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Abstract

Abstract

The PLD technigue was used to prepare SiC:AgO thin films with
different AgO ratios (1, 3, 5, and 7) wt% and study the structural, optical, and
electrical properties of these films, where this technique could be considered a
highly efficient in the production of such films. The films were deposited
using a Q-switched Nd:YAG laser with a wavelength of (1064 nm), with a
number of pulses (1000 pulse), a repetition rate (6 Hz), and an energy per
pulse of (500 mJ), while the pressure inside the deposition chamber was
(10 mbar) and the substrate temperature was about (250 °C).

Structural properties of the as-deposited thin films using the X-ray
diffraction (XRD) technique were studied. The results showed that the
SiC:AgO films have a polycrystalline structure with a cubic phase. Also, it is
noted that the increase in the average crystal size is irregular due to the
addition of silver oxide atoms, where the highest value was for the sample
(1% AgO) while the lowest value was for the sample (7% AgO).

The results of field emission scanning electron microscopy (FESEM) and
energy-dispersive X-ray spectroscopy (EDX) showed that the shape of the
particles was irregular and with different sizes that gradually increased with
the increase in the ratios of doping.

The surface topography of the films under study was studied using
atomic force microscopy (AFM), where the highest value of the surface
roughness (Ra), root mean squared (RMS), and particle size was of the film
(3% AgO) and the lowest value was for the film (7% AgO).

The optical properties of the films were studied in the spectral range
(200 - 900) nm, while the thickness of all films under study was about

(200 = 5) nm. It was found that the increase in the AgO ratios led to a decrease
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in the energy gap from (2.61 eV) to (2 eV) and the transition of the indirect
type allowed, in addition to calculating some the optical constants for all
films.

The electrical properties were studied as the Hall effect, where the results
of the sample examination show that the values of Hall’s constant (Rp)
decrease gradually with the increase of the doping ratios and all films are
n-type, it is also noted that the values of the kinematics of charge carriers (uy)
decrease for the same reason mentioned above.

The current-voltage characteristics of the prepared (SiC:AgO/p-Si) films
heterojunction showed that the forward bias current at illumination changes
exponentially with the applied voltage and that the efficiency values are very
slight, and gradually increase due to the increase in the concentration of
charge carriers as a result of the change in AgO ratios.

The sensing properties of thin films prepared by the PLD were measured
on different substrates of silicon (SiC:AgO/Si) and glass (SiC:AgO/glass)
for ammonia (NH3) and nitrogen dioxide (NO,) at different operating
temperatures. The results showed that all samples deposited on silicon
substrate can operate at room temperature, while samples that were deposited
on glass substrate operate at high temperatures (200 °C).

For samples deposited on a silicon substrate, the maximum sensitivity of
SiC:AgO films was (62.98%) for (3% AgO) gas sensor of NO, gas at (25 °C),
and the fastest response time was (12.6 s) and (13.5) for the NH; and NO,
gases at (100 °C) of the (3% AgO) sample, while the fastest recovery time was
(33.3 s) and (30.6 s) at (100 °C) and (200 °C) for NH3; and NO, gases of SiC

sample.
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For samples deposited on a glass substrate, the maximum sensitivity for
SiC:AgO films were (90.77%), (91.89%) for NO, gas at (300°C) of (1% AgO)
and (7% AgO) samples respectively, and the fastest response time was
(11. 7 s) and (6.3 s) at (300 °C) and (250 °C) for NH; and NO, gases of SiC
sample at (300 °C) and (200 °C) respectively, the fastest recovery time was
(34.2 s) of (1% AgO) sample at (250 °C).
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Chapter One General Introduction

Chapter One

General Introduction

1.1 Introduction

The significant progress in thin-film growth techniques has
attracted many researchers to manufacture devices based on thin film.
The substitution of traditional bulk materials with thin films enables the
manufacture of devices with a smaller weight and size and good
performance and low cost. The structural, electrical, and optical
properties of thin film-based devices have a crucial role in improving
efficiency. There is great interest in studying materials with a wide
bandgap. At the same time, electronic devices are being minimized to
replace silicon as a base material in these devices for new applications
such as high levels of radiation and high temperatures devices [1].

Nowadays, developments of semiconductor materials and devices
have been a strong driving force for various revolutionary changes and
innovations in modern fields. Electronic and optoelectronic devices based
on silicon carbide (SiC) have been widely studied for use in high voltage,
high temperature, and extreme radiation conditions where traditional
silicon (Si) devices cannot perform well. In particular, the high
temperature and high power characteristics of SiC provide substantial
economic benefits to industries such as aerospace, power, automotive,
and energy production [2].

The distinguished advancements in science and technology for SiC
have led to the achievement of sensors, strong material structures, and
electronics. Those have been achieved via the ability to deposit SiC thin
films, manufacture nanostructures, engineer stable metal contacts, and
etch features for SiC. The fundamental motivation for creating the SiC

materials platform is to overcome the constraints of existing Si-based



Chapter One General Introduction

platforms. Due to heat carriers and junction leakage production, Si can
only be used at temperatures below (200°C). Furthermore, the poor
chemical resistance and the poor radiation tolerance of Si-based devices
require the use of alternative materials to mitigate the need for complex
packaging and active cooling [2, 3].

As a consequence of its temperature tolerance, radiation resistance,
biocompatibility, and chemical inertness, SiC has emerged as a material
to overcome the limitations of Si. SiC has been used as the structural
material in constructing high-temperature energy conversion devices and
sensors that have functioned in harsh settings such as high temperatures,

corrosive chemical environments, and great shock [3].

1.2 Thin Films

Thin film technology is considered one of the most essential
techniques that contributed to the development of the study of
semiconductors and gave a clear idea of their properties. The term "thin
films" is used to describe a layer or many layers of atoms of a substance
whose thickness ranges from fractions of a nanometer (monolayer) to less
than about one micrometer. Because it is thin and fragile, it must be
deposited on a solid material such as glass or silicon or some salts or
polymers. Thin films have properties and advantages that are not
available in the compositions of other materials. Their infinitesimal
thickness and the large surface-to-volume ratio give them a unique
physical composition that is at times comparable to a monocrystalline
structure and sometimes superior to it [4].

All modern electronic devices depend entirely on their work on their
materials with physical and chemical properties specific to
semiconducting materials that possess insulating properties at low

temperatures and have the ability to electrical conduction when their
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temperature rises to a certain extent. The study of the properties of any
material in the form of thin films, as known, is one of the very important
topics. The material as a thin film has applications in many fields,
especially electronics such as solar cells, photovoltaics, reagents, and

sensors [5].

1.3 Thin Films deposition techniques
Thin-film preparation techniques can be divided into two categories
depending on the nature of the deposition [5, 6]:
1. Physical vapour deposition technique (PVD)
2. Chemical vapour deposition technique (CVD)

1.3.1 Physical vapour deposition technique

The physical vapour deposition technique is used to deposit the
material from the target over a substrate in a few angstroms to several
micrometres. The deposition process in PVD involves the following steps

[5, 6]:

1. The first stage is the high energy transfer to the target material
utilizing filament heating or bombardment of electron/ion over the
target material.

2. In the second stage, the target material vaporizes due to energy
transfer through evaporation, sublimation, or physical sputtering to the
target atom under high vacuum or low-pressure conditions.

3. In the third stage, the transportation of vaporized target material
travels towards the substrate surface.

4. The fourth stage involves the reaction between the vaporized target
material and the gas present in the chamber during transportation.

5. In the fifth stage, the vaporized material transported to the substrate
surface undergoes a condensation process that induces the growth of
the thin film.
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In the physical vapour deposition technique, the deposition is
carried out through the vaporization of the target material by either
thermal or athermal processes. In a thermal process, the target material
undergoes sublimation or evaporation through the supply of thermal
energy. In contrast, vaporization physically strikes the ionized gas
molecules over the target material in an athermal process. Hence, the
overall PVD process involves transporting material at an atomistic level
to the substrate surface leading to the formation of the thin film. Figure
(1.1) explains all the five stages of the PVD process during the deposition
[5, 6].
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Figure (1.1): Schematic representation of the five stages of the PVD process [5].

1.3.2 Chemical vapor deposition technique

The CVD process involves the reaction of vapour phase chemicals
with the substrate to result in the deposition of the thin film. CVD is a
versatile technique used to form simple and complex compound thin films
with desired morphology and chemical compositions. Both organic and

inorganic materials can be fabricated as thin films using the CVD
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technique. The deposition process in CVVD, which is shown in figure (1.2)

involves the following steps [5, 6]:

1. In the first reaction stage, the reactant gas (precursor) and the carrier
gas (inert gas, if required) are introduced into the reaction chamber at
a required flow rate.

. In the second stage, the adsorption of reactant gas takes place over the

substrate, where the reactant gases undergo a chemical reaction

activated by the thermal energy of the ionized plasma.

In the third stage, these gases undergo surface diffusion and

decomposition on the substrate, which leads to the formation of

nucleation sites.

In the fourth stage, the by-product formed on the substrate undergoes

desorption and is carried out through the outlet of the reaction

chamber.
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Figure (1.2): Schematic representation of the four steps of the CVD process [5].

The quality of the thin film formation is determined by the
thermodynamics and kinetics of the chemical reaction, the flow rate of
the gaseous reactant, the substrate temperature, and the chemical-physical
properties of the substrate.

The classification of the thin-film technique based on the nature of

the deposition process is shown in figure (1.3) [5, 6].
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Thin films deposition techniques
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Figure (1.3): Classification of thin film deposition technique [5, 6].

1.4 Thin Film Growth Mechanism

The vaporized atom from the target material travels towards the
substrate inside the vacuum chamber. Accordingly, the vaporized atom
impinges on the substrate surface either by chemisorption or
physisorption. At the initial stage, the adsorbed atom (adatom) reaching
the substrate surface has its energy transferred to the atom during
vaporization. Also, in most PVD processes, the substrate is kept at higher
temperatures during deposition. Hence, the adatom arriving on the
substrate undergoes migration either by its initial energy or substrate
energy or both. The different parameters of the PVD process, such as
substrate temperature, deposition rate, and residual gas pressure,

influence adatom's migration energy during the growth process of the thin
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film [5, 7]. The growth mechanisms involved in the formation of thin
films can be divided into three modes: as shown in figure (1.4) [5]:
1. Island growth (VVolmer Weber):
a) Form three dimensional islands.
b) Film atoms are more strongly bound to each other than to the
substrate.
c) Slow diffusion.
2. Layer-by-layer growth (Frank—van der Merwe):
a) Generally, the highest crystalline quality.
b) Film atoms are more strongly bound to the substrate than to
each other.
c) Fast diffusion.
3. Mixed growth (Stranski-Krastanov):
a) Initially layer by layer.
b) Forms three-dimensional islands.

¢)
{ Y (

( €) ] el o) ek e
€e Ee e i) LU e e e ARE
| sibane B — I
Island growth (Volmer Weber)

€@ @@ € §)
e @ @ ©OE 60 66X
Ee) @ee W) AT AT AR O L IeE
I T
Layer growth (Frank—van der Merwe)
90 D) )
e @) @) e
CLeeewe ©@ [ 3 ) D Oh Tk Ch a2 P )
©6) e @ e e e )6 e ek e k) EREe e e e e e e
— —
mixed growth (Stranski-Krastanov)

Figure (1.4): Thin film deposition growth mechanisms [5].
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1.5 Silicon Carbide

1.5.1 Crystal structure of SiC

Silicon carbide is the only chemically stable form of silicon and
carbon. SiC is a binary compound consisting of Si and C atoms, which are
group IV elements. The basic building block of a silicon carbide crystal is
the tetrahedron of four carbon atoms with a silicon atom in the centre.
Each silicon atom (or carbon atom) shares its electrons with four C atoms
(or silicon atoms), which means that every atom makes a covalent bond
with its four neighbouring atoms, and vice versa. As shown in figure
(1.5), the distance between the carbon and silicon atoms is 1.89 A, while
the distance between Si or C atoms is about 3.08 A. Further, the bonding

between Si and C atoms is 88% covalent and only 12% ionic [8-11].
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Figure (1.5) The Basic structural unit in silicon carbide [8].

1.5.2 Physical Properties of SiC

The crystalline structure of silicon carbide can be considered a close-
packed stacking of double layers of Si and C atoms. The stacking of the
double layers follows one of three possible relative positions, which are
arbitrarily labelled A, B, and C, as shown in figure (1.6); each letter

represents a bilayer of individual Si and C atoms. Different stacking
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sequences of these three double layers result in many other crystal
structures called polytypes. The polytype can be defined as the ability to
crystallize in several different crystal structures despite all SiC polytypes
having the same atomic composition of carbon and silicon. Each polytype
has its own distinct set of semiconductor properties depending on the
stacking periodicity of similar planes. Despite more than 250 different
polytypes of SiC having been identified, only three crystalline structures
(cubic, hexagonal, and rhombohedral) exist. The cubic structure of SiC
has been referred to as B-SiC, while the hexagonal and rhombohedral
structures are called a-SiC. By adopting a more descriptive nomenclature
that identifies the crystalline symmetry and stacking periodicity, cubic
SiC is denoted 3C-SiC, wherein the number (3) represents the number of
double layers in the stacking sequence, and the letter (C) represents the
crystal structure. It is noticeable that each polytype differs in terms of the
bandgap, and other fundamental properties. Therefore, SiC can be
considered as a family of a large number of semiconductors. The most
common polytypes are 3C (cubic), 4H and 6H (hexagonal) and 15R
(rhombohedral). 4H and 6H have ABAC, and ABCACB stacking

sequences, respectively, while 3C has an ABC stacking sequence [12-17].

Figure (1.6): The various stacking sequences for 3C, 4H, and 6H in SiC [12].

9
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Compared with Si and GaAs, SiC is a wide bandgap semiconductor
with many remarkable properties, such as a higher bandgap, a higher
breakdown field, higher thermal conductivity, and a higher saturation
drift velocity. These properties make SiC suitable for the fabrication of
high-temperature, high-power, and high-frequency electronic devices.
The electric properties of SiC differ according to different polytypes; for
example, the bandgap for SiC ranges from (2.3 eV) for 3C-SiC to
(3.4 eV) for 2H-SiIC. Despite having the smallest bandgap, 3C-SiC has
the highest electron mobility and saturation drift velocity [18, 19].

Other well-known properties include high hardness, chemical
inertness to most acids, and a high melting point (sublimation), making
SiC an attractive material for sensors operating in harsh environments.
Compared with diamond, another wide bandgap semiconductor, one of
the attractive features of SiC is that it can be doped with p- and n-type, by
which some essential electric properties could be adjusted. The surface of
SiC can be passivated by forming a thermal SiO2 layer, but the oxidation
rate is prolonged compared with Si [20]. A summary comparing
important semiconductor properties of 3C-, 4H- and 6H-SIC is presented
in Table (1.1) [20-24].
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Table (1.1): Physical properties of 3C-, 4H- and 6H-SiC [20-24].

Properties 3C-SiC 4H-SiC 6H-SIiC
Crystal structure Zinc blende (cubic) Hexagonal Hexagonal
Lattice constant (A) a 4.3596 3.073 3.081
C
- 10.053 15.12
Density (g/cm®) 3.21 3.21 3.21
Melting Point (°C) 2830 2830 2830
Band gab (eV) 2.36 3.23 3.05
Refractive index 2.69 2.55 2.65
Dielectric Constant 9.7 9.7 9.6-10
Electron mobility 900 900 400
cm?/(V-s)
Hole mobility 320 120 90
cm?/(V-s)
Thermal expansion 4 x10°® 4 x10°® 4 x10°®
coefficient °C™*
Saturated electron 2.2 2 2
velocity (x10°® cm/s)
Breakdown field 20 30 32
(x 10°V/cm)
Thermal conductivity 360 370 490
(W-m K™
Hardness (kg/mm?) 3980 2130 -

SiC is a compound of silicon and carbide with many superior
characteristics, such as a wide (tunable) bandgap, excellent thermal
conductivity and thermal shock resistance, good chemical and oxidation
resistance, high electron mobility, and biocompatibility [21, 25].

In addition to these well-known characteristics of bulk SiC, interesting
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biological, electronic, and optical properties of SiC nanomaterials, which
have great potential for applications in electronics, biosensors, aerospace,
and optical devices, have received significant interest from the scientific
community. SIiC can exist in the form of single-crystalline,
polycrystalline, or amorphous. The different forms of SiC allow its

service in various applications [26-28].

