum (k-vectors) displays biased bands that require a phonon
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assistance for excited electrons to be absorbed into the conduction band. While, for
the direct band gap materials, a change in the k - vectors isn't involved and no phonon
assistance is needed. As shown in Fig 2.6, almost all of the energy comes from the
photon (direct band), while almost all of the momentum comes from a phonon

(indirect band) [25].

2.2.4 Urbach Band Tails

The absorption coefficient equips enormous physical information. From the o-E
curve, if o displays constant trends of variation with changing the photon energy (E),
this called the absorption saturation. In the low energy region, if a displays
decreasing trends of variation with decreasing the photon energy (E), this indicates
the presence of band tails. When a displays increasing trends of variation as the
photon energy (E) decreases, this indicates the existence of free carrier absorption.
While the interband is created when a remains constant with decreases the photon
energy [26, 27].Along the absorption coefficientcurve and near the optical band edge
there is an exponential part called band tail dependence on the photon energy (E) for
many materials [24].The band tails is often appeared in amorphous semiconductors,
that is due to amorphous semiconductors have more disorder than the crystalline
counterparts, and also these band tails are localized electronic states that are extended

in the band gap [24]. The Urbach band rule is given by the following equation:

E/

a=a,e 'Ee (2.9)
Where «a is the absorption coefficient,a,is a constant, Eis the photonenergy and E, is
the energy of the band tail called Urbach energy. By taking the logarithm of the two

sides of the equation (2.9), we can get a straight line equation. It is given by:
E

Ina=Inea, + (—) (2.10)
E,

The energy band tail can be determined from the slope of the straight line of plotting
In(@) as a function of incident photon energy (E).

2.2.5 The refractive index and the dielectric spectra

Dielectric spectra are very important as they are the main source of electromagnetic
energy storage. In optics, the refractive index also known as indices of refraction of
a material is a dimensionless number that demonstrates how fast light passes through

the material. It is a complex number consists of imaginary and real parts and depends
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on the incident optical beam's wavelength [28]. The material efficiency of field
energy storage was explained by the real part of the permittivity. While the imaginary
part handles the losses of energy due to the variation of applied field.
The complex dielectric function can be determined through introducing Maxwell’s
equations [29].

10D 4w

VXH—;E:?]. (2.11)

VxE+22 -0 2.12) V.D =0
c dt

(2.13)

V.B=0 (2.14) Where:

D =¢E 2.15)

B = uH (2.16) j=0E 2.17)

the wave equation for the field E is:

gu 02%E n 4amtou OE
c? ot? c? ot

V2E = (2.18)
For optical fields the sinusoidal solution is considered as the plane wave equation[30]:

E = E, et®T=-wo) (2.19)

Where K is a complex propagation constant and w is the frequency of the light. To
obtain the dispersion relation substituting an equation (2.19) in (2.18):

spw?  ATiouw
eI (2.20)

—K? = —

In general, the dielectric constant & and the wave vector k are complex quantities [31].

e(E) = &.(E) + igpm(E) (2.21)

The complex refractive index n*(E) can be determined as follows:

n*(E) = n(E) + ik(E) (2.22)

Where n(E) is the real refractive index and k(E) is the extinction coefficient.

n*(E) = [e(E)]? = [&.(E) + ieim (E)]Y?(2.23)
Fromequation (2.23), it follows that
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& (E) = n(E)* — k(E)? (2.24a) im(E) = 2n(E)k(E)
(2.24b)
And
2. ., 211/2 1/2
TL(E) — {[gr(E) +51m(§) ] +5r(E)} (2.25)
25 o 271/2_ 1/2
k(E) — {[Er(E) +51.m(§) ] ST(E)} (2.26)

Then the normal-incidence reflectivity R(E) can be written as:

R = (35)

Substituting an equation (2.22) in R(E) gives us:

2.27)

n(E)?2-2n(E)+1+k(E)> _ (n(E)—1)*+k(E)*
n(E)2+2n(E)+1+k(E)2  (n(E)+1)2+k(E)?

R(E) = (2.28)

Since n(E) = .[€qrrless Where ¢ and perr are the effective permittivity and

permeability of a material. For nonmagnetic material the effective permeability

(lleff =1).

Therefore, n(E) = /&5, substituting in an equation (2.28) gives us:
4 2
(|€efr—1) +k(E)

R(E) = . (2.29)
([eerr+1) +k(E)?

