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Abstract

In the current study, the structural, optical and dielectric properties of the
MoO3/In/MoO3 nanosandwiched structures are investigated by means of X-ray
diffraction and ultraviolet-visible light spectrophotometry techniques. While the
thickness of MoQOg is kept at 500 nm, the thickness of the Indium slab is selected in the
range of 25-200 nm. The insertion of 200 nm indium layer as a nanosandwich has
induced the crystallization in the amorphous MoO; films. Upon annealing, those
sandwiched with 200 nm indium slab, displayed well crystalline phase of orthorhombic
a-MoOj3 at annealing temperature of 250 °C. Optically, remarkable enhancement in the
absorption coefficient associated with redshift in the energy band gap is observed. In
addition, the dielectric spectral studies are found to exhibit a significant increase in the
dielectric constant value with increasing indium slab thickness. The Drude —Lorentz
modeling of the imaginary part of the dielectric spectra has shown that the insertion of
thin layer of indium could increase the number of free carriers available for
optoelectronic conduction. It reveals a wide variety in the plasmon resonant frequency
on the surface of the MoOs/In/MoO; films associated with the scattering time of
electrons at gigahertz frequencies. However, it is observed that the 200 nm Indium

sandwiched films have very distinct optical and dielectic properties different from other



vii

films with. These various properties are promising for using the MoOs in different
applications and it indicate the applicability of these sandwiched in optoelectronics

devices.
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Chapter One
Introduction and Literature Review

In recent years, transition metal oxides with diverse structures and properties have
aroused interest in view of their industrial and scientific applications. Molybdenum
trioxide (MoOs) is one of these oxides, displays unique structural, optical, and electrical
properties [1]. A deep knowledge of the physical properties of semiconductor metal
oxide based on molybdenum is interesting for its excellent chromogenic properties,
which make it an attractive optical electrochromic material [2-3]. Also, MoOs is a wide
band gab n-type semiconductor acts as a catalyst in many reactions including hydrogen
or oxygen molecules [1-4]. A lot of attention and efforts are dedicated to the
technologically use of this oxide in other numerous applications, such as in gas sensor,
electrodes for batteries, energy conversion and storage , memory devices, light emitting

diodes[5], photo and electrochromic devices [6] and organic solar cells [7].

In one of the researches which concern using MoQg in the fabrication of gas sensor,
Chrome gold-based interdigitated electrodes structures are patterned for the electrical
detection of organic vapors. Sensors are exposed to wide range of 5-100 milligram per
liter water (mg/l) of organic vapors like Ethanol, Acetone, Isopropanol alcohol and
water vapors. The resulting a-MoO3; Nano-flakes have demonstrated selective sensing
to Acetone in the range of 10-100 mg/I at 150 °C [8]. Also, The one dimensional, single
phase orthorhombic a-MoOs nanorods synthesized at 500 °C demonstrated enhanced
specific capacitance. The single phase a-MoOs nanorods prepared at 500 °C exhibited a
high specific capacitance of about 176 F/g with current density of 1.0 mA/g indicating

good cycling stability [9]. In addition, the electrochemical performances of the prepared



MoO3; nanosheets are studied by cyclic voltammetry and chronopotentiometry. The
results show that the specific capacitance of the MoO3; nanosheets depends on the
temperature, and the maximum specific capacitance of 136.8 F/g is obtained at 160°C
[10]. In another study, MoOs; is used for anode material of Lithium batteries. a-MoO;
nanobelts with carbon dispersed structure can be fabricated through a one-pot
hydrothermal method. When evaluated as anode materials for lithium ion batteries
(LIBs), the MoO3/C exhibits exceptional high specific capacity and outstanding rate
capability. The results suggest this kind of composite could become a promising

candidate for anode materials of high-performance lithium ion batteries [11].

On the other hand, the nanosandwich technique which is based on inserting
nanometallic layer of some material between two layers of other material, gets a lot of
interest as it reveals novel features presented by photoresponse and enhanced
absorbability. Researches in the field of photovoltaic and solar cell fabrication have
shown the potential to improve light absorption in thin solid film solar cells through
using nanostructure sandwiching and coating techniques . MoO3z/Metal/MoOQs is used as
transparent layer for electrodes [12]. Mainly, MoO3/Ag/MoQj3 stacks are investigated
for utilization as transparent cathodes in organic light-emitting devices [13] and to work
as the transparent anode in organic solar cells [14-15]. Also, MoO3;/Au/MoOs; is
designed for transparent electrodes in green organic light-emitting diode (OLED) [16],
for highly transparent electrode with low resistivity [17], and semi-transparent contact
composed of MoOz/Au/MoO3; which yielded a power conversion efficiency of 5.5%
with an average transparency of 26% [18]. Furthermore, MoO3/Al/M0O3 shows a high
optical transmittance (approximately 90%) in visible light, an efficient charge

generation property [19].



Various techniques are used to synthesis metal oxides, such as thermal evaporation [20]
chemical vapor deposition [21], electrodeposition [22] and DC magnetron sputtering
[23]. In this work, the thermal evaporation is selected to prepare MoO; thin films

because this method leads to a careful control of the film thickness.

This Thesis highlights some physical investigations on the changes of the
microstructure and the optical properties of MoOj5 thin films when it is designed through
the nanosandwich technique. Indium (In) slab of thicknesses ranging from 25 nm to 200
nm is selected to be sandwiched between two layers of 500-nm thick MoOs. The Indium
is silvery metal with high crystallite nature and great resistance to corrosion [24]. The
sandwiching step is followed by annealing in vacuum. Indeed, obtained samples are
characterized by means of several physical techniques such X-Ray diffraction (XRD)

and ultraviolet —visible (UV-VIS) light spectroscopy.

In chapter two, the theoretical background will be discussed for some basic theories that
are used in the thesis. The basic theories includes an X-ray diffraction, Braggs law and
sherrer equation. Also, the interaction of light with matter, Tauc equation, Fresnels
Equation and Drude-Lorentz model will be presented. Chapter three discusses the
experimental techniques that are used in the thesis to get the results. The evaporation
technique is used to get the required thin films, the X-ray diffraction is used to study the
structure, the UV-VIS spectroscopy is used to study optical and dielectric properties.In
chapter four, the characteristic of indium sandwiched MoO; films will be investigated in
details. Starting from the peaks observed in the XRD spectrum. Also, average crystal
size, strain, dislocation density and stacking faults will be determined. From the optical
study, transmittance, reflectance and absorbance will be characterized in details, then

the energy band gap will be determined, real and imaginary parts of dielectric constant



will be investigated. In chapter five, the concluding remarks that are obtained from this
study will be reported. Some of the faced problems may also be reported in this chapter

to provide guidance for possible research in further studies.



Chapter Two
Theoretical Background

2.1 The X-Ray Diffraction
The present information of crystal structures is gained mainly by X-ray diffraction
techniques (XRD) which employs X-rays about the same wavelength as the distance

between crystal lattice atoms [25].

2.1.1 The Nature of X-Ray

X-rays are transverse electromagnetic waves, like visible light, but with much shorter
wavelength. The visible light have wavelength of order of 6000 A [26]. X-rays have
energies ranging from about 200 eV to 1 MeV, extends between radiations which are
identical to ultraviolet light to the gamma rays (y-rays) emitted in the electromagnetic
spectrum. X-rays is less energetic than y-rays, and they differ in the way that they are
produced in the atoms [27]. As it will be explained in the next section, x-rays are
produced by interaction between an external beam of electrons and the internal electrons

in Tungsten material.