1.5.3 Doping in SiC

Doping is another challenge for SiC device fabrication due to its
hardness, chemical inertness, and most impurities' low diffusion
coefficient. Doping is a way to change the electronic structure of a
material by substituting some of the native atoms with a foreign element.
In the case of SiC, this means that some other elements replace either
silicon or carbon. The band structure of the material changes depending
on which impurity is introduced to the crystal. By choosing the dopants, it
IS possible to tailor the band structure to create various new properties of
the material [29].

An important factor in changing the band structure is the number of
valence electrons in the introduced element compared to the element it
replaces. Silicon and carbon have four valence electrons, creating four
bonds with their neighbouring atoms in the crystal. The electrons are
firmly bound to the atomic nuclei, requiring energy corresponding to the
bandgap to free one electron. Suppose an element replaces one silicon or
carbon atom with five valence electrons. The additional electron is not as
strongly bound to the nucleus and can quickly release an electron into the
conduction band. This is called a donor atom. Similarly, suppose an atom
with only three valence electrons is introduced to the crystal. In that case,
it can readily bind an electron from the valence band, creating an electron

deficiency, or hole, in the valence band. This is called an acceptor atom.
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Figure (1.7) shows a simplified band diagram with a donor and an
acceptor level. The donor level donates an electron to the conduction
band when the electron is supplied with the energy Ep. When the electron
is provided with the energy Ea, the acceptor accepts an electron from the
valence band. The energy required to supply the material with one carrier
from the dopant level is called the dopant's binding energy (or ionization
energy) [29, 30].

As dopants are introduced into the material, the position of the Fermi
level relative to the bands changes. The Fermi level resides in the middle
of the band for undoped materials, but will move nearer to the conduction
(valence) band as donors (acceptors) are introduced. This change in Fermi

energy corresponds to a change in occupancy in the different levels [30].
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Figure (1.7): Two new energy levels are introduced by doping [30].
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1.6 Properties of Silver

Silver is a chemical element with the symbol Ag and atomic number
(47). It is located among the transition metal elements in the periodic
table in the elements of the fifth period and the eleventh group. Silver has
a distinctive color that lies between white and grey. Silver is found in the
earth's crust either in its natural elemental free form, or in the form of an
alloy with gold, or within the components of some metals. It has
distinctive properties, as it has the highest value among metals in terms of
electrical and thermal conductivity and reflectivity.

Silver is used in the manufacture of solar panels, water filtration,
jewellers, electrical contacts and conductors, specialized mirrors, window
coatings, catalysis of chemical reactions, and other applications, while
some of their compounds are used in photographic and X-ray film [31].

Silver is similar in physical and chemical properties to its two
vertical neighbours in group Il of the Periodic Table: copper and gold.
Metallic bonds in silver lack a covalent character and are relatively weak.
This observation explains the low hardness and high ductility of single
crystals of silver. Very high electrical and thermal conductivity are
common to the elements in group Il. Their single s electron is free and
does not interact with the filled d subshell as such interactions lower
electron mobility. The thermal conductivity of silver is among the highest
of all materials, although the thermal conductivity of carbon and
superfluid helium-4 is higher. The electrical conductivity of silver is the
highest of all metals, greater even than copper. Silver also has the lowest
contact resistance of any metal. Silver is rarely used for its electrical
conductivity, due to its high cost where silver plating improves electrical
conductivity because those currents tend to flow on the surface of
conductors rather than through the interior [32-34]. Table (1.2) shows
some physical properties of silver:
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Table (1.2): Some physical properties of silver [33].

Properties Value
Name Silver
Symbol Ag
Atomic number 47
Weight number 107.8682
Group and Period 11and5
Melting_point 961.78 °C
Boiling point 2162 °C
Phase Solid
Density (solid) 10.49 g/cm®
Density (liquid) 9.320 g/cm®

Crystal structure

Face center cubic (FCC)

Thermal conductivity

429 Wi(m-K)

Thermal expansion

18.9 um/(m-K) (at 25 °C)

Electrical resistivity

15.87x10P™ Q.m (at 20 °C)

Thermal diffusivity

174 mm?/s (at 300 K)

Molar heat capacity

25.350 J/(mol-K)

Mohs hardness

2.5
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1.7 Literature Survey

This review summarises the recent scientific research that has
received great interest in the past decade on the preparation of pure and
doped silicon carbide films by different physical and chemical methods.

Monaco, et al. in (2010) have deposited a thin film of SiC on Si
substrate by pulsed laser deposition (PLD) using two different targets. At
the same deposition conditions (as laser fluence, target-substrate distance,
and repetition rate) and at a high temperature, the resulting films differ
depending on the substrate and the target. The properties of the films have
been examined by scanning electron microscopy (SEM), atomic force
microscopy (AFM) and X-ray diffraction (XRD) techniques. Surface
analysis has shown that the film structure is not related to the crystallinity
of the target but is more sensitive to the substrate structure [35].

In (2010), Lim, et al. have used the crystalline silicon carbide
polytype 6H-SIiC with an appropriate dopant to fabricate the optical gas
sensors and test them at high temperatures (650°C). SiC sensors have
been fabricated by doping a 6H-SIiC chip with Ga and Al at dopant
energy levels. The doped regions exhibit distinct changes in the refractive
index of SiC in the presence of CO, and NO gases, respectively [36].

In (2011), the pulse laser deposition technique has been applied by
Monaco, et al. with an Nd:YAG laser (1064 nm) to prepare silicon
carbide films on silicon and sapphire (Al,O3) substrates at temperatures
of (650°C) in a vacuum. XRD, AFM, and SEM techniques have been
used to study the structurally and morphological properties of the as-
deposited films. The deposition conditions they used led to the formation
of highly oriented cubic 3C-SiC on sapphire substrates [37].

Zheng, et al. have used the sol-gel and carbothermal reduction
techniques in (2011) to make Mn-doped 3C-SiC nanoparticles.
The nanoparticles have an average particle size of (126) nanometers.
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Raman scattering experiments show that when Mn was doped, the
transverse and longitudinal optical modes shifted to low wavenumbers,
and the full widths at half-maximum of Raman peaks increased. The
doped-Mn atoms in the 3C-SiC lattice replace the C sites, according to
the fine structure revealed by extended x-ray absorption [38].

In (2011), Kim and Chung have used electrochemical anodization
with a mixture of HF and ethanol as the electrolyte solution to prepare
porous 3C-SiC (pSiC) samples from polycrystalline n-type 3C-SiC films.
The changes in the resistance were observed according to H;
concentrations in the range between (110 and 410 ppm). The sputtering of
Pd and Pt nanoparticles as a hydrogen catalyst chemically changes the
pSiC surface. The capacity of Pd and Pt-deposited SiC samples to detect
hydrogen was proven by changes in electrical resistance in the presence
of nitrogen diluted with hydrogen. The sample with a pore size of 25 nm
exhibited superior sensing characteristics compared to the sample whose
pore diameter was (60 nm). The response time, resistance ratio, and
response factor all increased with temperature [39].

Bhimasingu, et al. in (2012) have deposited the silicon carbide films
on silicon substrates using the PLD technique with an Nd:YAG laser at
(355 nm). The influence of the SiC powder grit size, ambient pressure,
and substrate temperature on the morphology and structure of SiC thin
films have been studied. Experimental studies show that polycrystalline
SiC film can be obtained at a temperature ranging between (600 and
700°C) and at a pressure of about (5.5x10° Pa). The XRD studies on
as-deposited films have been exhibited the polycrystalline nature of SiC
films (3C-SiC and 4H-SiC) [40].

In (2012), the RF-magnetron sputtering technique was used by
Yukal, et al. to make Mn-doped silicon carbide films on silicon substrates.

The structure, composition, and photoluminescence properties of films
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were investigated by XRD, SEM, X-ray photoelectron spectroscopy
(XPS) and photoluminescence (PL) as a function of Mn-doped
concentration. The XRD results show that the Mn-doped SiC films have a
preferential (111) orientation of 3C-SiC and the doped Mn atoms occupy
the C sites of the SiC lattice. The XPS results indicate that the films
include Si-C, C-C, and Si-Mn bonds [41].

In (2012), Mao, et al. have used a hot-wire chemical vapor
deposition (HW-CVD) method to prepare films of p-type nanocrystalline
SiC (p-nc-SiC) as window layers in n-type crystalline Si heterojunction
(HJ) solar cells. An X-ray diffractometer and Raman spectroscopy have
been used to study the effect of H, flow rates on the properties of p-nc-
SiC films. The optical and electrical properties of prepared films were
also measured. It was found that H, flow rates played an important role in
the forming of the SiC films and increasing the optical bandgap (E4) and
decreasing the activation energy (E.). The SiC/Si heterojunction solar
cells with an open-circuit voltage of (0.59 V), a short-circuit current
density of (38.06) mA/cm?, a fill factor of (62.03%), and a conversion
efficiency of (14.09%) could be obtained after the deposition and
hydrogenation parameters were optimized [42].

In (2013), a pulse laser deposition technique was used by
Mishra, et al. to prepare silicon carbide films on substrates of silicon
(100) with a KrF excimer laser (A=248nm, pulse width 20ns) under
pressure (2 x 10™ bar) and at a temperature of (800°C). The films were
annealed after deposition at (800°C) for 3 hours. Microstructure and phase
studies were carried out by X-ray reflectivity, X-ray diffraction, FESEM,
Raman techniques, and SiC films of high elastic modulus and hardness
(18 to 19 GPa) have been prepared. The prepared films were used as
photodetectors [43].
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Ma, et al. used a radio-frequency plasma-enhanced chemical vapor
deposition (RF-PECVD) in (2013) to produce Boron-doped amorphous
silicon carbide films (a-SiC) as windows layers on nc-Si heterojunction
using silane—methane gas mixtures at a low temperature of (150°C). The
structural properties of films were investigated using Raman, FTIR, and
HR-TEM techniques. The researchers developed a high-quality p-type a-
SiC/nc-Si hybrid window layer with tunable nano-sized silicon crystals.
For n-i-p-type a-Si single-junction solar cells, high open-circuit voltage
(40.96 V) and high quantum efficiency values at short wavelengths were
achieved using high-quality p-type window layers and intrinsic a-Si
layers [44].

Keffous, A., et al. in (2013) have used a pulsed laser deposition
technique to deposit SiC films on the silicon substrate. The properties of
current-voltage (1-V) and current-time (I-t) have been measured. Schottky
diode characteristics (ideality factor, barrier height, and series resistance)
were investigated at different H, gas concentrations, where they noticed
that they change considerably when exposed to H, gas. The effect of H,
gas concentration on the maximum sensitivity value of the sensor was
studied. A high sensitivity value of about (86%) has been obtained at an
approximate bias voltage of (1V). In addition, response and recovery
times were determined to be (55 s) and (160 s), respectively [45].

In (2013), Zakhvalinskii, et al. have prepared thin films of
amorphous SiC on a substrate of p-Si (100) by non-reactive magnetron
sputtering in an Ar atmosphere. AFM has achieved the surface
morphology and the control of the SiC thin film thickness under a low
vacuum or controlled atmosphere. The amorphous nature of SiC grown
on the Si substrate is confirmed by the presence of the diffraction rings,
which indicate the absence of the dominant orientation of the obtained

films. Under standard illumination conditions, the I-V characteristics of
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n-SiC/p-Si heterojunction solar cells show a conversion efficiency of
about 7.22 % [46].

In (2014). a pulse laser deposition technique has been used by
Socol, et al. with a KrF excimer laser to prepare silicon carbide films on
silicon substrates under different CH, pressures and temperatures ranging
from (400 to 1000°C). The films were annealed at their deposition
temperature under the pressure of (500 mbar) of CH, for (1-1.5 h).
X-ray diffraction studies indicate that films deposited at (800°C) or higher
substrate temperatures were nanocrystalline. The results explained that
the SIiC films were very hard, with hardness values over (40 GPa) for
films deposited at temperatures higher than 800 °C [47].

Wang, et al. in (2014) have used the radio frequency magnetron
sputtering method to produce the SiC: Mn films on Si (100) substrates.
The effect of Mn doping on the structural, magnetic, and transport
properties of films was studied. According to the results, Mn-doped SiC
films have the 3C-SiC crystal structure. With an increase in Mn content,
the carrier concentration increases and resistivity decreases
monotonically. The metal-semiconductor transition temperature lowers as
the Mn concentration increases, indicating a shift from semiconducting to
metallic transport behavior. Magnetic characterizations show that all
films are ferromagnetic with a Curie temperature greater than (27°C) [48].

In (2014), Latha, et al. used the low-pressure chemical vapor
deposition technique to prepare a SIC:N thin film at (1040°C) and
(250 Pa) by using methyl trichlorosilane (CH3;Cl3Si) and ammonia (NHs)
for high-temperature sensor applications. The effect of nitrogen doping
concentration on the microstructure, crystallinity, and electrical properties
of SiC thin films is analyzed. X-ray diffraction studies revealed that the
crystallinity and crystallite size decreased as the nitrogen doping
concentration increased. Using atomic force microscopy, the grain size
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and average root-mean-squared roughness of SiC thin films are
investigated. The increase in the nitrogen concentrations in the film
results in an increase in the grain size and a decrease in the barrier height
of the grain boundaries, leading to a decrease in resistivity [49].

Ryndya, et al. have used silicon (100) and (111) substrates in (2015)
to prepare the SiC films by the PLD technique from o-SiC ceramic
target with Nd:YAG laser at substrate temperatures of (30-1000°C) under
high vacuum (~10 Pa). Fourier transform infrared spectroscopy (FTIR),
transmission electron microscopy (TEM), SEM, AFM and XRD
techniques were used to study the effect of substrate temperature on the
composition, structure, and surface morphology of experimental samples.
The SiC films prepared at substrate temperatures lower than (500°C) were
found to be amorphous [50].

Badea, et al. in (2016) have prepared and studied the hydroxyapatite
coatings, enriched with SiC and Ag. SiC and Ag were added to enhance
the film's corrosion resistance and antibacterial properties. With different
Ag contents, the coatings were deposited on (TigAl,V) alloy substrates by
co-sputtering of hydroxyapatite, SiC, and Ag targets, using a magnetron
sputtering system. EDS, XRD, FTIR, SEM, AFM techniques, and
electrochemical and antimicrobial tests were used to characterize the
films in terms of elemental and phase composition, texture, morphology,
corrosion resistance, and antibacterial activity. The effect of Ag content
on film characteristics was studied. The investigated coatings
demonstrated good ability against possible bacterial infection with
different germs [51].

Dey and Alika have studied the effect of substrate temperatures (Ts)
in (2016) on the structural and optical properties of nanostructured
amorphous silicon carbide (a-SiC) films prepared by the PLD on a fused

silica substrate. Fourier transform infrared spectroscopy, Raman
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spectroscopy, and XRD have been used to analyze films' compositional
and structural properties. The SiC thin films showed amorphous features
as confirmed by XRD and Raman studies, and the thin films exhibited
slight improvement in crystallinity at higher T.. The films' thickness,
absorption coefficient, optical band gap, and refractive index were
determined by the UV-Vis-IR spectra. The refractive index of the films
change from (2.99 to 2.54) and the optical band gap increases from
(1.5 eV to 2.33 eV) as the substrate temperature increases [52].

In (2017), the boron-doped amorphous silicon carbide thin films
have been prepared by Sdly, et al. using a plasma CVD reactor with
parallel plate electrodes to improve the performance of heterojunction
solar cells. DC and AC measurements and subsequent evaluations were
carried out to analyze the electrical transport mechanisms in the prepared
structures. The fill factor values have been found low for all investigated
samples because of the low collection of photogenerated carriers [53].

Cheng, et al. have applied the radio frequency magnetron sputtering
method under different RF powers in (2017) to prepare the amorphous
SiC thin films on a quartz substrate. XRD, AFM, XPS, Raman
spectroscopy, and UV-Vis spectroscopy have studied the structural and
optical properties. The results showed that the prepared silicon carbide
films have different structures and high absorption capacity in the
ultraviolet region but a low absorption capacity in the infrared (IR)
region. The results revealed that the thin film surface roughness prepared
under different RF powers initially increases and then decreases. As the
sputtering power increases, the optical bandgap of the thin films ranges
between (1.29 eV and 1.80 eV) [54].

In (2018), Perny, et al. have used the plasma CVD technique to
deposit the pure and boron-doped a-SiC thin layers on the c-Si substrate

to improve the performance of solar cells. DC and AC measurements
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evaluated the electrical transport mechanisms in the produced a-SiC/c-Si
heterojunction solar cell structure. The effect of methane concentration in
the deposition gas mixture has been studied and different electrode
configurations [55].