Where .5r = & — i&, & and &, are the real and imaginary dielectric constant

which can be written as

& = Eeff — k(E)Z (2303)
Eim = ZJSEffk(E) (230b)

The extinction coefficient plays an important role in determining many optical
measurements. In particular, it attaches the absorption of light waves in the medium to
the dielectric constant. The extinction coefficient (k) is a function of the incident
photon energy (E) for the samples measures the fraction of light lost because of the

absorption and scattering per unit distance of the penetration medium [31].
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_a(E) ,
k(E) = Tan A (2.31)
Where A is the wavelength of light .
&, €m , k are all frequency dependent.

2.2.6 Drude-Lorentz Model

Dipole oscillations produced when the electric field (E) of the electromagnetic waves
reacts with the dielectric materials. According to Drude-Lorentz model, electrons
heading to the positively charged nucleus vibrate about an equilibrium position with a
specific resonant frequency. By considering the oscillations of a free electron caused
by AC electric fields of a light wave polarized over the x-axis. thus, The equation of
motion that describes the electron motion is given by the following:

d?x dx 5
mom+moya+mowox=—eE (2.32)

Where m,, is the mass of the electron, x is the electron displacement, y is the damping
coefficient, w, is the resonant frequency, e is the charge of the electron and E is the
electric field. Thé right side of the equation contain the driving force term. Where the
left side containaccelerating, damping and restored force terms. When a time
dependent incident lights electric field with a frequency w interacts with electrons, the
electric field is then expressed by the following equation:

E(t) = E, cos(wt + ¢p) = E;Re(exp(—iwt — ¢)) (2.33)

Where E, is the electric field amplitudeand ¢ is the light phase. The AC electric field
brings on oscillations can be expressed as:

X(t) = XoRe(exp(—iwt — ¢")) (2.34)

Where X, and ¢’ is the amplitude of the electron displacement and the phase of
oscillation, respectively. XoandE, must be complex numbers. Then, we find the first

and second derivative of the electron displacement with respect to time as follow :

%’tﬁ = X, (—iw)e i@t (2.35)
a’x _ N2, —iwt — 2, —iwt
— = X, (—iw)“e = —X,w’e (2.36)

By substituting the equations (2.33), (2.34), (2.35) and (2.36) in the equation of
motion (2.32) we get:

—Mow?Xoe @t — moywXoe @t + mow,*Xoe 0t = —eE e it - (237
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Dividing the equation (2.37) by mee i@t then rearranging it we get:

e

— Mo
X, =

" (wZ-w?-iyw)

o

(2.38)

A time dependent dipole moment p(t)results from the frequency variant, participates
in the resonant polarization induction. The dipole moment per unit volume is defined

asPolarization and it can be expressed as follow:

Presonant = NP
= —Nex (2.39)

Substituting the equation (2.38)in the equation (2.39), gives:

_ve__ 1 p ' (2.40)

Presonant My W2—w2—iyw

N is the number of atoms per unit volume. when the incident light frequency is
equals the material natural frequency wo , we get the maximum polarization. The
electrical displacement D of solids depends on the polarization and the electric

displacement as follows:
D=gE+P (2.41)

Otherwise, the oscillation is ignored if w # wo, the polarization can be classed into a

resonant and nonresonant parts.

D = &,E + Ppackground t Presonant
= &E + € XE + Dresonant (2.42)
Here y is the electric susceptibility.

Assuming the material is isotropic, possessing the same characteristics in all
directions, and having no preferred axis. The electric displacement can be defined as:
D =¢g,¢.E (2.43)

&r 1s the relative dielectric constant. Substituting the equation (2.42) in (2.43) and
using the resonant polarization definition in Equ. (2.40), the relative dielectric

constant can be expressed as the following:

(@) =1+yx+= e’ (wz : ) (2.44)

oMo \W5—w2—iyw
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The equation (2.44) was separated into the real (&;) and imeginary (e,) parts as

follows:

2 i
g =1+y+ Ne ((wg_w" = ) (2.45)

EoMy w?)2+(yw)?

£r(w) = & (ng_ ) (2.46)

oMo 0?)2+(yw)?
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Chapter Three

Experimental details

In this chapter, we report the experimental details, procedures, techniques and devices
used for measurements. Namely, the thermal vapor deposition technique, the X-ray
diffraction technique (XRD) and the UV-VIS-NIR spectroscopy technique 1is
explained in this chapter.