2.1.2 X-Ray Sources

In order to produce X-rays for diffraction aims, a voltage of about 3500 V is applied
between a cathode and an anode metal which are present in a vacuum as shown in Fig.
2.1. Electrons are released by thermionic emission when the Tungsten filament of the

cathode is heated and they are accelerated by the large voltage difference between the



cathode and the anode. That way gain kinetic energy. When the electrons reach the

target, X-rays are emitted [28].

Lead casi&g Glass/envelope containing vacuum
Oil for heat ( / \
conduction ~ | - Cathode
<_e, > /
Anode e e
FENRN N A
Target | |\ Window \ Focusing cup

X-ray beam Filament

Fig. 2.1: Schematic diagram of x-ray production in x-ray tube [29].

2.1.3 Bragg's Law

Bragg found that materials whose macroscopic structures are crystalline, give
remarkably characteristic patterns of reflected X-rays. It is known that a diffracted
beams will be produced when the wavelength of the radiation is similar with or smaller
than the lattice constant. In crystalline substances for confirmed sharply wavelengths
and incident directions, intense Bragg peaks of scattered radiation are observed. This is
explained by considering a crystal as made out of parallel planes of atoms, spaced apart
by d distance [30].

The conditions for finding diffracted beams and then for a sharp peak in the intensity of
the scattered radiation include that the X-rays, should be specularly reflected from
parallel planes of atoms in the crystal and that the reflected rays from adjacent parallel
planes should interfere constructively [31]. The path difference for rays reflected from

successive planes is 2d sin6 as seen in Fig. 2.2. Constructive interference happens when



the path difference is an integral number n of wavelengths A, giving the Bragg equation
[31]:

2dsinf = nd (2.1)
Where, d is the distance between planes of crystal, 0 is bragg's angle, n is appositive

integer, A is the wavelength of the incident ray.

Incident X-rays Diffracted X-rays

O 0 \© O O/ © O
d sin®

Fig. 2.2: The reflection of an x-ray beam by the planes of a crystal [32].

2.1.4 Scherrer Equation

Scherrer equation is a formula that relates the size of crystallite D to the broadening of a
peak in a diffraction pattern. It is limited for crystalline grains with size larger than 600
nm [33]. It is important to provide a lower bound on the particle size. The scherrer
equation is given as:

kA

D= m (2.2)

Where, the constant k is the geometric factor which relates to crystallite shape and
normally taken as 0.94, A = 0.15418 nm is the Cu-Ka x-ray wavelength, £ is the peak
broadenings at full width half maximum peak in radians, and 6 is the diffraction angle

[34-35].



In addition, the micro-strains (), stacking faults (SF) and dislocation densities (0) are
defined by the following relations, respectively [36].

B

€= 4 tan (@) (23)
__ 2mB
SF = 45.[3 tan(8) @4)
15 &
5§ == 2.5)

Where, D is the crystalline size and a is the lattice constant for films.

The dislocation density is a linear crystalline defect per unit volume.

2.2 MoOs3 Crystal Structure
MoOs is a binary layered oxide [37] and one of the rare compounds with the general
formula AX3 [38].Three crystal structures can be presented in the MoOs, orthorhombic,

hexagonal and monoclinic structure [39] as shown in Fig. 2.3.

(@) (b) (©

Fig. 2.3: The crystal structures of MoOs. (a) Monoclinic f-MoOs, (b) Hexagonal h-MoOQs. (¢)
Orthorombic a-MoOj; [40].

The basic building unit of MoO3; is MoOg octahedron [39]. Crystals in orthorombic
system are referred to three perpendicular axes that are unequal in length as illustrated

in Fig. 2.4. In this structure, the Mo®" ion is attached to three crystallographically



equivalent oxygen atoms in a strongly deformed octahedral environment. The MoOg

octahedral is then condensed by edge and corner-sharing to produce MoQj; sheets [3].

(@) (b)

4 | |
| %
: : M- 0 M
',’ .I — o
: ' o I ()/
7 g N/
V«’.v/ O Mo

A

Fig. 2.4: The orthorhombic crystal structure for MoO;_ (a) The layered structure at a-MoOs. (b)
Detail of the Mo coordination [40].

The plane spacing equations for the orthorombic and the hexagonal structure

respectively [30] are :

FERRP] + o2 +—= (2.6)
1 4 (h*+hk+k? 12
a2~ 3\ a2 2 27)

Where, d is the interplanar distance, (hkl) are Miller indices of the reflection plane.

a ,b and c are the lattice parameters.
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2.3 Metal Induced Crystallization

Semiconductor thin films grown from vapor phases are generally amorphous at low
temperatures. The transformation of amorphous semiconductors to crystalline phase
requires high process temperature, which is inappropriate with using high-performance,
but heat-sensitive, substrates. In last years, two methods have been investigated to
prepare crystalline thim films at low temperatures for heat-sensitive substrates. Laser-
induced crystallization (LIC) and Metal induced crystallization (MIC) [41]. In the MIC
technique, the temperature for crystallization is highly decreased when the amorphous
film is connected with a metal, such as In, Cu, or Al. This technique is preferable on
LIC technique due to its simplicity and economic. Moreover, MIC is much easier to be
inserted into current semiconductor [42].

Metal-induced bond weakening of amorphous structure semiconductor. At the interface
with a metal layer, the covalent bonds in amorphous become weakened, providing for a
relatively high mobility of the interfacial atoms, which may prepare the agent for
initiation of crystallization of the amorphous structure at low temperatures. So Surface
and interface energetics play a decisive role in the process of MIC in metal/amorphous-

semiconductor thin films [42].

2.4 The Optical Properties of Semiconductors

All materials interact with electromagnetic light. A number of optical phenomena occur
when photons strike the surface of a material. When incident photons interact with
valence electrons of the matter sample of thickness d, the optical phenomena including

absorption, reflection and transmission may happen. Therefore, an incident beam of
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intensity |, may be partly absorbed, partly reflected, partly transmitted and a small part
may be scattered. These intensities can be written as the following relation [25]:

=1L +I;+1.+1 (2.8)
Where |, is intensity of the incident beam, I, is intensity of the absorbed beam, Ig is
intensity of the reflected beam, It is intensity of the transmitted beam and Is is intensity
of the scattered beam. By substituting the coefficients for reflectance (R = Igr/ly),
transmittance (T = I+/l,), absorbance (A = 1a/l,) and scattering (S = Is/l,), equation (2.8)
can be rewritten as,

A+R+T+5=1 (2.9)
Because the scattering part is very small, equation (2.9) can be expressed as,

A+R+T=1 (2.10)
The absorption coefficient (o) is calculated using the following relation [43]:

1-T—R
o}

a = (2.11)

It can be used to display the energy band gap of semiconductors by using the Tauc's
relation [44]:

(aE)* = A(E - E,) (2.12)

Where E = hv is the photon energy, Eq is the energy band gap between valance and
conduction band and P is an index related to the optical transition type and is equal 2 for
indirect allowed, 1/2 for direct allowed, 3 for indirect forbidden and 3/2 for direct
forbidden transitions [45]. Tauc plots (a.E)*" —E give the Eg from the intercept on the E-

axis in the linear region of the absorption onset with the baseline.
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2.5 Fresnels Equation and Dielectric Properties

The Fresnel equation describe the propagation and behavior of normal light modes at
optical surfaces [46]. The relation of the physical observables to dielectric functions can
be expressed using Fresnel equation [47]. When a monochromatic wave travelling

through non-magnetic materials as shown in Fig. 2.5.