Kumar, et al. in (2018) have used DC magnetron co-sputtering to
fabricate Pd decorated SiC nanocauliflowers (NCs) thin films on an
electrochemically etched porous silicon substrate. The gas-sensing
performance of Pd/SiC NCs to hydrogen gas was investigated under a
high operating temperature regime (40-500)°C with a low detection limit
(5-500 ppm). The NCs sensor shows a fast response/recovery time
(10s/18s), a high sensing response of about (14.48%) and excellent
stability when exposed to 100 ppm H, at a high temperature of (380°C).
The Pd/SiC NCs investigated can be utilized as highly sensitive and
selective hydrogen gas sensors in harsh environments at high operating
temperatures [56].

Paneerselvam, et al. have prepared the Al-doped SiC films on MgO
(100) substrates in (2019) by the PLD technique at a substrate
temperature of (800°C). XRD and FTIR were used to confirm the SiC
phases and Si-C bond structure of the grown thin films. Measurements
based on XRD and Raman scattering techniques confirmed the
improvement in crystallization of 3C-SiC thin films with laser-assisted
doping. The optical bandgap of the 3C-SiC film was obtained from the
UV-visible spectroscopic analysis [57].

In (2019), Hsu, et al. have used a high-frequency plasma-enhanced
chemical vapor deposition technology to produce boron-doped
hydrogenated amorphous silicon carbide (a-SiC:H) thin films as a
window layer for silicon heterojunction (SHJ) solar cells. The optical and
electrical characteristics of the different a-SiC:H films are studied. It has

been shown that a higher CH, flow rate leads to an increase in band gap
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(2.1 eV) and a reduction in absorption coefficient, but the electrical
conductivity is significantly reduced. The highest conversion efficiency
can be obtained for the manufactured solar cell (22.14%), which is higher
than that from the (a-Si: H) [58].

Tavsanoglu, et al. used the reactive direct current magnetron
sputtering technology in (2019) to deposit the SiC thin films of a high
purity silicon target with CH, as the reactive gas on glass and Si (100)
substrates. XRD analyses have shown that the SiC films deposited in this
study were amorphous. The microstructural analyses showed the surface
roughness of the films decreased with the increase in the CH, flow rate.
The films' transmittance values increased with the CH, flow rate for the
same coating thicknesses in the visible light range. Optical absorption
studies indicated the band gap values increased from about (1.7 to 2.7 eV)
with the increase in CH, flow rate [59].

In (2019), the amorphous and nanocrystalline SiC thin films were
prepared by Tehrani et al. They have used the hot-wire chemical vapor
deposition and studied their optical properties. Raman scattering
spectroscopy, FTIR spectroscopy, and UV-Vis spectroscopy were used to
investigate the film's change in structure and optical properties as
a function of total gas partial pressure. The absorption coefficient, optical
band gap, and refractive index of SiC films were determined. The results
revealed that deposition pressure and total gas partial pressure have
a substantial impact on the structure of the films and hence control their
optical properties. The energy gap also showed a notable decrease from
(2.5eVto 1.6 eV) [60].

Mourya, et al. in (2019) have utilized the RF magnetron sputtering
to deposit a nanocrystalline SiC thin layer on an anodized porous silicon
substrate. Study of hydrogen gas (H,) sensing characteristics of
palladium-platinum (Pd-Pt) functionalized SiC thin film grown on a
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porous Si substrate for high-temperature applications. The proposed
device architecture (Pd-Pt/SiC/Psi) has several advantages, such as fast
response/recovery time, extensive tunable detection range (5-500 ppm),
stable high sensing response, high selectivity, wide operating temperature
regime (25-500°C), good durability, and excellent reproducibility.
The high response seen can be attributed to the combined impact of the
bimetallic Pd-Pt layer's higher catalytic activity and the suggested
sensor's increased surface area [61].

In (2020) the effect of SiC thin film thickness on the hydrogen
sensing properties of Pd/SiC thin films has been studied by Kumar, et al.
RF magnetron sputtering has been used to produce the Pd/SiC thin films
on Si (100) substrates at (400°C) with deposition times ranging from 1 to
3 hours. FESEM cross-section views and XPS were used to determine the
thickness of the Pd/SiC films and Pd capping layer, respectively. XRD
and Raman spectroscopy indicate the growth of films. AFM was used to
study the surface morphology of films, and all of the deposited films were
found to be dense, evenly dispersed, and spherically shaped surface
particles. At a working temperature of (250°C), the Pd/SiC thin-film
sensor exhibits good sensitivity with a high response (17%) and response
time (18 s) towards hydrogen gas (2 bar) [62].

Paneerselvam, et al. have used the pulsed laser deposition to
produce SiC thin films on Si (100) substrates at an (800°C) substrate
temperature in (2021). In addition, laser annealing of the post-deposited
intrinsic amorphous SiC films was carried out in an Ar atmosphere using
a Nd:YAG laser (355 nm). The crystalline features were seen in the laser-
annealed samples. X-ray diffraction and Raman analyses were used to
identify the crystalline properties of PLD generated, laser annealed

samples. To further understand the process of laser aided annealing, a
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numerical analysis was done on the SiC/Si contact to study the
temperature distribution [63].

In (2021), Mohsin, et al. have used the pulsed laser deposition
technique to prepare the SiC films on quartz and silicon substrates with
Nd:YAG laser at two wavelengths (1064 nm and 532 nm). The structural,
morphological, and optical properties of the deposited nanostructure SiC
have been analyzed as a function of the wavelengths. The bandgap values
of the deposited Nano SiC films increase as the laser wavelength
increases and their values range from (2.94 eV to 3.14 eV). The produced
SiC Nano-films have a grain size range of (36.34-48.75 nm) and a
roughness of about (4.462 to 3.062 nm), according to SEM and AFM
studies [64].

1.8 The aims of the study
The aims of this work are to:

1. Synthesis of the SiC:AgO thin films using pulsed laser deposition
technique, and study the structural, optical and electrical properties of
the as-deposited films.

2. Manufacturing and characterizing SiC:AgO thin films for solar cell
applications.

3. Study the sensitivity, response time, and recovery time of as-

deposited SiC:AgO thin films for gas sensing applications.
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Chapter Two

Theoretical Part

2.1 Introduction

This chapter includes an explanation of the pulsed laser deposition
technique and its advantages and the most important theoretical physical
concepts and the mathematical relationships and laws that contribute
directly or indirectly to the calculation and interpretation of the results

obtained.

2.2 Mechanism of the Pulsed Laser Deposition (PLD)

The theory of pulsed laser deposition is a very complex physical
phenomenon. It involves the physical process of the laser-material
interaction, forming a plasma plume with highly energetic species, and
transferring the ablated material through the plasma plume onto the
heated substrate surface. Therefore, the thin-film formation process in
PLD can be divided generally into the following four stages as shown in
figure (2.1) [65-67]:

1. Laser radiation interaction with the target.

2. Dynamics of the ablated species.

3. Deposition of the ablated species on the substrate.

4. Nucleation and growth of thin films on the substrate surface.

Each stage of the PLD process is critical to creating a quality
epitaxial crystalline, stoichiometric, uniform and smooth thin film [68].

In the first stage, the laser beam is focused onto the surface of the
target. At sufficiently high flux densities and short pulse durations, all
elements in the target are rapidly heated up to their evaporation
temperature. Materials are dissociated from the target surface and ablated
with the same stoichiometry as the target. The instantaneous ablation rate

is highly dependent on the fluence of the laser shining on the target.
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Figure (2.1): Interaction of a laser beam with matter [67].

The ablation mechanisms involve complex physical phenomena
such as collisional, thermal, and electronic excitation, ablation and
hydrodynamics. During the second stage, the emitted materials tend to
move towards the substrate according to the laws of gas dynamics. The
spot size of the laser and the plasma temperature significantly affect the
uniformity of deposited films. Another parameter that governs the angular
spread of ablated materials is the target-to-substrate distance [69, 70].

The third stage has a critical influence on the quality of thin film.
The ejected high-energy species impinge onto the substrate surface and
may induce various types of damage to the substrate. This energetic
species sputters some surface atoms, forming a collision region between
the incident flow and sputtered atoms. Films start growing after a
thermalized area is formed, and the region serves as a source for the
condensation of particles. When the condensation rate is higher than the
rate of particles supplied by the sputtering, thermal equilibrium
conditions can be reached quickly and the film grows on the substrate

surface.
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In the fourth stage, the nucleation and growth of crystalline films
depend on many factors, such as the density, energy, ionization degree,
and type of the condensing material, as well as the temperature and the
physical-chemical properties of the substrate [71, 72].

The two main thermodynamic parameters for the growth mechanism
are the substrate temperature (T;) and the supersaturation (D,,). They are

linked by the following equation [68]:
Dy = kpTy In( 22 2.1)

Where kg, Ry, Re and T, are the Boltzmann constant, the actual
deposition rate, the thin film deposition rate, and the substrate
temperature, respectively.

The nucleation process depends on the interfacial energies between
the three phases present-substrate, condensing material, and vapor. The
minimum-energy shape of a nucleus is like a cap in which the critical size
of the nucleus depends on the driving forces, i.e. the deposition rate and
the substrate temperature. For the large nuclei (a case of small
supersaturation), islands of the film are grown on the substrate which
subsequently coalesces together. As the supersaturation increases, the
critical nucleus shrinks until its height reaches an atomic diameter and its
shape is that of a two-dimensional layer. For significant supersaturation,
layer-by-layer nucleation will happen for incompletely wetted foreign
substrates [72, 73].

The crystalline film growth depends on the surface mobility of the
adatom (vapor atoms). The adatom will diffuse through several atomic
distances before sticking to a stable position within the newly formed
film. The surface temperature of the substrate determines the adatom's
surface diffusion ability. High temperature favours rapid and defect-free

crystal growth. In contrast, low temperature or considerable
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supersaturation crystal growth may be overwhelmed by energetic particle
impingement, resulting in disordered or amorphous structures [74].

The mean thickness of the growing film that reaches the state of
continuity is given by the formula [68]:
Ny = A exp() @)

s

Where R is the deposition rate (supersaturation related) and T is the
temperature of the substrate and A is a constant related to the materials.

In the PLD process, due to the short laser pulse duration (~10 ns)
and hence the small temporal spread (<10 ms) of the ablated species, the
deposition rate can be enormous. Consequently, layer-by-layer nucleation
is favoured and ultra-thin and smooth films can be produced. In addition,
the rapid deposition of the energetic ablation species helps to raise the
substrate surface temperature. In this respect, PLD tends to demand a

lower substrate temperature for crystalline film growth [71-73]. Figure

(2.2) shows the pulsed laser deposition technique [75].
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Figure (2.2): Schematic diagram of the pulsed laser deposition setup [75].
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2.3 Laser-Target interaction

The plasma plume should have the same stoichiometry as the target
to produce a film of the correct composition. For example, if the target
surface was heated slowly by absorbing the light from a laser source, then
this would allow a significant amount of the incident power to be
conducted into the bulk of the target. The subsequent melting and
evaporation of the surface would essentially be thermal, i.e. the difference
between the melting points and vapor pressures of the target constituents
would cause them to evaporate at different rates so that the composition
of the evaporated material would change with time and would not
represent that of the target. This incongruent evaporation leads to films
with very different stoichiometry from the target [76]. To achieve
congruent evaporation, the energy from the laser must be dumped into the
target surface rapidly, to prevent a significant transport of heat into the
subsurface material, so that the melting and vapor points of the target
constituents are achieved nearly simultaneously. The high laser power
density that this implies is most readily achieved with a pulsed or
Q-switched source focused on a small spot on the target. If the energy
density is below the ablation threshold for the material, then no material
will be removed at all, although some elements may segregate to the
surface [77, 78].

In general, the interaction between laser radiation and solid material
occurs through the absorption of photons by electrons of the atomic
system. The absorbed energy causes electrons to be in excited states with
high energy, and as a result, the material heats up to very high
temperatures in a short time. Then, the electron subsystem will transfer
the energy to the lattice by the electron-phonon coupling [72, 76].

When the focused laser pulse arrives at the target surface the photons
are absorbed by the surface and its temperature rises. The rate of surface
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heating depends on many factors: most notably the actual volume of
material being heated. This will depend not only upon how tightly the
laser is focused but also on the optical penetration depth of the material.
If this depth is small, the laser energy is absorbed within a much smaller
volume. This implies the need for a wavelength for which the target is
essentially opaque, and it is generally true that the absorption depth
increases with wavelength. The rate of heating is determined by athermal
diffusivity of the target and the laser pulse energy and duration [72].

In a high vacuum chamber, elementary or alloy targets are struck at
an angle of (45°) by a pulsed and focused laser beam. The atoms and ions
ablated from the target are deposited on the substrate, which is mostly
attached with the surface parallel to the target surface at a target-to-
substrate distance of typically (2-10 cm). In the PLD technique, the target
materials are first sputtered (or ablated) into a plasma plume by a focused
laser beam at 45°. The materials ablated then flow onto the substrate
surface, on which the desired thin films are developed. Therefore, the
interaction of intense laser matters plays an essential role in the PLD
process [79-81].

The incident laser pulse leads to highly rapid heating of the target
material, and this may cause phase transition and introduce high
amplitude stress in the solid target. The output of a pulsed laser is focused
onto a target material maintained in a vacuum or with ambient gas. The
target is usually rotated to avoid repeated ablation of the same spot on the
target [72, 73].

2.4 Laser-Plasma interaction
In the description of the laser-plasma interaction, the laser pulse
duration plays a crucial role. In the case of a nanosecond (ns) laser pulse,

the forming plasma interacts with the laser beam whereas, in the case of
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a femtosecond (fs) laser pulse, the previous mechanism doesn’t occur.
Because of the plasma formation in front of the target, the laser beam will
be partially absorbed before it reaches the target, i.e. so-called (plasma
shielding effect) which increases the plume ionization degree, and
complicates the plume expansion mechanism. Due to the plasma-laser
interaction, the evaporated material's temperatures increase rapidly to
extremely high values and the electrons are further accelerated. The
excited particles emit photons, leading to a bright plasma plume, which is
characteristic of the laser ablation process [82].

The main absorption processes are the Inverse Bremsstrahlung (1B)
and the direct single-photon processes, IB involves the absorption of
photons by free electrons which are accelerated during the collision with
neutral or ionized atoms. The cross-section for IB via electron-neutral
collisions is much smaller than that of electron-ion collisions but can be
important for the initial plume of weakly ionized gas. Initially, very few
"seed" electrons may be present, produced by thermal emission from the
solid or multi-photon ionization processes [83, 84].

2.5 Plasma plume expansion

The spatial structure of the vapor plasma at the early stage of its
expansion is well known to be a cloud strongly forwarded in the normal
direction to the ablated target. This featured plasma elliptic shape called a
plume is a great difference in pressure gradients in axial and radial
directions. Another essential characteristic of the ablation plume pertinent
to PLD is the angular distribution of the ejected species in the plume, or
simply the plume angular distribution [85, 86].

The plasma expands freely and adiabatically in a vacuum. In the
case of vacuum, the plasma plume angular distribution is determined by
the particles' colliding with each other. In the presence of the ambient gas,
the plume's angular distribution is modified due to a collision between the
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plume species and background gas atoms. These collisions scatter the
plume particles from their original trajectories and broaden the angular
distribution. It is generally expected that for a given background gas,
these additional collisions will lead to a broader angular distribution of
lighter plume species [87, 88].

Expansion of the plume in a vacuum is driven by the energy
accumulated as thermal energy and energy stored as excitation and
ionization in the initial layer. This energy is converted to the Kinetic
energy of the atoms in the plume, and eventually, all atoms will move
with an asymptotic, constant velocity distribution [89, 90].

Figure (2.3) shows the plasma plume in an ablation process [91].

Figure (2.3): Image of a plasma plume generated by the PLD process [91].

2.6 Advantages of the PLD Technique
It is preferable to use lasers in preparing thin films for several
reasons, which are [92, 93]:
1. To obtain high-purity thin films.
2. The heating is limited to a specific area of the material and it is not
necessary to heat it all.
3. High deposition rates as well as the possibility of obtaining films of
different thicknesses by controlling the number of pulses.
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In laser deposition, crystalline films predominate.

The possibility of depositing materials with a high melting point.

Easy to manufacture system.

The possibility of evaporating more than one substance without the

need to break the vacuum.

2.7 Limitations of the PLD Technique

However, despite its simplicity and versatility, the PLD technique

also suffers from some limitations. Most notably, the seven main
limitations of PLD are [93]:

1.

Substrate heating and post-annealing are often needed for depositing

high-quality films.

. It is difficult to use heat-sensitive substrates, e.g. plastics.

PLD control parameters such as laser energy, wavelength, and gas
pressure are not independent, i.e. not ideal for controlling the process.
Creation of particulates in the plasma plume can end up incorporated
in the thin film, leading to low-quality films. During the deposition
process, the size of the particulates ranges from < 0.1 pm to 10 pm,
and depends strongly on the laser energy and wavelength used.