3.1 Samples preparation

The glass slides were cleaned by washing these with a softening sponge, detergent,
distilled water and alcohol. Then, the cleaned glass slides were immersed in a beaker
filled with alcohol. The beaker was put on the heater and heated for 15 minutes, to rift
proteins that are expected to be attached onto the glass substrates. Thereafter, they
were ultrasonically cleaned at 60°¢ for 20 minutes. Then, they were washed with
alcohol and dried. We used the cleaned substrates to deposit a 50nm thin film from
manganese oxide powders by using the thermal vapor deposition system which is
shown in Fig.3.1. During the deposition cycle we applied the following steps. At the
beginning , the glass slides were located onto the substrate holder.Then, the shutter,
the vent and the chamber were closed sequentially. After that,the main power key was
turn on and the operation of roughing pump followed. When the vacuum pressure
reached 10 mbar, the turbo pump was turn on.Then, we waited until the pressure
reaches 10 mbar. There after we opened an INFICON STM-2 thickness monitor.
Then the links between the system which are responsible of thickness monitoring and
softwareare checked. The current is increased at a slow rate to start evaporation cycle.
When the compound melts, the shutter was opened and the evaporation rate was kept
constant. After the targeted thickness is reached, the shutter is closed and the current
is turned off, the system is kept on until is cooled. Finally, wewaited until the pressure
reaches 400 mbar, and then open the system. The optical image and the geometrical -

design of the prepared films are shown in Fig. 3.2 (a) and (b).
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Figure3.1: Thermal evaporation system

s

Figure3.2: (a) the optical image of the film of MnO; and (b) the geometrical design of the
MnO; film.

3.2 Ionic coating technique

The ion coater is a device based on the principle of deposition gold ions onto the
films. Ionic coating technique was used to coat gold sheets (Au) of different thickness
onto 50nm of MnO> film. The geometrical design for the prepared films (MnO2/Au) is
shown in Fig 3.3. After that, 50nm of MnO; was evaporated onto MnO2/Au samples,
by using the thermal vapor deposition system which was explained in section 3.1.The

geometrical design for the prepared film are shown in Fig. 3.3.
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Glass

~ Glass

Figure (3.3): the geometrical design of the MnO»/Au/MnO films

3.3 Thin film characterization
3.3.1 X-ray diffraction

The X-ray diffraction analysis is used to explore the structure of materials. Bragg
equation is employed to describe the diffraction process by finding the Miller indices
of the crystal planes, crystal structure and the lattice constant [32].By applying
Bragg's law, a consrtuctive interference will happen when the path difference is an
integral (n) multiple of the incident wavelength (1) [33]. The MnO film is
structurally characterized by Rigaku diffractometer with copper anode (Cu) Ko
radiation operating at 40kV and 15mA. In a 26 range of 10° — 70°. XRD patterns were
recorded at a scanning rate of 1%min and the step size of 0.05°. The system is
composed of a detector, a sample holder, a monchromator and a slit set. the detector
colloctes the intensity of the X-ray beam. The size and shape of the X-ray beam is
also controlled by using the slits. A software package connected to the system is used
to collect the data. The X-ray diffractometer recorded the intensity as a function of
20. The schematic of X-ray diffraction is shown in Fig (3.4). The Rigaku MiniFlex
600 X-ray diffractometer is shown in Fig 3.5.
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Detector

Figure(3.5): the XRD technique

3.3.2 Optical Measurements

The optical properties offered by transmittance and reflectance spectra were measured
in the spectral wavelength range of 300-1100 nm ata scanning speed of 1200 nm/min
using a thermoscientific Evolution 300 ultraviolet—visible light (UV-VIS)
spectrophotometer which is shown in Fig (3.6). The T% and R% are used to find the
absorption coefficient (a), interband transition, optical energy band gaps (E), band
tails (Eo) and dielectric dispersion (¢). The Vision Pro software package was used to

collect and analyze the optical spectroscopic data.



22

Figure(3.6):the UV-VIS spectrophotometer.

3.3.3 Hot probe technique

The Hot probe technique is a method to know the conductivity type of the
semiconductors. The technique contacting a sample wafer with a "hot probe" for
example, a heat soldering iron and a "cold probe", as shown in Fig (3.7). The digital
multi-meter (DMM) is used to attach the cold probe and hot probe with the
semiconductor surface. The hot probe was connected to the positive terminal of the
(DMM) while the cold probe were comnected to the negative terminal. If the (DMM)
obtain a positive voltage reading, the material is n-type, while if it reads a negative
voltage, the semiconductor is p-type. The negative voltage for a p-type
semiconductor is generated because of holes are exited and diffused out from the hot
end to the cold end. On the other hand, the positive voltage is generated for n-type due
to the electrons diffusion out by concentration gradient [34]. The setup of the hot
probe technique is displayed in Fig 3.8.