AWYA §
VARVARWY, :

. WAWA
VVVE

&—————— empty space—ale— solid ———»

Reflected Beam

s N

Transmitted Beam

Fig. 2.5: Schematic diagram for normal incidence reflectivity [47].

Defining a complex index of refraction (N) for non-magnetic material as:

N = feo (2.13)

complex ~ 1,‘." Ecomp!ax
Where ecomplex IS the complex dielectric function, is known also as effective dielectric
constant.

The normal incidence reflectivity R can be written in term of electric field component
R = ‘E_a‘ (2.14)

Where Ep = %ET (1-N)and E; = %ET (1+ N) are the electric fields amplitudes of

reflective and incident wave , respectively. Er is the intensity of transmitted wave.
In term of real and imaginary parts, Ncomplex IS Written as:

N =n+ik (2.15)

complex
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Where n is index of refraction and (k = aA/4x) is the extinction coefficient.
According to the definition of Neomplex In Equation. 2.13, gomplex Can be written as
Ecomplex = Ereal T 1Eimaginary = (M + ik)* =n* + i2nk — k*
giving the important relations:
g, =n" —k* (2.16)
S = 21k (2.17)
Where & and gn, are the real and the imaginary parts of the effective dielectric constant,

respectively.

The am, &eal N, K, are all frequency dependent, according to the dispersion relation:

N =

E|&

(2.18)

complex
Where c is the speed of light in empty space and w/k is the phase velocity of light in
the medium.

The Fresnel equation which relate the optical measurements with dielectric properties of
material, can be defined by the following relation [48] :

: I.T_. ]: ]
— Weepmt) TR (2.19)

[ II_-'TH+1]:+J{:
Where R is the measured reflectance and & is the effective dielectric constant (complex)-

To find &g in terms of the measured R, equation. 2.19 can be analyzed by the following

steps:
(1-n)2+k?
- (2.20)
Multiply equation. 2.20 with ((1 +mn)* + k%)
R(1+n)?+RK*=(1—n)* +k* (2.21)

By Subtracting k? from each side and rearrange equation. 2.21
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(1—-n)*—R(1+n)* =k*(R—-1)
The extinction coefficient k vanishes for lossless materials. Giving:
1-2n+n* —R—2nR—Rn* =0 (2.22)
Rearrange equation. 2.22
1—-R—2n(1+R)+n*(1—R)=0
by dividing equation. 2.22 on (1-R), the following quadratic equation of n variable is

obtained
a (1+R)
n® + Eﬁn +1=0 (2.23)

Where n is the refractive index for lossless material. n is obtained by solution of the
quadratic equation as follow

—b+ybE-dac
n=——————
2a

(1+R)
(1-rY

Where,a=1,b=2 and c =1 are the constant parameters of equation. 2.23.

— =
Recall that n = e, .

By this analysis, &g is found only in term of the measured R using equation. 2.23.

2.6 Drude - Lorentz model

The Drude model of electrical conduction are used to explain the transport properties of
electrons in metallic materials by describing the dielectric constant and relating it's
variation to the incident light frequency [49]. Drude constructed his theory of electrical
conduction by applying the famous kinetic theory of gases to a metal, considered the
valence electrons as a gas of electrons. Kinetic theory deals the molecules of a gas as

identical solid spheres, which move in straight lines until they collide with each other
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[30]. Bound electrons of the metal are treated as damped harmonically particles undergo
to external force arising from electric field.

The Drude model is modified by Lorentz model to be Drude-lorentz model for dielectric
function of semiconductors. The modified model is accepted for semiconductors when
the free carrier density due to doping is sufficiently high [50]. Dielectric constant is
theoretically reproduced using the Drude-Lorentz approach through the dispersion

relation [51]:

wg. whe.
c(@=1-YF—F1 43k £ 2.25
( ] E! (w2 +icwy) E! (mgi—m2)+im}ff ( )

Where, k is the number of peaks appeared in the dielectric spectrum and the index i
refer to the relevant peak, w is the angular frequency, y = 1/t is the damping rate , t is
the electron scattering time, w, is reduced resonant frequency and w,, = +/ 4mwne*/m’

is the electron bounded plasma frequency where n is the free electron density and m* is

the effective mass of electron.
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Chapter Three
Experimental Details

In this chapter, design of the samples, conditions, the experimental techniques and the

devices that were used for preparation and analysis of thin films are discussed in details.

3.1 Substrate Cleaning
The glass substrates are cleaned first by distilled water then by Alcohol in order to
remove all dust from the surface. After that, the substrates are immersed in alcohol and

are placed in ultrasonic resonator (Fig. 3.1) in distilled water at 70 °C for 40 minutes.

T

IMPORTANT) Make sure thal henactivaled, | nTIYD [DTW NTHYT W' LN

the bath s full with minimumof T5% liguid. | Y12 76% DID'DA YD 02aDNA

Do not put objects directly onthebottom, 037 TNN 7Y 04N AN 1N -~
|

Fig. 3.1: The ultrasonic resonator device.

3.2 Thin Film Preparation
The thin films are deposited onto the cleaned glass by the physical vapor deposition
technique using a Norm 600 physical vapor deposition device (Fig. 3.2) at a vacuum

pressure of 10 mbar. The device contains vacuum pumps, valves, sensors, cooling
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circuits and process control system, all these complementary equipment participate in

controlling various parameters of the deposition process.

(a) (b)

Fig. 3.2: (a) The Norm 600 physical vapor deposition (PVD) system. (b) Internal setup of the
PVD device.

The cleaned glass substrates are fixed on metal plate which sets above the source of
material (item 2 in Fig. 3.2 (b)). A 0.2 g of MoOj3 powder is inserted in the Tungsten
boat (item 1). When the system is closed and the air inside the chamber is removed
using vent valve then the device runs and waits the pressure to reach 10 mbar to then
open the turbo pump, during this process the shutter (item 3) is closed to avoid any
random deposition that impedes making good evaporated films. The process of
deposition begins when the vacuum reaches 10 mbar or less in order to prevent

collisions between atoms. The system is supplied with current in order to heat the
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material in the boat which increases gradually on the substrate to reach suitable
deposition thickness. The shutter is opened and the atoms accelerate to the substrates
then the shutter is reclosed when the thickness monitor reads the desired thickness. The
thickness of the film is measured with the help of thickness monitor (item 4).
This monitor uses a quartz crystal microbalance (QCM) works as a sensor that measures
the deposition rate and the total thickness of thin films during deposition [52].
The resulting 500 nm thickness of MoOs films are used as substrates to deposit indium
slab with thickness ranging from 25 to 200 nm. Then, the samples of the grown
MoOs/In films are also used as substrates for the deposition of 500 nm thick MoOj3 to
finally produce MoO3/In/M0oO3 (MIM) nanosandwiched thin films as shown in Fig .3.3.
All the nanosandwiched and as grown pure films are subjected to substrate temperature

of 25 °C.

(b)

(@)

Glass Glass Glass

Fig. 3.3: (a) geometrical design steps of MoOs/In/MoOs; thin films. (b) The actual samples
which appeared after evaporation.
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3.3 Thin Film Analysis
The structural and optical measurements are employed in thin film analysis to discover

scientific results in the thesis.