It is possible to create asymmetrical fragmented particulates from the
target that will affect the uniformity of the film.

If the laser energy is too high, there will be heating and melting of the
sub-surface, leading to the formation of molten droplets in the sub-
surface, which leads to splashing of the target material. These
macroscopic droplets will be incorporated into the deposited film,

leading to a non-uniform film.

. The average kinetic energy of the plume particles is relatively high.

Therefore, it is expected that the interface and the crystalline quality of

the deposited structures might suffer.
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2.8 Semiconductors

A semiconductor is a material whose conductivity lies between
conductors and insulators. The conductivity of semiconductors is
generally sensitive to temperature, illumination and magnetic field, and
this sensitivity in conductivity makes the semiconductor one of the most
important materials for electronic applications. The structure of
semiconductors can be classified according to the arrangement of their

atoms into crystalline and amorphous semiconductors [94, 95].

2.8.1 Crystalline Semiconductors

A crystalline semiconductor is made up of a three-dimensional
arrangement of atoms in a regular, definite and long-range order. They
have a homogeneous composition with a characteristic geometrical shape.
They are generally anisotropic, i.e. their properties such as refractive
index, electrical conductivity, and permittivity vary with direction. There
are two types of the ordered array of atoms in crystalline semiconductors
[96, 97]:

A. Monocrystalline Semiconductors

There is a periodicity to the lattice that extends right through the
material in this type. Therefore, these materials have a high degree of
ordering and therefore, they have long-range order in three dimensions
[94, 98], as shown in figure (2.4.a) [99].

B. Polycrystalline Semiconductors

This structure consists of many tiny single crystals known as grains
or crystallites which are separated by grain boundaries each of which
contains a periodic array of atoms and is considered to pass long-range

order, while the grains in the polycrystalline state possess short-range

36



Chapter Two Theoretical Part

order with random grain sites [94, 96], shape and orientation packing as

shown in figure (2.4.b).

2.8.2 Amorphous Semiconductors
The atoms are arranged in an irregular and short-range order. They
are not homogeneous in composition. They are isotropic. They do not
have a sharp melting point. The arrangement of atoms in these materials
is not entirely random, but their periodicity is absent in three dimensions.
They have been ordered only within a few atomic or molecular

dimensions [94, 97], as shown in figure (2.4.c).

Figure (2.4): Schematics of three general types of structures [99].
(a) Monocrystalline (b) Polycrystalline (c) Amorphous

2.9 Intrinsic and Extrinsic Semiconductors

An intrinsic semiconductor crystal with no impurities or lattice
defects is a perfect semiconductor. There are no charge carriers in such
material at (0 K) since the valence band is filled with electrons and the
conduction band is empty.

In addition to the intrinsic carriers generated thermally, it is possible
to create carriers in semiconductors by purposely introducing impurities
into the crystal. This process, called "doping", is the most common
technique for varying the conductivity of semiconductors. By doping, a

crystal can be altered to have a predominance of either electrons or holes.
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Thus there are two types of doped semiconductors, n-type and p-type as
shown in figure (2.5) [100]. When a crystal is doped such that the
equilibrium carrier concentrations n, and p, are different from the
intrinsic carrier concentration n;, the material is said to be extrinsic. These
(intrinsic and extrinsic) behaviours are essential to the operation of
microelectronic devices [101].

When the level is filled with electrons at (0 K), just a little amount of
thermal energy is required to excite these electrons to the conduction
band. Thus at about (50-100 K), virtually all of the electrons in the
impurity level are donated to the conduction band. Such an impurity level
is called a donor level, and the impurities in this state are called donor
impurities.

When the atoms introduce impurity levels near the valence band
where these levels are empty of electrons at (0 K). At low temperatures,
enough thermal energy is available to excite electrons from the valence
band into the impurity level, leaving behind holes in the valence band.
Such an impurity level is called an acceptor level, and the impurities in

this state are called acceptor impurities [102].
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Figure (2.5): Extrinsic semiconductors (a) n-type and (b) p-type [100].
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Figure (2.5.a) represents the extrinsic n-type semiconductor model.
An impurity atom such as phosphorus, having five valence electrons, may
substitute for a silicon atom. Those results are shown an extra bonding
electron, which is bound to the impurity atom and orbits it. Figure (2.5.b)
shows the extrinsic p-type semiconductor model. An impurity atom such
as a boron, having three valence electrons, may substitute for a silicon
atom. Those results are shown a deficiency of one valence electron or a

hole associated with the impurity atom [100].

2.10 Structure Properties
The structure properties represent a critical tool for studying the
crystallographic structure of the thin films as types of crystal, the nature

of the film and other parameters.

2.10.1 X-Ray Diffraction (XRD)

X-ray diffraction is used to study the structural properties that define
the preferred orientation of the crystal and phase composition. One can
calculate different parameters such as lattice parameters, average grain
size, lattice strain, residual stress, etc. The spacing between diffracting
planes d shown in the figure (2.6) is determined using Bragg's law
[103- 105]:
nA = 2dyy,; sin6 (2.3)
Where n is the order of reflection, which may be any integer (1, 2, 3, .. .)
IS a positive integer, A is the wavelength of the X-ray, and h, k, and ¢ are
the Miller indices of the Bragg plane and 6 is the incident angle. Bragg's
law can be used to obtain the lattice constants of a particular cubic system
through the following relation [103- 105]:

a
VhZ+ k2 + 12
Where a is the lattice spacing of the cubic crystal.

Apgr = (2.4)
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In the hexagonal crystal system, the interplanar spacing equation
naturally involves both a and c since these are not generally equal
[103- 105]:

4 (h2+hk+ k> 12
Aprr = 3 (— + —) (2.5)

3 a? c2
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2d sin®
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Figure (2.6): Bragg Diffraction [105].

2.10.2 Structure Parameters
2.10.2.1 Full Width at Half Maximum (FWHM)

FWHM of the peak (preferred orientation) could be measured from

the width of the peak (in radian unit) at half of the maximum intensity.

2.10.2.2 Average Crystallite Size (D)
The average crystallite size of thin films can be calculated by

Scherer's formula [102, 106, and 107]:

kA
_,BCOSB

(2.6)

Where K is shape factory and g is full width at half maximum (FWHM).

2.10.2.3 Dislocation Density (6)
It is the total dislocation length per unit area of a random section

[106, 108]. & can be calculated using the following relation [109]:
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1
5= — (2.7)

& is measured in units of (lines/m?).

2.10.2.4 Micro Strains (&)

The value of strain can be calculated through the following equation
[109, 110]:

cos @
E= P
4

(2.8)

2.11 Field Emission Scanning Electron Microscope (FESEM)

A field emission scanning electron microscope examines and
analyses the micro-and nanostructured surface morphology. The method
is similar to that of a scanning electron microscope (SEM); however,
there is a difference in the electron gun used to scan the specimen. In
FESEM, a field emission gun is used instead of typical electron gun
sources, which provides a sharply pointed beam with high electron
energy, resulting in minimized charging effects on the specimen and
enhancement of the spatial resolution. An image in FESEM is generated
when the electron beam from the field emission gun through the column
of an electromagnetic lens impinges the specimen surface. At that time,
complex interactions occur on the surface and at a certain depth below the
surface of the specimen, resulting in various emissions from the
specimen. The interactions between the electron beam and the atom-shell
produce an X-ray. EDX detects and analyzes this X-ray emission by the
energy identification of elements. Figure (2.7) shows the schematic
diagram of FESEM. [111-113].
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Figure (2.7): Schematic diagram of an FESEM [112].

2.12 Atomic Force Microscope (AFM)

An atomic force microscope (AFM) is one of the most widely used
tools for imaging, measuring, and manipulating samples at the nanoscale.
No special sample preparation is needed for this technique, and the
measurements are allotted to a close ambient environment. Like all other
scanning probe microscopes, it utilizes a sharp probe moving over the
surface of a sample in a raster scan as shown in figure (2.8). In the case of
the AFM, the probe is a tip on the end of a cantilever that bends in
response to the force between the tip and the sample. The three basic
concepts that one must be familiar with to understand the operation of an
AFM are piezoelectric transducers (in AFM, often known as piezoelectric
scanners), force transducers (force sensors), and feedback control. The
piezoelectric transducer moves the tip over the sample surface, the force
transducer senses the force between the tip and the surface, and the
feedback control feeds the signal from the force transducer back into the
piezoelectric to maintain a fixed force between the tip and the sample
[113-115].
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Figure (2.8): Block diagram of an atomic-force microscope using beam
deflection detection [114].

2.13 Optical Properties

A solid's optical properties can be determined by applying a
monochromatic light onto the sample and then measuring the transmitted
or reflected beam from the sample as a function of incident photon energy
[106, 116].

When photons are incident on a semiconductor, they may propagate
or absorbed, depending on the bandgap energy (Eg) and on the photon
energy (hv), where h is Plank's constant and v is the incident photon
frequency. The photons are not readily absorbed if (hv < Eg), the light
will pass through the semiconductor and the semiconductor looks
to be transparent. If the (hv = E;), the photons can interact with a valence
band electrons and rise up the electrons to the conduction band.
The conduction band contains many empty levels and the valence band
contains many electrons, so this interaction is highly likely when
(hv > Eg). The interaction creates a hole in the valence band and an
electron in the conduction band. This phenomenon is called (the electron-
hole pair production). When (hv > Eg) an electron-hole pair is created and
the additional energy may give the hole or electron extra kinetic energy,
which will be dissipated in the semiconductor as heat figure [116, 117].
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2.13.1 Absorptance (A)

Absorption is defined as a ratio between the intensity of absorbed
light by material (1) and the incident light intensity (I,) [118]:

A =2 (2.9)

2.13.2 Transmittance (T)

Transmittance is given by the ratio between the transmitting rays
(I) intensity through the film to the incident rays intensity (l,) on it as the
relationship below [118, 119]:

T="=x (2.10)

Iy

Also can find a transmittance as a function of wavelength through
the exponential relationship for both transmittance and absorbance which
[118, 119]:
T = 1074 (2.11)

2.13.3 Reflectance (R)

The below relation may be used to calculate reflectance from
transmission spectrum and absorption in line with the law of conservation
of energy [120, 121]:

R+T+A=1 (2.12)

2.13.4 Optical Absorption and Absorption Edge

The fundamental absorption is the most important absorption
process that involves the transition of electrons from the valence band
(V.B) to the conduction band (C.B), which manifests itself by a rapid rise
in absorption, and this can be used to determine the energy gap of the
semiconductor. The semiconductor absorbs a photon from the incident
beam, the absorption depends on the photon energy, the absorption

associated with the electronic transition between the (V.B) and the (C. B)
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in the material starting at the absorption edge which corresponds to

minimum energy difference (Egpt) between the lowest minimum of the
(C.B) and the highest maximum of the (V.B) [106, 122]. If the photon
opt

energy is equal to or more than the energy gap (E," ) then, the photon can

g
interact with a valence electron, elevates the electron into the (C.B) and
creates an electron-hole pair. The maximum wavelength (4,,,,) of the
incident photon which creates the electron-hole pair is defined as [123,
124].

hc 1240
A nm) = — =

(2.13)

Where c is the light speed in a vacuum.

The intensity of the photon flux decreases exponentially with
distance through the semiconductor according to the following equation
[106, 116, and 117].

I=l,exp(-at) (2.14)
Where |, and | are the incident and the transmitted photon intensity
respectively, a is the absorption coefficient and t is the thickness of the

material.

2.13.5 Absorption Regions

There are three absorption regions as shown in figure (2.9) [125]:

A. High absorption region

In this region, the value of absorption coefficient (a) is about
(10* cm™) or more. This region is shown in figure (2.9) part (A), from this

region, the absorption edge can be concluded [106, 117, and 126].

B. Exponential absorption
The value of absorption coefficient (a) is in the range of

(1 cm™ < a < 10* cm™), and indicates to transition between the spread
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level from the valence band to the local level in the conduction band. This
region is shown in figure (2.9) part (B) [106, 117, and 126].

C. Low absorption region

In this region, the absorption coefficient (a) is very small
(e < 1 cm™), the transitions are happening here between tails inside the
forbidden gap (Eg) as shown in part (C) of the figure (2.9) [106, 117, and
126].

a (cm)™

>
hfeV)

Figure (2.9): The main regions of the optical absorption [126].

2.14 Electronic Transitions in Semiconductors

When an electron makes the smallest-energy transition from the
conduction band to the valence band can do so without a change in the k
value; on the other hand, a transition from the minimum point in the
conduction band to the maximum point of the valence band requires some
change in k. Thus, two classes of semiconductor energy bands are direct
and indirect, as shown in figure (2.10) [127]. It can be seen that an
indirect transition involving a change in k requires a shift in the

momentum of the electron [128, 129].
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2.14.1 Direct Transitions

The direct transition, in general, occurs between the top of the

valence band and the bottom of the conduction band (vertical transition)

at the same wave vector (E = 0) for conservation of momentum. The
allowed direct transition refers to that transition which occurs between the

top of the valence band and the bottom of the conduction band when the

change in the wave vector is equal to zero (ﬁ = 0), as shown in figure
(2.10.a). This transition is described by the following relation [129-133]:

ahv=B (hv -Egpt)ll2 (2.15)
Where B is a parameter inversely proportional to the amourphosity
(depending on the material). If the transition occurs between states of the
same wave vector, but the wave vector does not equal zero, the transition

is called forbidden direct transition as shown in figure (2.10.b), it obeys
the following relation [129-134].

ahv=B (hv -Eg(’pt):‘}/2 (2.16)

2.14.2 Indirect Transitions

In indirect transition, there is a significant momentum difference
between the points to which the transition takes place in valence and
conduction bands. This means that the conduction band minima are not at
the same value of k as the valence band maxima, then, the assistance of a

phonon is necessary to conserve the momentum, therefore [122, 135]:
hv = E; + Ep (2.17)
Where Ejp is the energy of an absorbed or emitted phonon.

For an allowed indirect transition shown in figure (2.10.c), the
transition occurs from the top of the valence band to the bottom of the
conduction band and is given in the following relation [129-133].
ahv=B (hv -Egpt)2 (2.18)

47



Chapter Two Theoretical Part

While, the forbidden indirect transitions occur from any point near the top
of (V.B) to any point other than the bottom of the (C.B), as shown in
figure (2.10.d), this transition is given by the below relation [129-133].

ahv=B (hv -Egpt)3 (2.19)
Experimentally, it is possible to differentiate between direct and indirect
processes by the level of the absorption coefficient (a); a which takes

values from (10* cm™ to 10° cm™) for direct transitions and (10 cm™ to 10°

cm™) for indirect transitions at the absorption edge [123].

Condition Band

Energy

“alence Band

Wave vector (K}

Figure (2.10): The optical transitions [127].
(a) Allowed direct, (b) Forbidden direct, (c) Allowed indirect, (d) Forbidden indirect

2.15 Optical constants

The optical constants are fundamental parameters because they
describe the optical behavior of the materials. The absorption coefficient
of the material is a powerful function of the photon energy and bandgap
energy. The absorption coefficient represents the attenuation that occurs
in incident photon energy on the material for unit thickness. The main
reason for this is attributed to the absorption processes [128, 136, and
137]. In addition to the absorption coefficient, optical constants included

refractive index (n) and extinction coefficient (ko).
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2.15.1 Absorption Coefficient (a)

The absorption coefficient is the percentage of the decrease in
radiation energy flux relative to the distance unit along the direction of
wave propagation. It depends on the incident photons' energy, properties

of the semiconductor (energy gap), and the type of electronic transitions

between energy bands. (&) is given by [138, 139]:
o = 2.303 é (2.20)
Where A is the absorbance and t is the sample thickness.

2.15.2 Extinction Coefficient (ko)

The extinction coefficient is the amount of attenuation in the
intensity of electromagnetic radiation due to interaction with film material
particles. i.e. represents the amount of absorbed energy in the thin film
[113]. It is related to the absorption coefficient according to the following
relationship [138, 139]:

al
=— (2.21)

° am

Where A is the wavelength of the incident radiation.

2.15.3 Refractive Index (n)
The ratio between the velocity of light in a vacuum to its velocity in

the medium, the complex refractive index (n.) is defined as [130, 138]:
ne, = n— ik, (2.22)
It is related to the velocity of propagation (v), and light velocity (c) by:
v= — (2.23)

D¢
The refractive index can be calculated by the formula [138]:
1
2 2
n= l(ﬂ) — (K2 + 1)] + %Ii (2.24)

1-R
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Where R is the reflectance and can be expressed by the relation
[136, 138]:

_ (n—1)%+k,?