Figure(3.7): the hot probe technique.
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p® —> n-typesample
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Figure(3.8): hot probe set up.
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Chapter four
Results and discussions

4.1 Structural analysis

The results that arise from the X-ray diffraction measurements on stacked layers of
MnO, of thickness of 50nm are coated onto glass substrates and sandwiched with Au
layers of different thickness in the range of 5-100 nm are discussed in this section.
Fig. 4.1 shows the X-ray diffraction patterns for the MnO2/Au/MnO; stacked
nanosheets. The figure did not show any intensive peak for all stacked layers of
MnO>, which means that the manganese oxide is amorphous in nature regardless of

the Au nanosheetthickness.

MnO;/Au(100nm)/MnO,

o

MnO,/Au(30nm)/MnO,

MnO,/Au(15nm)/MnO,

M nO,/Au(5nm)/MnO,
M"‘ 0,(100nm

Ll T T 1 1 1

10 20 30 40 _ 50 60 70
20 5

Figure (4.1): XRD patterns of stacked layers of MnO2.

Previous investigations into MnO> have reported that MnO> has many crystal phases
[6], Such as, cubic, monoclinic, tetragonal and hexagonal structures [35]. The
presence of these phases at a time in the film causes polymorphic structure and
because of the large random orientations of the various types of the structures, the
amorphous phase becomes favorite. MnO2 can exhibita and B polymorphic phases.
Which o — phase (JCPDSNO. 044-0141) is best oriented along (211) plane
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orientationp phase (JCPDSNO: 024-0735) is best oriated along (101) direction. The
major difference between the two planes make the XRD reflection less intensive,
hence the overall structures are amorphous. JCPDS: Joint Committee Powder

Diffraction Standards.

4.2 Optical analysis

In order to study the effect of the Au nanosheets thickness on the optical properties of
MnO, nano stacked layers, the transmittance (T%), reflectance (R%) and the
absorption coefficient spectra of MnO»/Au/MnO stacked nanosheets are recorded in
the wavelength (L) range of 190-1100 nm. The thickness of MnO; stacked layers
plays a crucial role in the optical properties. The data are presented in Fig 4.2, Fig 4.3
and Fig 4.5 respectively. As specified in Fig 4.2, the transmittance is similar for all
samples in the range of 300-350nm. As the incident light wavelength of the exceeds
350nm, T spectra show decreasing trend of variations. The MnO>(100nm) films is
highly transparent in all range of light spectra. For the other samples, in the range of
350-920 nm, the transparency decreases with increasing Au layer thicknesses. It is
also readable that for the MnO2(100nm) and MnO»/Au(5nm)/MnO, samples, the
transmittance increased with increasing incident light wavelengths in the range of
350-500nm, then, it remains constant in all the studied range. For
MnO,/Au(15nm)/MnO> sample, the transmittance increased with increasing incident
wavelengths in the range of 350-520nm, and reached the highest value at 520nm. In
the range of 520-760nm it slightly decreased with increasing incident light
wavelengths. Then, T% remains constant. For MnO>/Au(30nm)/MnO2 and
MnO2/Au(100nm)/MnQO; samples,the transmittance increased with increasing incident
wavelengths in the range of 350-550nm, and reached the highest value at 550nm.
After that T% decreased dramatically. We noticed that, as the gold layer thickness

increased from 5 to 100nm, the transmittance spectra exhibit lower values and
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redshift.
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Figure 4.2:Transmission spectra of MnO2/AU/MnO2 stacked nanosheets at 300k in the
wavelength range of 190-1100 nm.

Similarly, the measured reflectance spectra are shown in Fig 4.3. The figure shows an
increase in reflectance values with increasing Au layer thickness. For samples of Au
thicknesses of 15,30 and 100 nm, R% spectra show three regions. In the range of 190-
360 nm reflectance increased with increasing incident light wavelengths. in the range
of 360-500 nm, it decreased with increasing incident wavelengths. After the

wavelength reached 500, the R% values are increased again.
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Figure 4.3: Reflection spectra of MnO»/Auw/MnO; stacked nanosheets at 300K in the
wavelength range of 190-1100nm.