3.3.1 (XRD) Measurements

X-ray diffraction characterizations for MIM thin films are carried out using the Miniflex
600 X-ray diffractometer ( Fig. 3.4) provided with Cu Ko radiation, of A=1.5405 A and
an applied voltage of 40 kV and current of 15 mA. Scanned 20 range is 10°-70°. With
step size of 0.05° and the scan rate is 0.5%minute. The analysis of the diffraction data is

performed using TREOR-92 evaluation computer program.

Fig. 3.4: The Miniflex 600 X-ray diffractometer.

The basic elements of the X-ray diffractometers are X-ray tube (source of radiation), the

filters which are made of metallic sheets used to produce monochromatic radiation, the
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collimator which is used to reduce the size of the beam and is directed towards the
sample. In addition to the sample holder where the sample set and stabilized by clay,

and the X-ray detector.

3.3.2 Optical Measurements

The optical transmittance and reflectance are recorded in the incident light wavelength
range of 300-1100 nm, with the help of a Thermoscientific Evolution 300 ultraviolet-
visible light spectrophotometer equipped with VEE MAX 11 (Pike) variable-angle
reflectometer. With variation angle in the range of 30°-80°. The collected data are
measured at normal incidence of light (15°) and manipulated by means of the VISION
software.

UV-Visible light spectrometer uses a Xe lamp for visible region and ultra-violet region,

while a monochromatic also is used to produce a beam of single wavelength.

Fig.3.5: Ultraviolet-visible light spectrophotometer.
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3.3.3 The Hot-Probe Technique

The hot probe technique is a simple method for determining the conductivity type of a
semiconductor (n-type, p-type). Two probes make contact with the semiconductor
surface as shown in Fig. 3.6, one have temperature of 25°C, the other probe is heated to
100 °C. At the hot probe, thermally excited majority charged carriers are diffused away
from the probe. As they diffuse away from the hot probe, they leave behind the opposite
charged, donor atoms, which produce a current flow toward the hot probe for p-type

semiconductor and away from the hot probe for n-type [53] as illustrated in Fig. 3.7.

Fig. 3.6: The set-up of the "hot-probe" experiment.

N

Cold Hot U Cold Hot

< c o°°° & »g‘

Fig. 3.7: lllustration of the hot probe technique for determining the conductivity type in
semiconductors [53].
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When the conductivity type of MoO; sample is determined, a digital multimeter
(DMM),hot probe and two wires are used. The two wires are connected with DMM at
both negative and positive sides. The positive side is linked with the hot probe and the
negative one keeps in touch with the surface of the sample. The reading of DMM is of
positive sign, which refer to the minority carriers charge at region surrounding the hot

probe, Thus MoOs is n-type material.

3.4 Thin Films Annealing

Annealing process is an important technique in thin film fabrication, which can help
enhance the properties of the thin film by changing the microstructure and phases. In
this work, the nanosandwiched thin films with 100 and 200 nm indium thicknesses are
subjected to heat treatment process at 250 °C for one hour using Thermo scientific

Heratherm 1GS180 device (Fig.3.7).

Fig. 3.8: Thermo scientific Heratherm 1GS180
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Chapter Four
Results and Discussion

4.1 Structural Analysis

The XRD patterns for the as deposited (Tsupstrate = 25 °C) MoOs/In/M0oOs (MIM)
sandwiched films are presented in Fig. 4.1. It is observable from the figure, that the
films with low thickness of indium slab display no diffraction peaks, this refers to the
amorphous nature of the MoOs. The main reason for the noncrystalline nature of the
MoO; film could be assigned to the presence of more than one polymorph phase in the
films. Namely, the structure of MoO; films includes the orthorhombic o-MoOs,
hexagonal y-Mo00O3, and Monoclinic B-MoO; polyphases. While o phase has an ordered
vacancy, the B and y phases are of highly disordered vacancies [54]. However, the sharp
patterns start to appear for the sample which contains 100-nm-thick indium slab. One
peak is observed in this sample. When the thickness of indium increased to 200 nm, two
additional peaks appeared and the intensity of the main peak has been greatly raised,
this sharp peak indicates that crystalline nature of the sample is high [55].
Crystallization of the films after inserting of indium corresponds to the fact that metal
induces crystallization, which was explained in sec. 2.3. Indium induces bond
weakening of amorphous MoOj structure. At the interface with a metal layer, the
covalent bonds in MoO3; become weakened, providing a relatively high mobility of the
interfacial atoms, which may prepare the agent for initiation of crystallization of the
MoO; at low temperatures. In comparison with previous studies, indium didn't alter the
structure of Gallium sulfide (Ga,S3) when it was sandwiched between two layers of
Ga,S;3 [56]. No sharp peaks appeared even when the indium thickness raised to 200 nm.

In another work, thermally assisted metal induce crystallization (MIC) phenomenon on



24

a-Germanium by indium was investigated. Indium- MIC process started at 250 °C [57].
This may indicate to that MoOs have higher capability to be crystallized than other

amorphous materials.

MIM-100 nm

n,

MIM-50 nm

MIM-0 nm
'//«~Lj Lj\v MIM-200 nm
P, A
10 20 30 40 50 60 70

26 (°)

Fig. 4.1: The XRD patterns for as grown MoOx/In/MoOs films.

When the sandwiched films with 100 and 200 nm indium, (MIM-100 nm) and (MIM-
200) respectively, are heat treated for one hour at temperature of 250 °C, more peaks
appeared in MIM-200 nm sample as shown in Fig. 4.2. The peaks positions which are
indexed in accordance with literature data [58-59] and subjected to "TREOR 92"
software packages reveal an orthorhombic structure of MoO3;, A maximum peak that is
best oriented in the (111) direction is observed at 20 = 33.8 °. The appearance of
additional peaks on heat treatment means that there is a change in the crystalline phases
and crystal structure. One of the minor peaks can be related to tetragonal Indium
structure with (002) orientation which observed at 20 = 37.25 °. The standard card

information about indium indicate the presence of a peak at 36.9 in the (002) direction.
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However, the shift in the position of the observed peak is assigned to the sandwiching of
indium between two layers of MoO3; which can residual stress that in turn alter the

lattice parameters.

a-MoO, (111)

a-MoO; (130)
Tetragonal-In (002)

¥-MoO; (102)

o-MoO, (060)

1N, (MIM-200 nm)

a-MoO; (121)
a-MoO, (211)
a-MoO, (052)

At 250 °C

At 25 °C
et VAN et A

25 30 35 10 45 50 55 60 65 70
26 ()

Fig. 4.2: The XRD patterns for MoOs/In/Mo0O5 -200 nm films before and after annealing.

Hexagonal structure of MoOg is observed in one peak with orientation (102). This
suggests the tendency of the annealing process at higher temperature to transform the
MoOj; structure from orthorhombic to hexagonal structure. Also, it is observable that
peaks are shifted to the left after heating , such that 20 is shifted to lower values, this
means that the lattice parameter is changing [60]. Several reasons are possible for the
change in the lattice parameters, namely, elimination of defects or structural relaxation
[61]. Theoretically according to the Bragg's equation (2.1), it is readable that if d
changes, then only 6 will be different. The interplanar distance d is related to the lattice
parameters a, b and ¢ through equations (2.6) and (2.7). Thus, the shifting of peaks

means that lattice parameters have been changed. This applies also at MIM-100 nm
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sample, where The main peak is shifted to the lower value of 26 under heating as shown

in Fig. 4.3.
g
[}
=
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-E; At 250 °C
At 25 °C
10 20 30 40 50 60 70
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Fig. 4.3: The x-ray diffraction patterns for MoO/In/M00Qs-100 nm films before and after
annealing.