T (m41)2+ ko2 (2.25)

2.16 Electrical properties

Consideration of the electrical properties of materials is often
important when materials selection and processing decisions are being
made during the design of a component or structure. This section will
discuss some electrical properties of semiconductors such as the Hall
effect [94, 95].

2.16.1 Hall Effect

The Hall effect is used to measure the semiconductor carrier
concentration and mobility which is used to detect whether a
semiconductor is n or p-type. When a constant current (I) below comes
along the x-axis from right to left in the presence of magnetic field (B) at
the z-axis with value (0.55T), the electron obeys Lorentz force in the
beginning, and they drift toward the negative the y-axis, and thus the
sample surface charge too much and causing a transverse voltage. The
transverse voltage is Hall voltage (V) known as shown in figure (2.11).
The Hall coefficient (Ry) can be determined by measuring the Hall
voltage (Vy) that produces venues across the field across the sample of a

thickness (t) by [141, 142]:

|4 t
Ry= TH'E (2.26)

From the Hall coefficient equation, the semiconductor carrier

concentration can be determined as given in the following [141, 142]:

Ry = e (For p-type) (2.27)
_ -1 i
Ry = — (For n-type) (2.28)
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Where (p and n) are the carrier concentrations of holes and electrons,
respectively, and (e) is the electron's charge. If the conduction is due to
one carrier type e.g. holes [141, 142]:

Op = enpy, (For p-type) (2.29)
And for electrons:

0, = enu, (For n-type) (2.30)
Where u,, is the mobility for holes and u,, is the mobility for electrons.

The Hall mobility uy can be measured as [141, 142]:

o

My =~ (2.31)
The Hall mobility is defined as the product of the Hall coefficient and
conductivity as in the following relation [141, 143]:

Hy =6 Ry (2.32)

1 ,
I —
a ENENE-_LC AY
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J/ / : vy A,
//E r

Figure (2.11): Diagram for Hall Effect [141, 142].

2.17 Heterojunctions

The heterojunction is defined as a connection between two
semiconductor materials that differ in the energy gap, electronic affinity,
dielectric constant, and work function as well as a mismatch in the lattice
constant for the two materials, while the homojunction consists of the
connection of two semiconductor materials of the same type, i.e. identical
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in the energy gap, electronic affinity, dielectric constant, the work
function and the lattice constant. [100, 143].

Heterojunctions are classified into sudden heterojunctions and
graded heterojunctions and sub-classified as different connection points
on both sides of the divide. The semiconductor has the same name as the
connection-symmetric uniform combination (heterojunctions isotype)
such as (p-p), (n-n), otherwise a different combination of asymmetric
(Anisotype heterojunctions) such as called (n-p), (p-n) [144].

Heterojunctions have unique electrical and optical properties and can
be divided into three classes [145, 146]:

1. The first class is between two different semiconductor wafers, such
as PZT and Si.

2. The second class is between metals and semiconductors, the ohmic
connection such as Al and PZT.

3. The third class is between the phase semiconductor crystal with the

same type of semiconductor random phase, such as c-Si with a-Si.

2.18 Solar Cells

A solar cell is a (p-n) junction device that converts the incident
sunlight to electrical power without applied voltage (photovoltaic PV
mode) and pollution and noise. When the light (hv > E;) strikes the cell,
the electron-hole pairs will be created in the space charge region.
Electrons in the conduction band and holes in the valence band can
contribute to produce the current under the electrical field which sweeps
out and produces the photocurrent (lp) in the reverse bias direction as
shown in figure (2.12). Short circuit current (ls;) and the open circuit
voltage (Vo) are very important parameters that characterize the

performance of a solar cell [147, 148].
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Figure (2.12): Operation of a solar cell [148].

2.18.1 I-V Characteristics of Solar Cell

The 1-V curve of solar cells describes the current and voltage
characteristics of a specific photovoltaic (PV) cell. It gives a detailed
description of its solar energy conversion ability and efficiency. Knowing
the electrical 1-V characteristics of a solar cell is critical in determining
the device’s output performance and solar efficiency.

The main electrical characteristics of a PV cell are summarized in
the relationship between the current and voltage produced on a typical
solar cell 1-V characteristics curve. The intensity of the solar radiation
that hits the cell controls the current, while the increases in the
temperature of the solar cell reduce its voltage [149, 150].

The 1-V curve of a solar cell is the superposition of the 1-V curve of
the solar cell diode in the dark with the light-generated current. The light
has the effect of shifting the 1-V curve down into the fourth quadrant
where power can be extracted from the diode. Illuminating a cell adds to
the normal "dark" currents in the diode so that the diode law becomes
[149, 150]:
| =lg[exp(qV/nkT) - 1] - I, (2.33)

Where n is the ideality factor and I, is the light generated current.
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Figure (2.13) represents the I-V curve of the solar cell in the dark
and under light[151].

T " A v
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Figure (2.13): The I-V curve of the solar cell in a dark and under light [151].

2.18.2 Solar Cell Circuit and Device Parameters

A photovoltaic cell may be represented by the equivalent circuit
model shown in figure (2.14) [152]. This model consists of current due to
optical generation (1.), a diode that generates a current, a series resistance
(Rs), and shunt resistance (Rg,). The series resistance is due to the
resistance of the metal contacts, ohmic losses in the front surface of the
cell, impurity concentrations, and junction depth. The series resistance is
an important parameter because it reduces both the short-circuit current
and the maximum power output of the cell. Ideally, the series resistance
should be (Rs = 0). The shunt resistance represents the loss due to surface
leakage along the edge of the cell or due to crystal defects. Ideally, the
shunt resistance should be infinite (Rg= o) [148, 153].
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Figure (2.14): Idealized equivalent circuit of a photovoltaic cell [152]

There are several parameters are used to characterize solar cells.

1. Open circuit voltage (Voo): It is the maximum voltage produced by a
solar cell (the resistance reaches infinity) and the net current is zero

and given by the following equation [142, 153]:

Ve = 220 10 (5 4+ 1) (2.34)
q Iy

Where T is the temperature, q is the electron charge, and |, is the reverse

saturation current or the dark current.

2. Short circuit current (l): The current that flows through the solar
cell when it is short-circuited (the resistance of load is zero) which
leads to (V = 0 volt) and given by the following relation [147, 153]:

lsc = I [eXp(QVoc /KT) - 1] + Voo /Rsh (2-35)

Where Ry is the shunt resistance.

The short-circuit current depends on a number of factors such as the
solar cell area, the number of photons, the spectrum of the incident light,

and the optical properties (absorption and reflection) of the solar cell.

3. Fill factor (FF): The fill factor measures how far the I-V
characteristics of an actual PV cell differ from those of an ideal cell.
The fill factor is given by the relation [149-151]:
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F.F = mm (2.36)

ISCVOC

4. Conversion efficiency (n): is a measure of the amount of light energy

that is converted into electrical energy and is given by[149-151]:

n = If—m X 100 % = 27 x 100 % (2.37)

n n

Where Py, is the maximum power output and P;, is the power input to the

cell defined as the total radiant energy incident on the cell's surface.

2.19 Semiconductor Gas Sensor Principles

A gas sensor can be defined as a device that informs about the
composition of its ambient atmosphere. Remarkably, upon interaction
with chemical species (absorption, chemical reaction, and charge
transfer), the physicochemical properties of the metal oxide sensitive
layer (such as its mass, temperature, and electrical resistance) reversibly
change. These changes are translated into an electrical signal such as
frequency, current, voltage, or conductance, which is then read out and
subjected to further data treatment and processing. Many metal oxides are
suitable for detecting explosive, reducing, or oxidizing gases by varying

electric conductivity measurements [154, 155].

2.19.1 Thin Film Resistive Gas Sensors

Resistive sensors were utilized to measure a wide range of physical
and chemical properties, which can be considered the most familiar
and low-cost sensors. The photo-resistive sensors, exhibit changes
in conductivity when exposing to light absorption; thermo-resistive
sensors have changes in resistivity which is governed by temperature;
piezo-resistive sensors, measure the change in resistance as a function of
mechanical stress; whereas magneto resistive sensors alter the resistivity

according to an external magnetic field and chemo resistive sensor that
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alters the resistivity generated from chemical element and the sensing
material interaction. The most suitable material for sensing in gas sensing
is metal oxides of the chemo resistive type. This knowledge was applied

to gas detection applications [156].

2.19.2 Chemical Sensors

Chemical sensors are devices utilized for the fixed chemical
properties of materials. The main concept of chemical sensing is the gas
or vapor interaction with the oxygen vacancies at the sensitive layer
surface as shown in figure (2.15) [157, 158].

G

Z

7\‘\

Oz
I

O

Oy
O
> or‘

e

Figure (2.15) Oxygen vacancies at the surface of the grain [158].

The surface conductivity has shown to be much less than that of the
bulk, which has been referred to the construction of oxygen ions near
surface that are used for trapping electrons, producing a surface depletion
layer leading to the growth of Schottky barriers at contacts between
particle [159].

In n-type metal oxides, and due to the electrons resulting from
ionized donors via the conduction band, the density of the charge carrier
at the interface is decreased. Because of oxygen ions adsorption at the
surface, the resistance at the connection among the grains of the matter

will be altered, leading to depletion layer formation. In reactive gas
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existence, the coverage of adsorbed oxygen ions at the surface may be
reduced as well as the resistance as a result of the decrement in the
surface potential barrier and depletion length [160, 161]:

The nanocrystalline presence is an essential parameter for gas
sensing because it shows a significant increment in surface area compared

to the microcrystalline [160].

2.19.3 Gas Sensor Characteristics

Gas Sensor are characterized by specific key parameters that
characterize and specify the gas sensor in detail such as the sensitivity,

response time and recovery time as included as follows:

2.19.3.1 The Sensitivity (S)

The sensitivity of sensors is defined as the relative variation of the
sensitive thin film resistance in part per million (ppm) of the gas
concentration applied. The most common definition of sensitivity is a
change in the electrical resistance or conductivity of the thin film relative
to the initial state upon exposure to reducing or oxidizing gas
components. The sensitivity depends on the background gas composition,
relative humidity level, sensor temperature, oxide microstructure, film
thickness and gas exposure time. The sensitivity of oxidizing and
reducing gases can be determined from the following equations [161,
162]:

s=p =70 g| x 100 % (2.38)
_ AR _ |Rg—Ra 0
S= o= | X100% (2.39)

Where R, and Ry are the electric resistance of the sensor in air and in the
presence of gas, respectively.

As can be calculated from the current as in the below relation [163]:
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S

a

x 100 % (2.40)

Where 1, and I, are the sample currents measured in the ambient
environment and that under the test gas.
The sensitivity is highly dependent on film thickness, operating

temperature, presence of additives and crystallite size.

2.19.3.2 Response Time (Tyes)

It is the time interval over which the resistance of the sensor material
attains a fixed percentage (usually 90 %) of the final value when the
sensor is exposed to the full-scale concentration of the gas. A small
response time value is highly desirable in applications such as the

detection of flammable or combustible gases to prevent fire [164].

2.19.3.3 Recovery Time (tye)

It is the time interval above which sensor resistance is reduced to
(10 %) of the saturation rate when the target gas is switched off and the
sensor is sited in artificial (or reference) air a sensor should have a small
recovery time so that it can be ready for the subsequent detection. Figure

(2.16) atypical response curve of a conduct metric gas sensor [164].
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Figure (2.16): The atypical response curve of a conduct metric gas sensor [164]
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Chapter Three

The Experimental Part

3.1 Introduction

This chapter includes preparing the pure and Ag-doped SiC thin
films on different substrates such as glass, quartz and silicon with various
dopant ratios (1, 3, 5 and 7 AgO) wt% using the pulsed laser deposition
technique. In addition, it describes all the measurements used to study
the properties of as-deposited films that are utilized to characterize the

optical properties and gas sensing as shown in the diagram (3.1).
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Initialization of the used materials

A 4

Preparing of the SiC and AgO-doped
SIC pellets using a hydraulic press

A 4

Annealing the pellets at temperature 500°C for 3h

Substrate cleaning (glass, quartz and p-type silicon)

A 4

Using a pulsed laser deposition technique to create SiC and
AgO-doped SiC thin films

A 4

Measurements of the created thin films
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Structural properties Thickness measurement QOptical Electrical
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i Hall Effect -V
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XRD FESEM AFM
Transmittance Optical
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Figure (3.1): Schematic diagram of the experimental work.
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3.2 Targets Preparation

SiC and AgO were used as powders supplied by (Nanjing Nano
Technology Co., Ltd) with a purity of (99%) and molar mass (40.0962)
g/mol for SiC and (123.8676) g/mol for AgO. The powders were weighed
and mixed at different ratios of (1, 3, 5, and 7 AgO) wt% as shown in
Table (3.1). SiC and AgO-doped SiC powders were compressed into the
shape of pellets (tablets) with a thickness of about (5 mm) and a diameter
(3 cm) using Chinese manufactured hydraulic piston under the pressure of
(400 kg/cm?). The pellets are annealed in the air at a temperature of
(500°C) for 3 hours.

Table (3.1): Weights of tablets and mixing ratios.

Samples ratio of Weight of | ratio of Weight of | Total (g)
AgO wt% | AgO (g) | SiC wt% SiC (g)

SiC 0% 0 100 % 5 5
1% AgO 1% 0.05 99 % 4.95 5
3% AgO 3% 0.15 97 % 4.85 5
5% AgO 5% 0.25 95 % 4.75 5
7% AgO 7% 0.35 93 % 4.65 5

3.3 Films Deposition

The deposition process of thin films consists of the following steps:

3.3.1 Cleaning the Substrates

Glass, quartz and p-type silicon substrates have been used for the
deposition of thin films. These substrates are cut into rectangular pieces
with dimensions (3.75 x 2.54) cm®. The thickness of about (0.05 cm) for
silicon and (0.12 cm) for both glass and quartz. They are also used to
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measure thin films' structural, optical, and electrical properties and optical

and gas sensing applications. The process of cleaning substrates is

essential due to the influences of the oil or dust that affect the properties
of the thin film. This process can be described as the following steps:

1. The substrates are cleaned in distilled water to remove the impurities
from their surface.

2. Immersed the substrates in a beaker containing pure alcohol (C,Hs0H)
for (12-15) min to clear any oil.

3. The substrates were dried by exposing them to blown air and wiping
them using fine cleaning paper. Finally, the slides are kept in a
container and thus ready for the thin film deposition.

4. The silicon substrates have been placed in a container containing a
combination of 10% HF and 90% ethanol alcohol with 99 % purity for
10 min. The deposition procedure is carried out promptly after the

silicon substrates have been withdrawn from the container.

3.3.2 Pulsed Laser Deposition System

The PLD test has been achieved in a vacuum chamber with
a vacuum pressure of about (10 mbar) in most situations. The Nd:YAG
laser is focused by a lens with a focal length of (30 cm) as shown in
figure (3.2). The laser beam is passed into the chamber via a window
made of quartz material. A sufficient distance is maintained between
the substrate and the target such that the substrate holding does not block
the incoming laser beam. Adjustment of the deposition components on
a regular basis in order to get higher quality films via the process, such as
heating the substrate, rotating the target, and positioning the substrate in

respect to the target, which is located at the University of Babylon.
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Figure (3.2): Pulsed Laser Deposition system.

3.3.3 Nd:YAG Laser Source

Q-switched Nd:YAG laser (Huafei Tongda Technology-Diamond-
288 pattern EPLS) was used for the deposition of SiC and AgO-doped
SiC. The entire system consists of a light route system, a power supply
system, a cooling system, and a computer controlling system, with the
light route system being installed in the manual handle and the
controlling and cooling systems in the power supply machine box. The
Nd:YAG laser system was utilized to precipitate thin films with easy-to-

control major parameters, as shown in Table (3.2).
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Table (3.2): The main parameters of the Nd:YAG laser used in the deposition

process.
Laser model Q-switched Nd:YAG Laser
wavelength 1064 nm
Energy per pulse 500 mJ
Pulse duration 10 ns
Ambient temperature 30°C
Pulse repetition rate (PRR) 6 Hz
Divergence 0.1 mrad
Diameter of Beam 3mm
Number of pulses 1000 pulse
Power supply 220 Volt
Cooling technique inner circulation water cooling

3.3.4 Deposition Chamber
The deposition chamber is cylindrical. The chamber geometry may
be created freely since the PLD technique does not require an ultra-high
vacuum. The chamber often includes the pumping system, pressure
monitoring, gas inlets, substrate, target, laser beam, and view
components. The following factors should be taken into account while
constructing a chamber:
1. The components inside the chamber should be arranged so that the
laser beam path is not disrupted.
2. The components of the chamber are regularly and continually
changed. Therefore, the target-substrate should be accessed directly.
3. The substrate-target distance should be changeable.
4. The laser window deposition must be eliminated to the greatest extent

feasible.
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3.3.5 Target Holder

During the deposition process, the ablation target is held vertically
by the target holder. The target was usually in the form of disk-shaped to
achieve uniform ablation. It is necessary to rotate during the deposition
process while the laser reaction spot remains stationary. This arrangement
provides an advantage, where the surface area of the target may be used
more effectively and successfully for a more extended period without

creating a hole.