The variation of T and R spectra as function of Au nanosheet thickness is displayed in
Fig 4.4 (a) and (b), respectively. Three regions are selected to represent the T, R- t
(nm) variations. Namely, in the ultraviolet region of light, while T is decreasing, R is
increasing. In the visible range of light, T spectra show decreasing trend of variations,
while R spectra show increasing trend of variations. In addition, the IR range of
light, the transmittance decreased with increasing Au nanosheetsthickness, while the

reflectance increased with increasing Au nanosheet thickness.
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Figure 4.4 (a): The variation of T spectra as function of Au nanosheet thickness.
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Figure 4.4 (b): The variation of R spectra as function of Au nanosheet thickness.

On the other hand, analysis of optical absorption spectra is one of the most productive

material for developing and understanding the energy gap and band structure of both
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amorphous and crystalline non-metallic materials. The absorption coefficient values

(o) are determined using equation (4.1).

a=—lln( o )(4-1)

t (1-R1)(1-R2)(1—R3)(1-R4)

Where t is film thickness, the calculateda. values of MnO2/Au/MnO; stacked layers
with different thicknesses of Au layers as a function of incident Energy (E) is
depicted in Fig (4.5). It can be seen that all samples exhibit the same trend of
variation. Particularly, the absorption coefficient increases with increasing incident
photon energy. Also, we note that in the spectral range of 3.8-4.2 eV, the absorption
coefficient is high and decaying trend is sharp. As we show in the inset of the figure,
the absorption coefficient decreases with decreasing energy in the spectral range of
2.5-3.5 eV. Such behavior is assigned to the presence of some extended band tails in
the energy band gap [36].Band tails are defined as the width of the localized states
obtainable in the optical band gap that effects on the optical transitions and optical
band gap structure [36]. The band tails in the semiconductor are additionally formed
by inhomeganuities, impurities, vacancy and broken bonds [37]. Moreover, the
presence of huge number of defects and the orbital overlapping between energy levels
which is associated with amorphous structures is an other reason for band tails [38] .
In the spectral range of 1.18-2.0 eV, the absorption coefficient increases with the
decreasing incident energy. This behavior could be due to the high free carrier
absorption.The free carrier absorption arises from the presence of free electn.)ns and
holes [39]. Also, The free carrier absorption occurs as result of the carrier transitions

within conduction and valence bands [40] andlattice distortions [41].
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Figure(4.5): Absorption coefficient of MnO»/Au/MnO; stacked layer..

To determine the effect of Au layers on the width of the band tails (Ec) that is
predictable to exhibit exponential bands distribution in the energy band gap of MnO,
In(a) — E dependence in accordance with the equation a o« exp(E/Ee) was used [40].
The Ee can be determined from the reciprocal of the linear slope of In(a) — E
variations. The linear plots shown in Figure (4.6) reveal E. values of 0.36, 0.43, 0.99,
1.07, 1.07 eV for MnO2/Au(0nm)/MnQO, MnO»/Au(5nm)/MnOs,
MnO2/Au(15nm)/MnQO;, MnO2/Au(30nm)/MnO2 and MnO2/Au(100nm)/MnO>
samples, respectively. The values of energy bands tails are increased after the stacked
layers of MnO; were sandwiched with Au layers as shown in Fig (4.7). For the energy
band tails to exist, E. must be less than half of the energy band gap. Since the lowest
achievable energy band gap is larger than 3.4 eV as we will show in the following

section, then all observed E. values are related to the band tails.
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Figure 4.6:1n (o) - E variation in the low absorption region for band tail investigation of the

MnO,/Au/MnO; stacked layers.
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Figure (4.7):The energy bands tails of the stacked layers of MnO; sandwiched with Au layers

as function of Au nanosheet thickness.



32

In the strong absorption region, the absorption coefficient spectra were analyzed in
accordance with the Tauc's equation (aE)Y/P=B(E — E,), in order to obtain more
detailed information about the optical energy band gap (Eg) of the samples. The
respective (aE)* , (aE)** , (aE)"? , (aE)"” versus E variations were plotted and
compared. As demonstrated in Fig. (4.8) The best fit of the data for all films were
obtained for (a.E)" -E variation indicating that the band gap is of indirect forbidden
transitions type. The values of Eg as calculated from the E — axis crossings are found
to be 3.474 eV for unsandwiched, and and 3.455, 3.435, 3.415 and 3.41 eV for the
samples were sandwiched with Au layers of 0, 5, 15, 30 and 100nm, respectively.It is
clear from these values that the values of energy band gaps are decreased after the
stacked layers of MnO, sandwiched with Au layers. The Eg — t (nm) variations are
illustrated in Fig (4.9). The decrease in energy band gaps 1s due tothe overlapping of
atomic orbitals between Mn, O and Au atoms [42]. Particularly, as the electronic
configurations of Au is[Xe]4f'*5d'%s' [43] and that of Mn and O are[Ar]3d°4s? [44]
and 1s? 2s® 2p* [45] , Au orbital states can reach higher levels in MnO> resulting in
valance band bend up. In addition, due to the large work function of Au metal image
force lowering effect is also expected. The image force bends the conduction band