From chemical point of view, since the ionic radius of In*® is 94 pm [56] larger than 64
pm for Mo™® [62], it is not possible for the In* ijon to replace the vacant sites of Mo*®
but interstitial In** ions between O-O bonds to form In,03; bonds may take place. The
formation of this bond would acquire more oxygen atoms because the In*® ion (acceptor
impurity) provides an extra hole due to its deficiency in valence electrons. The
participation of the extra hole to the structure of MoO3 explains the reason for the
excess oxygen atoms over those of molybdenum. The standard card information about
In,O3 [63] indicate the presence of reflection peaks at 31.4 ° and 36.4 ° in the (222) and

(400) directions, respectively. These directions may be corresponding to the peaks
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which appear for annealed MIM-200 nm films at 31.2 ° and 35.9 °, respectively as
shown in Fig. 4.2.

In order to understand the effect of increase in thickness of indium and annealing
processes on the structural characteristic of MIM sandwiched films, The grain size (D),
stacking fault (SF) and micro-strain (¢), which are defined by equations (2.2) to (2.4),
are calculated for MIM-100 nm and MIM-200 nm thin films before and after annealing.

The values are illustrated in Table 4.

Table 4.1: The structural parameters of MIM-100 nm and MIM-200 nm sandwiched
films before and after annealing, calculated for the main peak of (111) orientation.

Spectrum MIM-100 MIM-200 nm  MIM-100 nm  MIM-200 nm
nm (As (as grown) (annealed) (annealed)
grown)

(0]
20 () 33.7 33.8 314 33.55

Intensity 2268 13935 2403 12519

(a.u.)
B(rad) 0.0070 0.00351 0.0080 0.00349
(hKl) (111) (111) (111) (111)
d (nm) 0.266 0.265 0.285 0.267
D (nm) 20.42 40.64 18.04 40.82
-3
SF (x 10 %) 321.0 161.0 375.0 160.8
-3
g (x10 ) 5.76 2.89 6.99 2.90
*See Symbols Table.

The structural parameters values in the table indicate that increasing the thickness of

indium leads to a decline in the interplanar distance, stacking fault and micro-strain. In
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contrast, significant increase in the grain size (crystallite size) is observed when indium
thickness increases, the grain size value increased from 20.42 nm for MIM-100 nm to
40.64 nm for MIM-200 nm. On the other hand, the structural parameters values in the
table indicates that annealing process leads to an enlargement of the crystallite size,
inter-planer distance, and the micro strain. But a decline in the stacking fault. The
increase in crystallite size which is related to an improvement of the intensity of the
peak reveals a real enhancement of the crystallinity and decreases the grain boundary
discontinuities [3]. In addition, the increase in the grain size leads to clusters
development and to formation of columnar structure [64]. It is reported that grain size of
MoO; films increased from 10 to 22 nm with increase of annealing temperature from
573 t0 673 K [64]. J. Song et al [39]. showed that the average grain size of h-MoO3 film

estimated to be 50 nm diameter.

A hetero-structure, which forms when different materials are grown on a same substrate
has important application in many devices due to the capability of epitaxy technology to
grow lattice-matched semiconductor materials on top of one another with virtually no
interface defects. The good structure is found when the lattice constants of both
materials are equal, In other word, the two materials are lattice matched [65-66]. In
contrast, the lattice mismatch between the layers causes dislocations at the interface and
creates electrical defects.

The lattice mismatch (A), can be found using the following equation [65]:

A= le=as! (4.1)

g
Where a. is the lattice constant of epitaxial layer and as is the lattice constant of the

substrate layer. In this work, the lattice mismatches between the orthorhombic a-MoO3
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and the tetragonal Indium (a = 3.25 A, ¢ = 4.95 A ) along the a-axis and c-axis are 18%
and 34%, respectively. The large lattice mismatch along the a-axis between the two
layers should force atomic displacements and grain size enlargements. On the other
hand, as the c-axis of the tetragonal structure is exhibiting larger lattice mismatch

(34%), the atomic displacements may be less consequence [48].
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4.2 Optical Analysis

The effect of thickness of the sandwiched indium on the optical properties of the MoO3
films can be clarified from measuring transmittance T and reflectance R spectra of the
indium sandwiched MoOj thin films at 300 K in the wavelength range of 300-1100 nm.
The optical transmittance spectra for the MIM interfaces with slab thickness of 0, 25,

50, 100 and 200 nm are presented in Fig.4.4.

2

100 4 ] ‘ MIM-200 nm ﬁ
0 T T T 1

MIM-0 nm 00 500 700 900 1100
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20 -
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300 400 500 600 700 800 900 1000 1100
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Fig. 4.4: The transition (T) spectra for MoOs/In/Mo0O; thin films at different indium slab
thicknesses.

Fig. 4.4 shows that there are mostly two peaks in the transmittance spectrum, the first
peak is shifted to the right and the second is broadening as indium thickness increases.
However, the second peak starts to die out at MIM-50 nm in the infrared (IR) and
visible range (VIS), this behavior indicates that absorption and reflection is better in the
IR and visible range [67]. Another peak is created at near infrared regions starting from

50 nm Indium thickness. It is also observed from Fig. 4.4 that the unsandwiched films
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(MIM-0 nm) are highly transparent in a wide range of light spectrum compared to other
sandwiched thin films, the transmittance for MIM-0 nm and MIM-25 nm have high
values in range 300-400 nm. There is slight increase in transmittance in the range of
700-1100 nm. It is obvious that transmittance decreases with increasing indium slab
thickness, this is due to the increase in free carriers [68-69] and could be attributed to
the increased scattering of photons by defects created by In, Mo, O, and random grains

[70]. It also provides indications about free carrier absorption.

The reflectance spectra are displayed in Fig. 4.5. It is observed that the MIM-200 nm
sandwiched film exhibits different R spectrum shape from other films. Three peaks are
apparent in each spectrum except for the sample sandwiched with 200 nm indium thick
of Indium. The shape of MIM-0 nm spectrum is not changed as indium thickness
increases from 25 to 100. Changes appear in the magnitude of the total reflectivity and
the position of the maxima. MIM-0 nm first peak appears at 362 nm, the second at 448
nm and the third at 704 nm, the first peak is shifted to left at 330 nm for both MIM-25
nm and MIM-100 nm films and shifted toward 308 nm for MIM-50 nm. The second
peak also shifted to 470, 404, 422 nm in the film sandwiched with 25, 50 and 100 nm
Indium, respectively. The third peak died out in MIM-25 nm and shifted to left at 598
and 636 nm for MIM-50 nm and MIM-100 nm, respectively. It is also observed that the
peak magnitude is highest for MIM-100 nm. At the spectral range of 800-1100 nm, R
spectra increases linearly and exhibit large value of reflectance for MIM-200 nm, but at
this range R for other films exhibits low values and almost slightly changing. The
maximum and minimum reflectivities indicate local dipole resonance-antiresonance of

the oscillating atoms with the incident time dependent electric field [71].
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Fig. 4.5: Reflection spectra of the MoOs/In/Mo0O; thin films at different indium slab
thicknesses.