3.3.6 Vacuum System

The chamber has been evacuated using the rotary pump connecting
at once to the chamber. The use of metal bendy tubes to get a vacuum
extra than 10 mbar and via way of means of the use of Pirani gauge,
tracking the stress in the chamber. The rotary pump is a type (GALILEO
TP model 949-9325S006) and is the main part of the discharge and the
diffusion pump from type (DIFFUSION PUMP DPF-4Z). For depositing
all films on silicon and quartz substrates, has been used a Q-switch
Nd:YAG laser with a wavelength of (1064 nm), energy per pulse of (500
mJ), a pulse repetition rate of (6 Hz), a pulse duration of 10 ns, several

pulses of (1000), and deposition temperatures of (250°C).

3.3.7 Deposition Steps

1. The vacuum chamber was cleaned with acetone alcohol and a soft
cloth; after that it left about 24 hours exposed to air.

2. The substrates have been placed on another substrate holder to ensure
they will be in opposite direction proportional to the target set on the
rotating target holder to obtain that the distance between the target and
the substrate is (3 cm).

3. The laser beam of Nd:YAG with energy (500 mJ) and a number of
pulses (1000) has been focused on the targets using a lens with a
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convex focal length Of (30 cm) on the surface of the rotating target at a
fallen angle of approximately 45°.

4. The vacuum chamber is closed, then the discharge process starts by
opening the rotary pump's valve when the pressure reaches about (10
mbar). Then it closes and the valve of the diffusion pump is opened
until the vacuum chamber pressure reaches about (10 mbar).

5. The temperature is increased to (250°C) using a halogen lamp to
improve the adhesion of ablated particles.

6. After the particles reach and are adhered to the substrate, the discharge
chamber valve remains open.

7. Finally, the thin films of the SiC and AgO-doped SiC material are
obtained on glass, quartz, and silicon substrates and are subjected to

structural, electrical, optical, solar cell, and gas sensor investigations.

3.4 Measurement of Thin Film Thickness

The thickness of the films was measured using the optical
interference method, using a He-Ne laser with a wavelength of
(632.8 nm) with an incidence angle of 45° as shown in figure (3.3).
The working principle of the above method depends on the interference
of light waves, which are reflected from the thin film surface and those
that are reflected onto the substrate on which the films were deposited are
prepared and can be using the following relation for calculated the

thickness of the films [165]:

_y A
t==2. 2 (3.1)

Where t, X, y, and A are the thickness of the film, the width of the light
fringes, the width of the dark fringes and the wavelength of the laser
light, respectively. Film thickness was measured at the University of
Al-Qadisiyah.
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substrate
Lens

Figure (3.3): Thin film thickness measurement scheme using optical interference

3.5 Structural Measurements and Topographic Surfaces

3.5.1 X-ray diffraction (XRD)

The technique of XRD was used to examine the crystal structure of
SiC thin films. The model is (HR-XRD-X'Pert PRO MRD) from
PANALYTICAL/PHILIPS Company, which is located at the University

of Tehran, and has the following features given in the Table (3.3):

Table (3.3): XRD device specifications.

Target Cu, ke
Step size 0.05 deg
Time per step 1s
Wavelength 1.5406 A
Current 20 mA
Voltage 30 kV
Range (20) from 10 to 80 deg
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3.5.2 Field Emission Scanning Electron Microscopic

Using a high-resolution photographs and magnification FESEM. The
essence and morphology of the prepared thin films' surface, as well as the
internal structure of the thin films' substance have been investigated.
Photons with X-ray wavelengths are produced when primary electrons
react with the sample. The atomic ratio in the sample can be measured
using energy dispersive spectroscopy. After this emission is detected by
(Tescan Mira3 FESEM, French) image operating at an accelerating
voltage from (0.2 to 30 kV) [112, 113], which is located at the University

of Tehran.

3.5.3 Atomic Force Microscope (AFM)

To know the thin film topography of the prepared SiC using the
PLD technique, this was done by the atomic force microscope
(TT-2 AFM) located at the University of Tehran.

3.6 Optical Measurements

Optical measurements, including the transmittance and absorbance
spectrum of deposited films were performed using (UV-Visible
Spectrophotometer/2700) two-beam supplied by the (CECIL) English
company. The thin films are deposited on quartz substrates that are well-
positioned in the substrate window, allowing light to radiate vertically to
the thin film. A non-deposited quartz sample with deposited quartz was
placed into the window to determine the absorbance of thin films. It is
often used as a reference to minimize the quartz influence. The optical
energy gap (Ey) was determined as well as calculating the other optical
constants finite involve the absorption coefficient (o), extinction

coefficient (k,) and refractive index (n) which is located in our college.
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3.7 Electrodes Deposition and Preparation of Masks

Three types of masks were made for electrical and sensing
measurements. All masks are shown in the figure (3.4) are used
aluminium sheets to get the required form of electrodes. These masks
have the exact dimensions as the substrate and have been attached and
fully fastened to cover the substrate after cleaning. The golden electrodes
were deposited on the surface of thin films using the spraying technique
of the type (CRESSINGTON-108). The device is located in the College
of Science, University of Baghdad.
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Figure (3.4): The mask patterns used in (a) Hall effect measurement and
(b) sensing measurement.

3. 8 Electrical Properties

3.8.1 Measurement of the Hall Effect

Hall effect measurements of deposited films were carried out to
know the charge carriers type and to calculate the Hall coefficient (Ry),
the concentration of carrier, resistivity and mobility by using a device
(Measurement Hall Effect System) type (HMS 3000) manufactured by
(Ecopia) Taiwanese origin. It is possible to identify both of type and
density of charge carriers using the intensity of the magnetic field
(B = 0.55 T) and through the relationship between measured current (I)

and Hall voltage (V). If the relationship is direct, the film is a positive
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type (P-type), while the film is negative (n-type) if the relationship is
inverse [141, 142]. The device is located in the College of Science,

University of Baghdad.

3.9 Electrical Properties of Heterojunction

The electrical measurements for the n-SiC/p-Si and n-SiC:AgO/p-Si
heterojunctions, which are prepared on the Si substrate at (250°C)
and different contents of AgO are performed using the Keithley source
meter model 2400-SCS. Current-voltage characteristics for the

heterojunctions are measured in dark and illumination conditions.

3.9.1 The I-V Characteristics in the Dark Condition

The current-voltage measurements at dark are fulfilled for

n-SiC/p-Si and n-SiC:AgO/p-Si heterojunctions as shown in figure (3.5).

D.Cpower - I
supply I 1

Figure (3. 5): Circuit diagram for 1-V measurement in the dark.
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3.9.2 The I-V Characteristics under Illumination Condition
The I-V measurements were made for n-SiC/p-Si  and
n-SiC:AgO/p-Si as shown in figure (3.6) heterojunctions when they
exposed to a halogen lamp light source with a power of (120W) and an
intensity of (105 mW/cm?). The bias voltage changes in the range of
(-5 to 5) volts in the forward and reverse bias. The device is located in the

College of Science, University of Baghdad.

)

hv
D.C power ~_

supply = 14 o I

Figure (3. 6): Circuit diagram for 1-V measurement in the illumination.

3.10 Gas Sensor System

Sensor measurements have been carried out by measuring the
variation in resistivity resulting from exposing the surface of the thin film
to gases like NH; (reduced gas) and NO, (oxidizing gas), and the
temperature is recorded by a thermocouple type-K (XB 9208B). The bias
voltage was provided by the power provider (FARNELL E350).
Resistance is recorded through (Fluke Digital Multimeter 8845A/8846 A)
and the sensor characteristics of thin films are measured using it.

The device is located in the College of Science, University of Baghdad.
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Chapter Four

Results and Discussion

4.1 Introduction

This chapter includes the results and the analysis of the experimental
measurements of the structural, optical, and electrical properties for SiC
and SiC:AgO thin films prepared by pulsed laser deposition technique
at different AgO content (1, 3, 5, and 7 AgO) wt% on glass, quarts and
p-type silicon substrates at about (250 °C). XRD, SEM, EDX, AFM, and
UV-Vis spectrophotometer techniques were used to study the structural
and optical properties of the prepared films. The thickness of the thin
films was found to be (200 = 5) nm. The current-voltage characteristics
measurements at dark and illumination were investigated for SiC/p-Si
and SiC:AgO/p-Si heterojunctions. The photovoltaic measurements
that include solar cells' efficiency and fill factor are discussed.
Finally, sensitivity, response time, and recovery time have been measured

of SiC thin films and determined operating temperature.

4.2 Structural Properties of SiC:AgO Thin Films

4.2.1 X-Ray Diffraction Analysis

Figure (4.1) is shown the XRD pattern of SiC powder. It is noted
from the Figure that sharp and strong peaks have appeared, revealing the
material's crystalline structure. The diffraction peaks at about (35.2°),
(42.05°), (60.11°) and (76.12°), which correspond with (111), (200), (220)
and (222) planes, according to standard (ICCD Card No0:29-1129) [166].
The Figure reveals the crystalline nature of SiC powder due to diffraction
peaks. SiC powder gives strong diffraction intensity and sharp peaks
agree with its bigger particle size, this result is consistents with the
studies [167-169].
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Figure (4.1): XRD pattern of silicon carbide powder.

Figure (4.2) show the X-ray diffraction spectra of as-deposited
SiC:AgO thin film with different AgO ratios (1, 3, 5, and 7 AgO) wt%
that were prepared by the PLD method at the substrate temperature of
about (250°C). For the SiC:AgO thin films, no sharp and clear peaks were
observed for the SiC material under the available deposition conditions,
this agrees with the works [40, 50]. These studies confirmed that without
annealing and with annealing temperatures ranging from (500 to 850°C)
the results show broad and weak peaks.

The X-ray diffraction patterns for as-deposited SiC:AgO thin films
show diffraction peaks of Si at (20) equal to (28.91°), (47.8°), (62.12°),
(66.314°), and (69.577°) which correspond with (111), (220), (332),
(420), and (442) planes, according to standard (ICCD Card No:27-1402
and No0:17-0901) [170, 171], these diffraction patterns refer that SiC:AgO
thin films have a polycrystalline structure with a cubic phase. X-ray
analysis also shows the sharp peak of (33.452°) for silicon dioxide (SiO,)

which corresponds to the Miller index (320), based on standard
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(ICCD Card N0:45-0131) [172], where it was observed that the intensity
of peak (33.452°) increases significantly due to the large difference in the
atomic radius of Si (111 pm) and oxygen (48 pm) [173].

The peak (16.573°) that corresponds to reflection (100) belongs to
the diffraction pattern of silver oxide (AgO), based on standard
(ICCD Card N0:43-1038) [174]. The two chemical compounds SiO, and
AgO have been formed from the correlation of the oxygen atoms with
silicon and silver atoms with different bonds (covalent and ionic).

It is noted that there is a slight displacement in the locations of some
characteristic peaks of the prepared films with increasing the ratios of
silver as well as a noticeable decrease in the intensity values and that the
explanation for this may be attributed to the large atomic radius of silver
(165 pm) compared to the atomic radius of silicon (111 pm) and carbon
(67 pm) [173].
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Figure (4.2): The XRD patterns of SiC:AgO thin films with different AgO ratios.

Tables (4.1) and (4.2) show the structural parameters, interplanar
spacing (d), crystalline size (D), dislocation density (8) and lattice
microstrain (¢) for as-deposited SiC:AgO thin films. The d-spacing has

been calculated using the equation (2.4), which shows good agreement
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with the standard values as exhibited in Table (4.1). D, § and & were
calculated using the equations (2.6), (2.7) and (2.8). Table (4.2) shows

average crystalline size, dislocation density, and micro-strain values for

prepared thin films.

Table (4.1): X-ray diffraction parameters of as-deposited SiC:AgO films.

D = S | CS Dislocation Micro | hkl d Ostand
% a) g | (m) density (8) | Strain () (nm) (nm)
B @ T X 10 , x 10
(lines/nm"?)

2891 | 0.192 | 42.749 0.548 0.811 111 | 0.3086 | 0.3137
-(Ln—) 66.314 | 0.407 | 23.323 1.838 1.486 332 | 0.1408 | 0.1409

69.577 | 0.241 | 40.149 0.620 0.863 422 | 0.1351 | 0.1354
o 33.452 | 0.183 | 45.350 0.486 0.764 320 | 0.2677 | 0.2674
<\c§ 66.308 | 0.343 | 27.674 1.306 1.253 332 | 0.1408 | 0.1409
= 69.576 | 0.24 | 40.317 0.615 0.860 422 | 0.1350 | 0.1354
o 16.573 | 0.371 | 21.649 2.133 1.601 100 | 0.5345 | 0.5598
g 66.264 | 0.33 | 28.757 1.209 1.205 332 | 0.1409 | 0.14096
% 69.574 | 0.229 | 42.253 0.560 0.82 422 | 0.1350 | 0.1354

16.506 | 0.394 | 20.384 2.407 1.701 100 | 0.5366 | 0.5598
S?)-, 33.452 | 0.184 | 45.104 0.492 0.769 320 | 0.2677 | 0.2674
E}C; 66.282 | 0.216 | 43.938 0.518 0.789 332 | 0.1409 | 0.14096

69.574 | 0.246 | 39.333 0.646 0.881 422 | 0.1350 | 0.1354
5 16.568 | 0.402 | 19.980 2.505 1.735 100 | 0.5346 | 0.5598
g 66.309 | 0.388 | 24.464 1.671 1.417 332 | 0.1409 | 0.14096
~ 69.573 | 0.231 | 41.887 0.570 0.828 422 | 0.1350 | 0.1354
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From Table (4.2), it is noted that the average crystallite sizes of
the (SIC) and (1, 3, 5, and 7 AgO) wt% samples were equal to
(35.407, 37.780, 30.886, 37.189, and 28.777) nm, respectively, and this
indicates that the structure of these films is in nanoscale. The noticeable
change in crystalline size values for all samples is due to the addition of
AgO with different ratios to SiC. The highest average values of the
dislocation density and microstrain were (1.582) and (1.326) which
belong to the (7% AgO) sample, this corresponds to the lowest value for
the average crystallite size (25.842 nm) because of the inverse
relationship between them [106, 107].

Table (4.2): The important calculated structural parameters of SiC:AgO films.

Samples Avg.(D) Avg.(8) x 10° | Avg. strain x 107
SiC 35.407 1.002 1.054

1% AgO 37.780 0.802 0.959

3% AgO 30.886 1.301 1.209

5% AgO 37.189 1.016 1.035

7% AQO 28.777 1.582 1.326

4.2.2 Field Emission Scanning Electron Microscopy

The surface morphology of as-deposited SiC:AgO films with
different Ag content (1, 3, 5, and 7 AgO) wt% that have prepared under
the same conditions were analyzed using field-emission scanning electron
microscopy (FESEM). Figures (4.3) to (4.7) show the low magnification
images (200nm and 500 nm) of the SiC and AgO-doped SiC thin films.
The FESEM images of all films showed the appearance of different sizes
of particles, where the average grain size of the films was approximate
(38.88 nm), (31.04 nm), (31.72 nm), (31.89 nm) and (45.77 nm) for (SiC)
and (1, 3, 5, and 7 AgO) wt% samples, respectively. The average grain
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size values of the AgO-doped SiC gradually increase and the reason is
attributed to the increase in the ratios of AgO. The highest value of the
average grain size measured by the FESEM technique was for the
(7% AgO) sample, while the lowest value was for the (1% AgO) sample.
From the FESEM images which appear in figures (4.3) to (4.7), it
was found, that the shape of the particles was irregular and of various
sizes; this is due to the non-homogeneity in the grains of the films
because of their aggregation. . The images show a uniform distribution of
nanosphere-like structures aggregated to develop a porous surface. When
the SiC film was doped with silver oxide, more nanospheres aggregated
into sea-stone-like structures with varying grain sizes, resulting in a

highly porous surface.

SEM MAG: 200 kx Dot'

r:::mm

Figure (4.3): SEM image of the SiC thin films.
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Figure (4.4): SEM image of the AgO-doped SiC thin films (1% AgO).
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Figure (4.5): SEM image of the AgO-doped SiC thin films (3% AgO).
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Figure (4.6): SEM image of the AgO-doped SiC thin films (5% AgO).