down resulting in E; narrowing.
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Figure 4.8: Energy band gaps investigation for the MnO»/Au/MnO stacked layers.
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Figure 4.9: The energy band gaps of the stacked layers of MnO; sandwiched with Au layers as

function of Au nanosheet thickness.
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4.3 Dielectric dispersion

The real () and imaginary dielectric (gim) constants are calculated from the
absorption coefficient and reflectance data to obtain detailed information about the
dielectric and dispersion within the films. Fig. (4.10) shows the real parts of the
dielectric constant (&) as determined from the Fresnel’s equations. It can be seen that
all samples exhibit the same trend of variation. The Figure shows that the samples
display three significant peaks of & spectra.For MnOyAu(5nm)/MnO;, a real
dielectric constant (&;) values of 2.76, 2.69 and 2.8 corresponding to an energy values
of 1.17 eV, 1.76 and 3.87 eV, respectively, are observed. The same number of peaks
appeared in the other samples with an increase in the thickness of Au layers , at the
same trend of variation. Also, the values of the real dielectric constant with respect to

the energy value increase with increasing thickness of Au layers.

ET

—4— MnO2/Au(5nm)/Mn0O2

—&— MnO2/Au(15nm)/Mn02

1.0 - MnO2/Au(30nm)/Mn02
—e— MnO2/Au(100nm)/Mn0O2
0.0 r : . . : : :
1.0 15 2.0 25 3.0 35 4.0 45 5.0

E (eV)
Figure(4.10): Real parts of the dielectric constant of the films measured with energy.

As shown in Fig4.11(d), in the high energy (ultraviolet range) the dielectric constant
was improved. At the value of the energy of 4.0 eV, the values of the dielectric
constant significantly increase until the value of thickness reached 30nm, then it tends
to remain constant. In the visible range of light as shown in Fig4.11(c), at 2.5 eV of
energy, the values of the dielectric constant significantly increases until the value of
thicknesss reached 5 nm, then it remainsconstant. In infrared range as seen in

Figd.11(b), at 1.5 eV of energy, the values of the dielectric constant significantly
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increases until the value of thickness reached 30nm, then it remainsconstant. The
dielectric constant increases with increasing thickness of Au layers. As shown in

Fig(4.10), when the energy value reaches 1.76 ¢V, a shoulder in the peak appears.
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Figure 4.11. (a) the values of the energy band gaps of the films measured with thickness. (b)
real parts of the dielectric constant of films measured with thickness in infrared region. (c)
real parts of the dielectric constant of films measured with thickness in visible region. (d) real

parts of the dielectric constant of films measured with thickness in ultraviolet region.

The imaginary part of the dielectric constant which is shown in Fig 4.12 can be used
to provide information about the optical parameters. It can be seen that all samples
exhibit the same trend of variation. Particularly, in the imaginary dielectric constant
decreases with increasing incident photon energy until reaches 2 eV.Then it remains
almost constant until reaches 3.5 eV. After that, &im increases with increasing incident

photon energy.
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Figure 4.12: imaginary part of the dielectric constant of the Mno»/Au/MnO, stacked layers.
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Chapter 5

Conclusions

In this thesis, we have explored the effects of inserting Au nanosheets on the
structural and optical properties of a thin layer on MnO, films. In general, MnO:
nanosheets are of amorphous nature regardless of the Au nanosheet layer thickens. On
the other hand, the optical transmittance, reflection and absorbance highly affected by
Au sheets. It is observed that the energy band gap of MnO» comprise wide range of
band tails. These tails become wider upon increasing the thickness of the Au
nanosheets. In addition, accompanied with the widening of the and tails width, a
shrinkage in the energy band gap is observed. Even though the energy and gap is
narrowed it still in the blue-ultraviolet (UV) band range indicating the suitability of
MnO2/Au/MnO; stacked layers as UV detectors. On the other hand, insertion of Au
nanosheets between layers of MnO, remarkable increased the real pare of the

dielectric constant making the material more appropriate for high k-gate applications.
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