The absorption coefficient (o) spectra are determined to give better explanation for the
optical behavior of the films. o values are calculated using equation (2.11). The o
values are represented as function of the incident energy (E) in Fig. 4.6. It is observed
that the sandwiched films have high o compared with pure films. This means that the
Indium layer improves the absorbability of the films. Fig. 4.6 suggests that there are
three distinct shapes of o spectrum. The MIM-0 nm and MIM-25 nm exhibit the same
behavior of a but the second (MIM-25 nm) is of much higher value of o at all spectrum
range. Three regions appear for these two films spectrum, include the absorption
saturation region above 3.5 eV, sharp region between 3.00 - 3.7 eV and transparent
region below 3.0 eV. The MIM-50 nm and MIM-100 nm sandwiched films exhibit also

the same behavior. The MIM-200 nm sandwiched film exhibits other different behavior.

It is observed that o shifts to the left as E decreases, this is called redshift. o doesn't
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reach zero even at low energies in the transparent region. This is mostly due to the

presence of the interbands or band tails.
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Fig. 4.6: The absorption coefficient (o) for MoOs/In/Mo0O; films.

The band tails in the semiconductor are usually formed due to structural disorder
impurities and broken bonds. Returning to the low absorption region, where the band
tails may have existed, the o values in that region can be given by the relation [72]:

o = o, exp (E/Ee) 4.2)
Where a, is a constant, E is the photon energy (hv) and E. is the band tail energy
(urbach energy). The energy band tail usually indicates the presence of defects in the
structure and the optical transition between localized and extended state in the valence
and conduction band. The E. can be estimated from the reciprocal of the slope of the
linear part of In(at) — E variation [73-74]. The logarithmic plots of o versus photon

energy for unsandwiched MoO; films and Indium sandwiched MoOj; films are



34

displayed in Fig. 4.7. The calculated values of the band tail energy are illustrated in
table 4.2. The calculated E. for MIM-0 nm, MIM-25 nm, MIM-50 nm, MIM-100 nm,
and MIM-200 nm films are 0.59 eV, 0.67 eV, 0.57 eV, 0.67 eV and 1.9 eV,
respectively. The MIM-200 nm sandwiched films doesn't have energy tail because E.

doesn't achieve the identity E. < Ey/2 [72].
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e
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Fig. 4.7: In (o) versus E variation in the low absorption region for band tail investigation of the
MoOs/In/MoQ; films.

Table. 4.2: Band gaps and band tails of the not sandwiched and sandwiched MoOs,

0nm 25 nm 50 nm 100 nm 200 nm

Eg (eV) 3.21 3.04 3.02 2.97 14

Ee (eV) 0.59 0.67 0.57 0.67
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The o data are also used to determine the energy gap (Eg) of the thin films, which is one
of the most important parameters in semiconductor physics. The optical energy gap and
the electronic transition type can be estimated from the o spectra by applying the Tauc's
relation which is defined by equation (2.12). The respective (o E)*?, (o E)?, (o E) and
(o E)*® — E variations are plotted in Fig. 4.8 and compared in the incident photon
energy region of 1.0 — 4.0 eV. The linear fit which covers most of the experimental data
is selected as the dominant type of electronic transition. The fitting must start from the
energy region below the saturation region. Fig. 4.8 shows that the best linear fits that
covers most data which appeared for direct allowed transition type (o E)?.

A direct transition is a photoexitation process in which no phonons are entangled.
Returning to the o spectra in Fig. 4.6, the optical absorption in amorphous
semiconductors nearby the absorption edge is usually described by three types of optical
transitions corresponding to transitions between tail and tail states, tail and extended
states. The first two types correspond to E < Eg, and the third type corresponds to E >
Eg. In the low absorption coefficient range, also called the transparent region tail, the
absorption is occurred due to optical transition from tail to tail states. The localized tail
states in amorphous semiconductors are contributed by defects. The absolute value of
this region could be used to evaluate the density of defects in the material. in region
where 107 < o <10* cm™ , the absorption corresponds to transitions from the extended
states in the valence band to localized tail states below the conduction band or the
transition from localized tail states above the valence band edge to extended states in the

conduction band [75].
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The direct allowed transition energy band gap is calculated from the (a E)? intercept of
the E-axis as shown in Fig. 4.9. The energy band gaps for MIM-0 nm film is 3.21 eV,
and for MIM-25, MIM-50 nm, MIM-100 nm and MIM-200 nm are 3.04, 3.02, 2.97and
1.40, respectively. It is observed that MIM-0 nm has the widest gap. The insertion of
indium decreases the band gap significantly. In one of the previous studies, it is
reported that the formations of incompletely delocalized electronic levels over the
valence band states are responsible for the band gap narrowing of S-doped TiO;3 [76].
The decrease in the energy band gap with increasing indium film thickness could be
also assigned to reasons like the band bending due to energy barrier height formation
and the potential decrease due image charges forces and due to the recombination
processes at the In/MoQ; interfaces [48]. The decrease in band gap energy indicates that
the sandwiched films have a broader optical absorption region than MoO3; which is
reported to cause higher photocatalytic activity by increasing the production of more
electron/hole pairs [77]. With the consideration of the random distribution of the
ordered and disordered Mo vacancies through the amorphous MoOj3 thin films. The
possibility of the indium atom substitutions in the Mo sites should be excluded as the
ionic radius of In* is 94 pm [56] and that of Mo*® is 64 pm [62]. Still there is a
possibility of interaction between the oxygen atoms near the vacant site of Molybdenum
atom with the indium. The formation of In,O3 should also be considered. The energy

band gaps for In,O3 is reported to be (>3.2 eV) [78]. The value of the energy band gap
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Fig. 4.9: Energy band gap investigation for the MoO3/In/Mo0O; films.

for the In,O3 was not detected upon evaporation of 25, 50 and 100 nm thick indium
layers. However, when the thickness is increased to 200 nm, the energy band gap
suddenly falls from 2.97 to 1.40 eV indicating the probability of preferred electronic
transitions through the In-O bonds at the indium-MoOj3 interface. The average length of
all possible bonding types during formation of In,O3 which are tabulated in ref. [62] is
2.19 A. But the average length of the bonding types during formation MoOs is 2.05A
[62]. The bond separation in the MoOjs is shorter than those of In,O3 indicating that the

electronic transitions through the MoO3; may be preferred over those of In,0s.
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4.3 Dielectric Analysis

To investigate the practical applicability of the MIM nanosandwich films, the spectral
optical data are used to determine the effective dielectric constant (eer) Spectra as it is
explained in sec. 2.5. According to equations. 2.16 and 2.17, & is related to the real ()
and imaginary (eim) parts of the dielectric constant through the relations

(5, = &5 — k%) and (g, = 2k, [e.;;) , respectively. The &, which is calculated in

the frequency range of 300-1000 THz, exhibits exactly the same behavior as &g Fig.
4.10. shows the real part of dielectric constant spectra. It is shown that un-sandwiched
MoO; film (MIM-0 nm) exhibits three separate peaks, the first peak at 426 THz with
amplitude of 5.7, the second peak at 661THz with amplitude of 6.8 and the third peak at
820 THz with amplitude of 4.9. When the film is sandwiched with 25 nm Indium, the
first and third peaks get broadening and die out. The amplitude of the second peak is
similar to that for un-sandwiched film but the peak is shifted to a lower frequency of
646.6THz. While when the film is sandwiched with 50 nm and 100 nm of indium, two
peaks are observed. For MIM-50 nm, at 497 THz with amplitude of 8.7 and at 743 THz
with 9.2 amplitude. For MIM-100 nm, the first peak shifted to lower frequency of 466
THz with increasing of amplitude to 11, also the second peak shifted to a lower
frequency of 711 THz with increasing of amplitude to 16.2. In general, the values of the
dielectric constant show positive responsivity to the sandwiching of the Indium slab into
the MoOs structure. The source of peaks in the dielectric spectra should refer to the
direct transitions from the valence to the conduction band in addition to the interband
transitions which appear from surface defects [79]. While the valance band is

constructed from Oxygen (2p) and Molybdenum (4d) orbitals, the conduction band is
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predominated by the O (2s) and Mo (5s) states over the range of 3.4-1.7 eV [56- 79].
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Fig. 4.10: The real parts of the dielectric spectra for the MoOs/In/MoOjs interface at different
Indium slab thicknesses.