SEM MAG: 200 kx
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Figure (4.7): SEM image of the AgO-doped SiC thin films (7% AgO).
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4.2.3 Elemental Analysis (EDX)
Energy-dispersive X-ray spectroscopy (EDX) utilizes the X-ray

spectrum released by a solid sample bombarded with a directed beam of
electrons to achieve a localized chemical analysis for elements of that
sample [175]. Figures (4.8) to (4.12) exhibit the EDX spectra of SiC:AgO
films with different ratios (1, 3, 5, and 7) wt% of AgO. In the EDX
spectrum of the SiC sample, the Si, C, and O lines can be seen clearly.
For the (1, 3, 5, and 7 AgO) wt% samples under study, the chemical
elements (Si, C, O, and Ag) can be observed in the EDX spectrum.
It found an increase in the element concentrations (C, O, and Ag) and a
decrease in the concentration of Si, and the appearance of oxygen is
attributed to the occurrence of an oxidation process that led to the
formation of oxides of Si and Ag. This result corresponds with the
measurements of the X-ray diffraction. The EDX analysis of the
SiC:AgO films has been listed in Table (4.3).

§ ¥ 8
S U T A
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-l
8
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Energy (keV) 1ok

Figure (4.8): EDX spectra of the SiC thin film.
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Figure (4.9): EDX spectra of the (1% AgO) thin film.
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Figure (4.10): EDX spectra of the (3% AgO) thin film.
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Figure (4.11): EDX spectra of the (5% AgO) thin film.
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Figure (4.12): EDX spectra of the (7% AgO) thin film.
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Table (4.3): The elements ratios of EDX analysis of SiC:AgO films.

Samples Si c O Ag Total
SiC 70.13 22.52 7.35 0 100
1% AgO 63.42 23.86 9.13 3.59 100
3% AgO 58.49 25.38 11.26 4.87 100
5% AgO 53.04 26.93 14.37 5.66 100
7% AgO 48.61 27.83 17.24 6.32 100

4.2.4 Atomic Force Microscopy

Atomic force microscopy (AFM) was used to study the surfaces
topography of SiC:AgO thin films prepared by PLD technique with
different AgO ratios (1, 3, 5 and 7) wt% to analyze it and to give a clear
idea about some essential parameters of them, such as the average particle
size and distribution. As well as the values of root mean square (RMS)
and roughness (Ra) of the surface as shown in Table (4.4).

As shown in the Table below, the results indicate a clear change in
the surface topography of the samples. This is attributed to the change in
AgO ratios. The highest value for the Ra, RMS, and average particle size
have been recorded at (1.97 nm), (2.42 nm), and (45.06 nm) which
belongs to the (3% AgO) sample, while the lowest values were obtained
were (0.75 nm), (1.01 nm) and (12.66 nm) for the (7% AgO) sample.
The small difference between the grain size values registered by the AFM
and XRD are due to the values recorded by the AFM being direct and
accurate, while the X-ray diffraction measures the grain size using
Schererr's formula.

Figures (4.13- 4.17) show the three-dimension (3D) AFM and size
distribution histograms images of the as-deposited SiC and SiC:AgO thin
films. The white patches shown in these figures have been attributed to
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the formation of agglomerated grains stacked on top of each other,
consequence, close grains cluster together to form enormous clusters.
Increasing AgO ratios improve the crystalline structure of SiC:AgO films
which has an excellent agreement with XRD results and this leads to

improving the sensitivity properties.

Table (4.4): AFM parameters for SiC:AgO thin films.

Samples Ra (nm) RMS (nm) Ave. Particle
Size (nm)

SiC 1.30 1.76 31.73
1% AgO 0.87 1.16 21.04
3% AgO 1.97 242 45.06
5% AgO 1.31 1.70 34.83
7% AgO 0.75 1.01 12.66

40 4\

Number of Particles

28 32 36 40 44 48 nm
Particle Size (nm)

Figure (4.13): AFM and size distribution histograms images of SiC film.
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Figure (4.14): AFM and size distribution histograms images of SiC:AgO film
with (1% AgO).
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Figure (4.15): AFM and size distribution histograms images of SiC:AgO film
with (3% AgO).
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Figure (4.16): AFM and size distribution histograms images of SiC:AgO film
with (5% AgO).
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Figure (4.17): AFM and size distribution histograms images of SiC:AgO film
with (7% AgO).

4.3 Optical Properties of SiC:Ag Thin Films

The study of the optical properties of the films is of great importance in
finding the optical constants through which it is possible to know the
value of the optical energy gap according to the specific preparation
conditions (pressure, temperature, the thickness of the film, ... etc.) in

addition to the possibility of knowing other optical constants [176].

4.3.1 Absorbance Spectrum

The optical absorbance spectrum of material depends on the energy
of the incident photons, the type of material, and its crystal structure's
nature [177].

Figure (4.18) shows the absorption spectrum as a function of the
wavelength (1) of SiC and AgO-doped SiC films within a range of
wavelengths from (200 to 800) nm.

From figure (4.18), it is noted that the absorbance values of all the
prepared films increase with the increase in the AgO ratios.

The results showed that the absorption edge for SiC film shifts
towards the short wavelengths (blue shift) compared with the SiC bulk
due to the quantum confinement phenomena. As for the SiC:AgO, the
absorption edge has shifted towards the long wavelengths (red shift)

because of the increase in the AgO ratios.
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The figure shows that the absorbance spectra of the prepared films,
begin to increase gradually with increasing the incident photons energy
until it reaches its peak and becomes quasi-sharp when the energy of the
incident photons becomes equal to or greater than the value of the optical
energy gap of the prepared films.

All films have low absorbance in the visible and near-infrared
regions. This can be explained as follows: for long wavelengths, incident
photons do not have enough energy to interact with atoms onto the film's
surface, so they are transmitted. When the wavelength of an incident
photon decreases, the interaction between it and the material occurs, and
the absorbance rises [99].The maximum absorption of the (SiC) and
(1, 3, 5, and 7% AgO)wt were (0.171, 0.197, 0.336, 0.436 and 0.912).
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Figure (4.18): The optical absorbance spectra of SiC:AgO films with various
dopant ratios of AgO.
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4.3.2 Transmittance and Reflectance

The transmittance is is given by the relation (2.3). Reflectance is
related to absorbance and transmittance and can be calculated using
equation (2.12). Figures (4.19) and (4.20) show the transmittance and
reflectance of SiC and SiC:AgO films as a function of the wavelength.

From Figure (4.19), it can note that the transmittance spectrum has
the opposite behavior of the absorbance spectrum, where the
transmittance of the films decreases with the increase in the AgO ratios.
The transmittance spectrum of SiC:AgO films gradually decreases with
the increase in the impurity ratios due to the localized levels that form
within the forbidden energy gap between the valence and conduction
band as a result of the presence of impurity atoms. The maximum
transmittance of the SiC:AgO films were (0.9537, 0.953, 0.768, 0.609
and 0.621), respectively.

Also, it have been noted from the Figure (4.20), that an increase

in the reflectance spectrum is due to an increase in the AgO ratios.
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Figure (4.19): The optical transmission spectra of SiC:AgO films with various
dopant ratios of AgO.
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Figure (4.20): The Optical reflectance of SiC:AgO films with various dopant
ratios of AgO.

4.3.3 Absorption Coefficient

The absorption coefficient (a) was calculated from the absorbance
spectrum of the prepared films using the relation (2.20).

Figure (4.21) shows the absorption coefficient of SiC and SiC:AgO
films as a function of the incident photon energy. From this Figure, it is
noted that the absorption coefficient of the SiC and SiC:AgO films
increase with the increase in the AgO ratios. It is seen from the above
Figure that the absorption coefficient of the SiC:AgO films increases with
the increase in the AgO ratios and that the absorption coefficient behaves
similarly to the absorption spectrum and this could be attributed to the
nature of the relation between them according to eq.(2.20).

The values of the absorption coefficient increase when approaching
the ultraviolet region while all films have low absorption coefficients in
the visible and near-infrared regions due to the same reason mentioned in
the absorption spectrum. The maximum absorption coefficients of the
SiC:AgO films were (1970.1, 2270.5, 3869.4, 5020.8 and 9495) cm™
for the SiC, 1%, 3%, 5% and 7%, respectively.
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Figure (4.21): The absorption coefficient of SiC:AgO films with various dopant

ratios of AgO.
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4.3.4 Optical energy gap

The optical energy gap (Eg) of the SiC:AgO films was calculated for
the indirect electronic transitions using the equation (2.18).

Figure (4.22) show the photon energy of prepared films as a function
of the (a¢hv)"% It can be seen from figure (4.22) that the energy gap
values of SiC:AgO films decrease with the increase of the AgO doping
ratios. This decrease in the energy gap is attributed to the fact that the
higher doping results in additional levels in the energy gap due to the
incorporation of impurities with energy levels close to the edge of the gap
which causes a decrease in the inclination (ahv)¥® with (hv) and thus
reducing of the energy gap. The obtained energy gap values are listed in
Table (4.5).

Table (4.5): Energy gap values of SiC and AgO-doped SiC thin films.

Samples Eq (eV)
SiC 2.61
1% AgO 2.38
3% AgO 2.18
5% AgO 2.10
7% AgO 2
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Figure (4.22): The optical energy gap of SiC:AgO films with various
dopant ratios of AgO.

4.3.5 Extinction Coefficient

The extinction coefficient (k,) indicates the electromagnetic wave's
attenuation as it passes through the medium, and its value can be found
from the equation (2.21).

Figure (4.23) shows the change of the extinction coefficient as a
function of the wavelength of the SiC and AgO-doped films. The nature

of the extinction coefficient curves is almost similar to the behaviour of
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the absorption coefficient curves due to the same behaviour illustrated by
eq.(2.21).

For the 7% AgO sample, it can be noted that the values of the
extinction coefficient decrease after the fundamental absorption edge,
then increase when approaching the visible wavelengths. It is also noted
that the extinction coefficient values gradually decrease with the decrease
in the doping ratios. The maximum extinction coefficient of the SiC:AgO
films were (0.029, 0.035, 0.095, 0.177 and 0.189) for the SiC, 1%, 3%,
5% and 7%, respectively.
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Figure (4.23): The extinction coefficient of SiC:AgO films with various dopant
ratios of AgO.

4.3.6 Refractive Index

The refractive index (n) is related to film reflectance and extinction
coefficient according to equation (2.24).

Figure (4.24) shows the refractive index change as a function of the
wavelength. It can note that the nature of the refractive index curve is

almost similar to the nature of the reflection curve due to its relation to
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the refractive index. The refractive index changes from (2.229) to (2.785)
with an increase in the AgO ratios.

The refractive index of a 7% AgO film increases when approaching
the fundamental absorption edge and then gradually decreases at the
visible and near-infrared wavelengths.

The increase in the AgO ratios of the prepared films has led to an
increase in the refractive index of the films in the ultraviolet region, and
this may attribute to the rise in the secondary energy levels formed in the
forbidden gap, which in turn act as scattering centers for the incident rays,
as a result, the reflectance increases, and thus the refractive

index increases according to eq.(2.24).
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Figure (4.24): The refractive index of SiC: AgO films with various dopant
ratios of AgO.

4.4 The Electrical Properties of SiC:AgO Thin Films

The electrical properties of SIC and AgO-doped SiC thin films
deposited on glass substrates will be presented. These properties include
the Hall effect, which gives information about carriers' type, density, and

mobility.
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4.4.1 Hall Effect Measurements

Table (4.6) illustrates the main parameters estimated from Hall
effect measurements for prepared thin films. The results have revealed
that the Hall constant is negative, indicating that all samples examined are
of n-type. The results show that the highest value for the concentration of
charge carriers was (19.3x10™ cm®) for the SiC sample and the lowest
value was (5.87x10™ cm™®) for the (1% AgO) sample. It also note that the
mobility of carriers ranges between 19.14 x 10* (cm® V* s™) for the
(1% AgO) sample as the highest value and 6.53 x 10* (cm?V™* s™) for the
SiC sample as the lowest value. The decrease in the concentration of
mobility of charge carriers with the increase in the doping ratios may be
attributed to the scattering of electrons by impurity atoms and the
scattering of some free carriers as a result of thermal vibrations of the

lattice.

Table (4.6): Hall parameters for SiC and AgO-doped SiC thin films.

Samples | nx10* | Ryx10° | p x10* | p(Q.cm) | 6 (Q.cm)” | Type
(cm)® | (em®C?) | (cm*V'sh
SiC -19.3 -3.24 6.532 0.0496 20.177 n
1% AgO -5.87 -10.6 19.144 0.0555 18.018 n
3% AgO -6.89 -9.06 18.318 0.0495 20.209 n
5% AgO -6.91 -9.03 17.136 0.0527 18.974 n
7% AgO -6.89 -9.06 17.039 0.0532 18.806 n

97




Chapter Foure Results and Discussion

4.5 1-V Characteristics of SiC:AgO/p-Si Heterojunction in
Light and Dark.

In this section, the current-voltage measurements have been used to
determine the electrical properties of SiC and AgO-doped SiC films.
The study of current-voltage properties in the dark and light case is
important because it clearly indicates the possibility of using SiC films as
a photosensor. Figure (4.25) shows (1-V) characteristics for SiC:AgO/p-Si
heterojunction under light with various AgO content (1, 3, 5 and 7 AgO)
wt% for forward and reverse bias voltages where the effect of light is
clearly in changing the current values for prepared samples. From this
Figure, it can observe that the values of photocurrent increase with an
increase in the applied voltage in the light case which is attributed to the
increase of the charge carriers. Therefore, the current flow across the
junction will be increased.

The highest value of the forward current was (327, 2360, 155, 1626
and 3600 pA) for the (SIC) and (1, 3, 5, and 7 AgO) wt% samples
respectively. This increase in the photocurrent values is due to the
addition of AgO atoms doping with different ratios to SiC material, thus
improving its electrical properties. The importance of photocurrent of the
SiC and 3% AgO samples remains almost constant and then increases
when the applied voltage reaches about 3 volts. It can be seen from this
Figure also that the curve exhibits a non-linear feature, indicating that the
conduction mechanism is non-ohmic.

For the SiC:AgO/p-Si heterojunction under illumination at reverse
bias, the width of the depletion region increases with the increase of the
applied voltage which leads to an increase in the absorption through it

and the creation of the electron-hole pairs.
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Figure (4.25): 1-V Characteristics in light of SiC:AgO/p-Si heterojunction at
forward and reverse bias with various dopant ratios of AgO.

Figures (4.26- 4.30) exhibit the reverse current as a function of
applied voltage in dark and light for SiC:AgO/p-Si heterojunction.
The results showed that the values of current increase with the increase of
the applied reverse voltage due to the change in doping ratios and this

behavior are similar to what we observed in the forward bias.
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Figure (4.26): 1-V Characteristics under dark and light of SiC/p-Si
heterojunction at reverse bias.
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Figure (4.27): 1-V Characteristics under dark and light of SiC:AgO/p-Si
heterojunction at reverse bias (1% AgO).
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Figure (4.28): 1-V Characteristics under dark and light of SiC:AgO/p-Si
heterojunction at reverse bias (3% AgO).
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Figure (4.29): 1-V Characteristics under dark and light of SiC:AgO/p-Si
heterojunction at reverse bias (5% AgO)
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Figure (4.30): 1-V Characteristics under dark and light of SiC:AgO/p-Si
heterojunction at reverse bias (7% AgO).

The values of solar cell parameters of (Voc, lsc, Vinaxs Imax» F.F and n)
of SiC: AgO/p-Si heterojunction were arranged in Table (4.7). The fill
factor and efficiency can be calculated from equations (2.34) and (2.35)
respectively. In general, it can be observed that the maximum efficiency
value was (0.165 %) for (7% AgO) sample, while the lowest value was

(0.005 %) for (1% AgO) sample.

Table (4.7): Measured and calculated values of SiC: AgO/p-Si heterojunction.

Sample VOC ISC Vmax Imax
name F.F n%
(mV) (mA) (mV) (mA)
SiC 116 0.0007 11.5 0.0004 0.06 0.0096
1% AgO 59 0.0003 24 0.0001 0.14 0.005

3% AgO 101 0.0048 15.3 0.0005 0.02 0.016

5% AgO 146 0.0011 26 0.0005 0.08 0.0271

7% AgO 112 0.0046 61 0.0013 0.15 0.165
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4.6 Gas Sensing Measurements of SiC:AgO Thin Films

The effect of changing doping ratios (1, 2, 3, and 7 AgO) wt% and
operating temperature (25, 60, 100, 200, 250 and 300°C) on improving
sensor characteristics (sensitivity, response time, and recovery time) was
studied. The response and recovery times are determined through the time
that it takes for the sensor to experience (10-90)% of the steady-state

resistance when the target gas/air is introduced [178, 179].