The resonance frequencies are in the visible and near infrared regions, therefore this
design seems attractive for wuse as resonators in optical receivers and
telecommunications [80]. The resonance frequency values have importance, as they
represent the positions where the reflectivity of the films are maximum. They are also
regarded as the frequencies at which the minimum number of polarized charges are
dispersed. In other words, the abilities of the films to hold electrical flux are maximum
[71]. The same behavior of R spectra appears for &ea Spectra. The behavior is attributed
to the plasmon interactions. In which light of frequencies below the plasma frequency is
reflected by the materials because the electrons in the material screen the electric field
of the light [71]. Conversely, light of frequencies above the plasma frequency is

transmitted as a result of electrons in material being unable to respond fast enough to
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screen it [81]. This behavior indicates that the sandwiched films are promising design

for applications that operate at terahertz frequencies.

On the other hand, Fig. 4.11 displays &in wWhich also increases with increasing indium
slab thickness. The &, for the un-sandwiched and the sandwiched films exhibit one
order of magnitude lower values than that of real one. It is observed that the un-
sandwiched film MIM-0 nm and the sandwiched film with 25 nm Indium reflect the

same behavior, the only difference is that the sandwiched films has higher net values of

€im than the un-sandwiched film. The same thing applies for the sandwiched films with

50 and 100 nm Indium, they reflect the same behavior, but the MIM-100 nm has higher
net values of €im. Two resonance peaks appeared for these two films. The peaks of the

sandwiched film with 50 nm Indium are centered at 497 and 750 THz. Sandwiching the
film with 100 nm Indium layer caused a shift in the resonating peaks toward lower
frequency with a decreasing of their amplitude, the peaks are now centered at 423 and
704 THz. The resonating peaks are in the infrared and visible regions of the spectrum.
The MIM-200 nm sandwiched film exhibits very different behavior. There is no peaks
and it is near to exponential behavior. Also, & and gy for MIM-200 nm samples reflect
similar spectrum as observed in both Fig. 4.10 and Fig. 4.11. The increase in the g
value indicates to higher optical conductivity according to the relation:

Eim = dmofw (4.3)
Where o is the optical conductivity.

That may be explained by the availability of more free electrons (n) when Indium

thickness increasing and/or more mobile charge carriers of drift mobility p in

accordance with the relation, o = neu [56].
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The drift mobility of charge carriers is defined by the relation :

eT{

p==" (4.4)

mi-
Where e is the electron charge, 7; is the electrons scattering time and m* is the effective

mass of free carriers which is determined as follow:

1 2 .
= +—— , where My, = 0.2m, [82] and m;, = 1.02 m_ [56].
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Fig. 4.11: Imaginary parts of the dielecric constant for MoO,/In/MoQ; Interface fitted
computationally using Lorentz-Drude model.

The modeling of &, which is shown in Fig. 4.11 can be used to provide information
about the parameters of the optical and electrical conduction. The effect of the surface
plasmon resonance is better screened by the modeling of &, with the Lorentz-Drude
theory. The fitting between the experimental and theoretical data is obtained through the
parameters which are displayed in Table. 4.3. the reason for the existing of the
resonating peaks can be understood by this modeling of €. At particular thickness of

Indium slabs, when the number of the oscillators (k) increases, the scattering time
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decreases indicating that the damping force effect is more dominant at higher
frequencies [56]. Fourth oscillator of electron which exhibits the most energetic
behavior indicates that the increase in the thickness of indium slab leads to an increase
in the damping force coefficient (t%). Particularly, the scattering time exhibits values of
1.40, 0.60, 0.40, and 0.26 fs. for 25, 50, 100, and 200 nm, respectively. This shortening
of the scattering time is associated to a respective increase in the free electron density of
6.10, 14.0, 19.0, and 200x10'" (cm™). Which supplies increase in the free electron
density is addressed to the thickness of the metal slab, the more conduction electrons
that are available (Indium have three valence electrons). Moreover, an explicit effect on
the electron drifts mobility and plasmon frequency can be observed from Table. 4.3.
The drift mobility decreases from 26.6 to 11.4, 7.60, and 4.94 cm?/Vs as the Indium
thickness increases from 25 to 50, 100, and 200 nm, respectively. The plasmon
frequency also constantly increases with increasing Indium layer thickness. It reaches a
value of 8.86 GHz when the Indium slab thickness is 200 nm. In relative to the previous
considerations, indium is considered as a free electron metal, with three electrons per
atom in the metallic Fermi surface. The free electrons compose a plasma that makes the
Indium opaque and highly reflective under the plasma frequency. The existence of the
MoO; with energy band gap of 3.21 eV will permit the absorbance of photons with

energies above the energy band gap, leading to the generation of electron hole pairs.
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Table 4.3: The optical conduction parameters for electron-plasmon interactions at the MoO3/In/MoOs3.

MIM-0 nm MIM-25 nm MIM-50 nm MIM-100 nm MIM-200 nm
i* 1 2 3 4 |1 2 3 4 |1 2 3 4|1 2 3 4 1 2 3 4
7 (fs) 070 200 280 125 | 055 055 2.80 1.40 | 1.00 060 0.75 0.60 039 110 1.00 0.40 | 0.45 1.40 1.40 0.26
n(x10"cm® | 320 100 020 9.00 | 111 630 0.10 6.10 | 345 140 970 140 [295 573 30 190 |300 940 840 200
We (x 10©° Hz) | 250 1.00 430 535 | 225 402 405 534 | 1.90 3.10 479 6.10 | 285 447 500 610 |20 370 420 6.40
W,ei (GHz) 106 059 026 178 | 209 157 020 155 | 1.16 234 195 234 [340 15 001 273 |1.08 1.92 1.81 8.86
w (cm? /Vs) 124 356 498 222 |105 105 532 26.6 | 19.0 114 143 114|741 209 190 7.60 | 855 26.6 26.6 4.94

i* refer to the number of linear oscillators.
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In addition to the generation process, the photons with energies above the energy band
displaces the Mo and O3 ions and create induced dipoles. Thus, the dielectric constant
increases in the high frequency range above 700 THz. In a similar way, the increase in
the dielectric constant in the frequency range of 440-600 THz can be probably assigned
to the increase in the interfacial polarization between the Mo*®, In*3, and O ion cores.
Through the growth process, the connect between the glassy regions and the randomly
distributed crystallites which have different dielectric constants and conductivities could

be the source of interfacial polarization and charge accumulation [83-84].



46

4.4 Effect of Annealing Process on the Optical and Dielectric properties

The transmittance and reflectance measurements for the annealed sample (MIM-100 nm
and MIM-200 nm) are also recorded in the wavelength range of 300-1100 nm. Fig.4.12
illustrates the effect of annealing process on transmittance and reflectance spectra for

both 100 and 200 nm indium sandwiched molybdenum trioxide films.

45 45
(a) —— MIM-100 nm (As grown)
40 —4—MIM-200 (As grown) 40
-o-MIM-100 nm (Annealed)

35 -#-MIM-200 nm (Annealed) 35 4
30 - 30 -

25 - 25

T%
R%

20 A 20

15 - 15 -

10 - 10

300 500 700 900 1100 300 500 700 900 1100
A (nm) A (nm)

Fig. 4.12: (a) Transmittance spectra of MIM-100 nm and MIM-200 nm before and after
annealing. (b) Reflectance spectra of MIM-100 nm and MIM-200 nm before and after
annealing.

It is observed that annealing process increases the transmittance for MIM-200 nm at all
wavelength range without changing the shape of spectrum as displayed in Fig. 4.12 (a).
As transmittance increases, the reflectance decreases for MIM-200 nm also at all
wavelength range, and it reach very small value (~0) at 472 nm as appear in Fig. 4.10
(b). The MIM-100 nm exhibits increase of transmittance in NIR range after annealing,

and significant decrease of transmittance in visible light range. On the other hand, the
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annealing process significantly decreases the reflectance of MIM-100 nm at all range of
light spectrum. The maximum peak of reflectance spectrum which equals ~36 at 422

nm, decreases to ~6 at 416 nm upon heat treatment.

The absorption coefficient values which are calculated from the measured transmittance
and reflectance spectra using equation (2.11) are represented in Fig. 4.13 for the as

grown and annealed samples of MIM-100 nm and MIM-200 nm.

1
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. Annealed Annealed
0.8
E
Q
& 0.7 -
) MIM-200 nm
= As grown
0.6 -
0.5 1 MIM-100 nm
As grown
0.4 T
1 1.5 2 25 3 3.5 4

E (eV)

Fig. 4.13: The absorption coefficient for MIM-100 nm and MIM-200 nm before and after
annealing.

In general, it is observed that annealing the samples at 250 °C raises the absorption
coefficient spectra for both MIM-100 nm and MIM-200 nm. The peaks of MIM-100
nm spectrum disappear after annealing and the shape of spectrum has been changed. In
contrast, the shape of MIM-200 nm doesn't change after annealing. At incident light

energy of 1.14 eV, the o value increases 1.5 times for MIM-100 nm, While MIM-200

nm exhibits increase in a values almost with constant ratio (~1.3 times) at a wide range
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of incident light energy. Improving the absorbability after annealing the samples is
ascribed to the crystallization of the films [48] especially the MIM-200 nm films as are

shown in Fig. 4.2.

The optimization of the energy band gap is based on the usual fitting procedure of
determining the value of the band gap. Analysis of Tauc's relation reveals that the
annealing process doesn't alter the electronic transition type. The best plot that covers
the widest range of data is obtained for the direct allowed transition type which is
previously described for the as grown MIM films. As illustrated in Fig. 4.14, annealing
the samples lowered the energy band gab from 2.97 to 2.55 eV for MIM-100 nm, and
from 1.40 to 1.30 eV for MIM-200 nm. This smart feature should have appeared as a

result of better crystalline nature and larger grain size [85].
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Fig. 4.14: Energy band gap investigation for the MIM-100 nm and MIM-200 nm films before
and after annealing.
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The effect of annealing process on the dielectric constant is also illustrated in Fig. 4.15
and Fig. 4.16. The annealing process doesn't significantly affect the shape of the
dielectric spectrum for the film sandwiched with 200 nm indium as appear in Fig. 4.15.
However, while the MIM-200 nm interface shows a decreasing trend of & in range of

300-700 THz, it shows increasing trend in range of 700-1000 THz.

18
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Fig. 4.15: The real part of the dielectric spectra for MIM-100 nm and MIM-200 nm before and
after annealing.

On the other hand, the sample which is nanosandwiched with 100 nm indium layer
exhibits remarkable decrease in the dielectric constant value associated with broadening
in the resonance peaks when annealed at 250 °C. Particularly, The maximum dielectric
constant value which was ~16 at 711 THz, decreased to ~3.0 at 721 THz upon heat
treatment. In general, It is notable that e, Spectra reflects similar behavior of

reflectance spectra before and after annealing the samples.
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The effect of annealing process on the imaginary part of dielectric constant is
represented in Fig. 4.16. While MIM-200 nm exhibits slight decrease of &, upon heat
treatment as appeared in Fig. 4.15, it displays significant decrease of &;,, after annealing
as appears in Fig. 4.16. At frequency value of 300 THz, the &, for the as grown MIM-
200 nm has value of 3.0, but this value lowered to 0.3 after annealing the sample.

However, the shape of &, spectrum doesn't alter upon heat treatment for MIM-200 nm.
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Fig. 4.16: The imaginary part of dielectric spectra for MIM-100 nm and MIM-200 nm before
and after annealing.

In contrast, the nanosandwiched film with 100 nm exhibits not significant decrease in
the &, of dielectric constant. The resonance peaks get broadening, the first one
disappears and the second decreases from 0.14 to 0.08 at ~700 THz upon heat

treatment.
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Chapter Five
Conclusions

In this work, we have studied the effects of the nanosandwiching of the Indium films of
thickness ranging from 25-200 nm between two 500 nm thick MoOj3 on the structural,
optical and dielectric properties of the MoO3. The structural analysis, which are carried
out by X-ray diffraction technique, revealed that MoO3 films have amorphous nature as
no peaks appeared for unsandwiched film and for sandwiched films with low thickness
of Indium. However, It is found that indium induces crystallization in the amorphous
MoO; films. Moreover, the annealing process also enhanced the crystallite nature of the
films. As more peaks are seen after annealing the sample of 200 nm In at 250 °C. The
peaks positions in the annealed sample spectra revealed that the MoOgs films are
predominately-orthorhombic structure. One of the reflection peaks is assigned to
hexagonal structure. In summary, Improvement of structural properties of MoOj3 films is

achieved by nanosandwich technique and annealing process.

In the optical spectroscopy, the transmittance spectra of the films revealed that the un
sandwiched films are highly transparent in a wide range of light spectrum with
interference fringes . It is concluded that with increasing the thickness of the Indium
sandwich, a lower transmittance in the infrared and visible region and a higher
absorption will be achieved. Such decreasing in T values are attributd to the increasing
of scattering of photons. These optical properties make the films attractive for
optoelectronic applications. The reflectance measurements show that the un sandwiched
sample and others sandwiched with Indium of thickness ranging from 25-100 nm,

reflect the same behavior but with increasing the net value of reflectance as sandwich
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thickness increases in addition to shifting the R maxima which is in turn indicating a
good polarization dispersion in the films. The 200 nm Indium sandwiched MoQOg films
exhibited very different behavior. It's spectrum is close to linear relation. The
reflectance increases as the frequency of the light increases for the 200 nm Indium
sandwiched. The absorption coefficient spectrum revealed an improvement of the
absorbability of the films with increasing the indium sandwich thickness. Analysis of
Tauc relation reveales a direct allowed transitions energy band gap for the
unsandwiched and sandwiched films. It is concluded that engineering the MoOj3 films
by Indium sandwiching, decreases the energy band gab. The energy gap reduces from
3.21 eV for un-sandwiched film to 1.9 eV when inserting 200 nm indium. With the
broader absorption region and reduction in energy band gap, a higher photocatalytic
activity can be reached. Investigation of the band tails values at the low absorption
region reveal a redistribution of the state from band to tail that allow a more possible
band to tail and tail to tail transitions making the MoO3 sandwiched with indium more

sensitive to IR light.
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