4.6.1 Influence of the Operating Temperature

The temperature has pronounced effects on the sensitivity of
thin-film gas sensors, as it influences the physical properties of
semiconductors (change of the free carrier concentration, Debye length).
In this way, dynamic properties of the sensors such as response and
recovery time and the static characteristics of the sensor depend on the
temperature of operation, and a temperature for which the sensitivity of a
semiconductor gas sensor is maximum always observed.

Different possible temperature-dependent elementary steps of
molecular recognition with semiconductor gas sensors have to be
optimized to detect a specific molecule. These steps firstly involve the
low-temperature surface reactions. Examples are adsorption and catalytic
reactions at active sites (the latter involving intrinsic point defects, such
as (0% vacancies, and/or extrinsic point defects, e.g., segregated metal
atoms) and similar reactions at grain boundaries or three-phase
boundaries (e.g., at metallic contacts or surface metallic clusters). All of
these reactions involve adsorbed negatively charged molecular (O%) or
atomic (O") species as well as hydroxyl groups (OH") at different surface
sites. Secondly, these steps involve the high-temperature bulk reactions
between point defects in the SiC crystal and oxygen (O?) in the gas phase.
The key to the controlled operation of such sensors is the careful
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adjustment of the operation temperature since conduction changes upon
exposure to different gas components, usually showing different maxima
as a function of temperature.

Figures (4.31) and (4.32) exhibit the sensitivity of SiC and
AgO-doped SiC with various AgO ratios (1, 3, 5, and 7 AgO) wt% as
a function of operating temperature in the range (25-300°C) with pulse
laser deposition which is deposited on p-type Si substrates at 5 % NO,:air

mixing ratio and 10 % NHs:air mixing ratio on the all samples.

70 -
. NO, gas sic
—8—1% AgO
__ 307 —i—3 % AgO
% 40 %5 % AgO
E 30 =ie=7 % AgO
=
(7]
S 20
(75] f
10 \‘ —
e
0 X
0 50 100 150 200 250 300 350 400
Operation temperature (°C)

Figure (4.31): Sensitivity as a function of the operating temperature of SiC
doped with AgO on a silicon substrate using NO, as a gas sensing technique.
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Figure (4.32): Sensitivity as a function of the operating temperature of SiC
doped with AgO on a silicon substrate using NH3 as a gas sensing technique.
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The effect of the operation temperature on thin films sensitivity is
studied to optimize the operating temperature to the lowest possible
value. The operating temperature is defined as the temperature at which
the sensor's resistance reaches a constant value. The changing of
resistance is only influenced by the presence of some gases of interest
[178, 179].

The results show that the sensitivity has slowly increased with
increasing operating temperature. The sensitivity of samples when
working at room temperature to (100°C) has regular behaviour, while the
sensitivity is irregular when the operating temperature is up to
(200-300°C). For these reasons, the AgO-doped SiC samples cannot
record sensing signals up to (200°C).

The maximum sensitivity of the tested gas sensor to (40 ppm) of
NO; is about (62.9%) at around (25°C) for 3% AgO-doped SiC, while the
7% AgO-doped SiC gas sensor has (0.8%) lowest sensitivity to NO,.
It should also be noted that the optimum sensing temperature required for
the maximum sensitivity is around (100°C) for the AgO-doped SiC gas
Sensor.

When NH; is used as the probing gas, the maximum sensitivity
of the samples gas sensor to (50 ppm) of NHj3 can reach (24.38%) for
1% AgO-doped SiC, and the optimum sensing temperature of the sensor
is around (25-100°C).

The above results have shown that the sensitivities to the oxidizing
and reducing gases have been greatly enhanced. The reason can be
attributed to the nano-sized SiC particle on the silicon substrate and the
increased amount of surface adsorbed oxygen species.

It can also be noted that the samples that have AgO-doped SiC with
respect to SiC have enhanced sensitivity at room temperature to the

oxidizing NO, and reducing NH; gases, as is evident in the figures.
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This result could be attributed to the fact that AgO has a lower energy gap
than SiC.

Figures (4.33) and (4.34) show the sensitivity variation as a function
of operation temperature for SiC:AgO gas sensor on glass substrate for
NO, and NH; gases.
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Figure (4.33): Sensitivity as a function of the operating temperature of SiC
doped with AgO on a glass substrate using NO; as a gas sensing technique.

35 -
NH; gas sic
30 -
—&=-1 % AgO

_ 257 ==i==3 % AgO
X
E 20 %5 % AgO
> X —i=7 % AgO
‘é 15 +
(] X
" w0 — S

5 «

X
0 r r r !
150 200 250 300 350
Operation temperature (°C)

Figure (4.34): Sensitivity as a function of the operating temperature of SiC
doped with AgO on a glass substrate using NH3 as a gas sensing technique.
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Figure (4.33) shows that the higher sensitivity for 50 ppm NO,: air mixed
ratio for temperature up to (300°C) was about (90.769%) and (91.8%) for
1% AgO and 7% AgO-doped SiC gas sensor while the maximum
sensitivity for to 40 ppm NHj; test gas shown in figure (4.34) to (300°C)
was about (29.565%) for 1% AgO-doped SiC gas sensor. It should also be
noted that the optimum sensing temperature required for the maximum
sensitivity is around (250°C) for all SiC gas sensors.

As can be seen from these four figures, the SiC samples deposited
on a silicon substrate have higher conductance than the SiC samples
deposited on a glass substrate. The higher conductance of SiC samples
makes these samples work at low temperatures than the samples
deposited on the glass substrate. On the other hand, the silicon substrate
form conducting layer with SiC film, making distortion in the sensor
single, where, and the glass substrate has seen this distortion.

All the above results have shown that the sensitivities of SiC gas
sensors to oxidizing and reducing gases have been greatly enhanced.
The reason can be attributed to the nano-sized SiC particle on the glass
substrate, and the increased amount of surface adsorbed oxygen species.
When the particle size of SiC is small enough, especially the grain size is
comparable to the depth of the sub-surface depletion layers, the whole
resistance and sensitivity of the SiC sensor are controlled by the grains
themselves, inducing an inverse relationship between particle size and gas
sensitivity, with the smaller particle producing higher sensitivity.
The higher sensitivity may be attributed to the optimum surface
roughness, porosity, large surface area and large rate of oxidation or
reduction of the sensor.

106



Chapter Foure Results and Discussion

4.6.2 Response Time and Recovery Time

Figures (4.35) to (4.38) show the relationship between the response
time and the recovery time as a function of the operating temperature.
Figures (4.35) and (4.36) show that the response time decrease with rising
operating temperature for NO, and NH; test gases. The fastest response
time for NO, gas (13.5 s) for 3% AgO sample at (100°C) and (13.5 s) for
7% AgO sample at (100°C) for NH; gas. At the same time, figures (4.37)
and (4.38) show that the recovery time decrease with rising operating
temperature for NO, and NH; test gases. The fastest recovery time for
NO, gas was (30.6 s) for SiC sample at (200°C) and (33.3 s) for NH; gas
for SiC sample at (100°C).
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Figure (4.35): Response time as a function of the operation temperature
of the SiC:AgO/Si gas sensor using NO, gas.
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Figure (4.36): Response time as a function of the operation temperature
of the SiC:AgO/Si gas sensor using NH3 gas.
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Figure (4.37): Recovery time as a function of the operation temperature
of the SiC:AgO/Si gas sensor using NO; gas.
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Figure (4.38): Recovery time as a function of the operation temperature
of the SiC:AgO/Si gas sensor using NH3 gas.

Figures (4.39) to (4.42) show the relationship between the response
time and the recovery time of the SiC:AgO/glass gas sensor with
operating temperature. Figures (4.39) and (4.40) show that the response
time decrease with rising operating temperature for NO, and NH; test
gases. The fastest response time for SiC sensor was (6.3 s) for NO, gas
and (11.7 s) for NH; gas at (250°C) and (300°C), respectively.
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Figure (4.39): Response time as a function of the operation temperature
of the SiC:AgO/glass gas sensor using NO; gas.
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Figure (4.40): Response time as a function of the operation temperature
of the SiC:AgO/glass gas sensor using NH3 gas.

The figures (4.41) and (4.42) show that the recovery time decrease

with increasing operating temperature for NO, and NH; test gases.

The fast recovery time for NO, gas is equal (42.3 s) for 1% Ag-doped SiC
sample at (200°C) and (34.2s) for NH; gas for 1% AgO-doped SiC

sample at (250°C).
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Figure (4.41): Recovery time as a function of the operation temperature
of the SiC:AgO/glass gas sensor using NO, gas.
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Figure (4.42): Recovery time as a function of the operation temperature
of the SiC:AgO/glass gas sensor using NH3 gas.

The particular reduction in the work function and the activation
energy of surface reaction may be associated with decreasing grain size
and an increase in vacancies created upon SiC lattice [180].

The increased oxygen adsorption on the surface extracts
conduction electrons from the near-surface region forming an electron
depleted surface layer. That increased number of active adsorption sites
achieved a fast response time for sensors. In general, the response time
and recovery time are decreases when increasing the operating
temperature, as shown in the previous figures. In real situations, a fast

response time is usually required and a fast recovery time.

4.6.3 Sensing Mechanism

Figures (4.43) to (4.52) show the variation of resistance with a time
of SiC and AgO-doped SiC sensor for silicon and glass substrates as
exposed to 5 % NO, and 10 % NHj; in the air ambient injected into the
testing chamber. The bias voltage is keeping at (3V), at an optimal
operating temperature of each sample. The resistance is measured directly

with time and the sensor resistance initially reaches the steady-state
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before gas opening, at this time the gas is opened to allow mixing with air
inside the chamber. The resistance decreases abruptly to reach a steady-
state then we switch the gas off. Then, electrical resistance returned to the
initial case. The ability of a sensor to sense the presence of gas depends
on the nature of the interaction between the gas molecules and the surface
atoms of the sensing film.

Figures (4.43) to (4.47) of the SiC and AgO-doped SiC/Si substrate
show that the resistance of samples increased with exposed NO, gas and
decreased when exposed to NH3 gas on the surface. The different behave
of samples indicate that SiC/Si substrate and 7% AgO-doped SiC/Si
substrate have a higher selectivity for NO, oxidizing gas and NH;

reducing gas, especially at room temperature.
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Figure (4.43): The variation resistance with time for different operation
temperatures of NO, and NHj3 gases for the SiC/p-Si gas sensor.
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Figure (4.44): The variation resistance with time for different operation

temperatures of NO, and NH3; gases for the SiC:AgO/p-Si gas sensor (1% AgO).
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Figure (4.45): The variation resistance with time for different operation
temperatures of NO, and NHj3 gases for the SiC:AgO/p-Si gas sensor (3% AgO).
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Figure (4.46): The variation resistance with time for different operation
temperatures of NO, and NHj3 gases for the SiC:AgO/p-Si gas sensor (5% AgO).
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Figure (4.47): The variation resistance with time for different operation
temperatures of NO, and NHj3 gases for the SiC:AgO/p-Si gas sensor (7% AgO).
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Figures (4.48) to (4.52) of the SiC and AgO-doped SiC/glass

substrate show that the resistance of samples decreased with exposed

NO, gas and NH; gas. The behave of samples indicates that SiC and

AgO-doped SiC/glass substrates have no selectivity for NO, oxidizing

gas and NH; reducing gas.

From the previous results, it can be noted that the samples deposited

on a silicon substrate have selectivity to the reducing and oxidization

gases with higher distortion single, while the SiC deposited on a glass

substrate have a smooth single, but, these samples need a higher

temperature for working with no selectivity.
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Figure (4.48): The variation resistance with time for different operation
temperatures of NO, and NHj3 gases for the SiC/glass gas sensor.
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Figure (4.49): The variation resistance with time for different operation
temperatures of NO, and NH3; gases for the SiC:AgO/glass gas sensor (1% AgO).
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Figure (4.50): The variation resistance with time for different operation
temperatures of NO, and NHj3 gases for the SiC:AgO/glass gas sensor (3% AgO).
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Figure (4.51): The variation resistance with time for different operation
temperatures of NO, and NH3; gases for the SiC:AgO/glass gas sensor (5% AgO).

121




Chapter Foure

Results and Discussion

Time (s)

16 9.8
NO, o NH,
o ’ o
= 200 °C o 200 °C
S 14 _g 9.2
2 ° 9
3 = 8.8
s S
g 12 < 8.6
a B 84
[«'4 N
g 82
10 8
0 20 40 60 80 100 120 0 50 100 150 200
Time (s) Time (s)
1.56 NO, 18 NH;
1.46 °C 250 °C
€ 136 E 16
L L
o o
S 126 S
)] [J]
e 116 e 14
(1] O
d d
(7] (7]
‘»  1.06 D
Q Q
['4 o
0.96 1.2
0 20 40 60 80 100 120 140 160 0O 20 40 60 80 100 120 140 160
Time (s) Time (s)
0.45
NOZ oa NH3
0.4 300 °C 300-°C
_g 0.35 _g
o o 035
S 03 =
S S
0.25
s S 03
- -
[7,] (7]
‘% 02 5
[¢}] [J]
[+'4 [+'4
0.15 0.25
0 20 40 60 80 100 120 140 160 0 20 40 60 80 100 120 140 160

Time (s)

Figure (4.52): The variation resistance with time for different operation
temperatures of NO, and NH3 gases for the SiC:AgO/glass gas sensor (7% AgO).
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4.7 Conclusions

The most significant conclusions gained during this research

will be provided in this section, which will cover the most important

measurements and observations, which include the following:

1.

The pulsed laser deposition technique has proven to effectively

produce thin films at high pressure (=10 mbar).

. The X-ray diffraction of SiC:AgO films with different AgO ratios

revealed that the SiC films are amorphous, while the AgO-doped SiC
films are polycrystalline. The increase in the average crystal size is
irregular due to the addition of AgO atoms, where the highest value
was for the (1% AgO) sample while the lowest value was for the
(7% AgO) sample.

The scanning electron microscopy (FESEM) results showed that the
shape of the particles was irregular and with different sizes and
gradually increased with the increase in the ratios of doping.

The EDX exam showed that the films contained (Si, C, and O)
elements for pure SiC and (Si, C, O, and Ag) for AgO-doped SiC
films.

The highest values of the surface roughness (Ra), root mean squared
(RMS) and particle size of the film measured by atomic force
microscopy (AFM) were (3% AgO) and the lowest value was for the
film (7% AgO).

Due to the constant number of pulses, the film thickness is nearly

equal to (200 nm + 5) nm for all prepared films.

. The increase of the optical absorbance values with an increase in the

ratios of AgO.
The increasing of AgO ratios, leads to optical energy gap values
decrease from (2.61 eV) to (2 eV).
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9. All films under study are n-type, that is, the electrical behavior of the
SiC film is dominant on all AgO-doped SiC films.

10. Increasing the AgO ratios and applied voltage led to an increase in
forward and reverse photocurrent.

11. The efficiency of the SiC/p-Si and SiC:AgO/p-Si films
heterojunctions increase gradually with an increase in the ratios of
AgO. These results could be improved if we use SiC as a buffer layer,
antireflection coating, or Copper Indium Gallium Di-Selenide CIGS.

12. The results demonstrated that samples deposited on silicon substrates
operated at room temperature, while those generated on glass
substrates operated at high temperatures (200°C).

13. The maximum sensitivity of SiC:AgO/Si films was for (1% AgO and
3% AgO) gas sensors at (200°C and 25°C) of (NH; and NO,) gases.

14. The fastest response time ms was for the (NH; and NO,) gases at
(100°C) of the (3% AgQO) gas sensor while the fastest recovery time
was for the (NH; and NO,) gases at (25°C and 100°C) for the
(3% AgO and 5% AgO) gas sensor.

15. The maximum sensitivity of SiC:AgO/glass films was for
(1% AgO and 7% AgO) gas sensors of (NH; and NO,) gases
at (300°C).

16. The fastest response time was of the (SiC) gas sensor at
(300°C and 250°C) for (NH3 and NO,) gases while the fastest recovery
time was of (1% AgO and 3% AgO) gas sensors at (250°C and 300°C)
for (NH; and NO,) gases.
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4.8 Future works and Suggestions
It is possible that the following topics could be suggested in the
future.
1. The RF magnetron sputtering technique is used for deposition of the
SiC:AgO films for optoelectronics applications.
2. Studying the effect of Noble Metals Oxides on the efficiency of SiC
films photodetector using the PLD method.
3. Study and prepare SiC:(Au, Ag, Pt) Nanostructures as the antibacterial

application by pulse laser ablation method.
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