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Abstract

In this work, molybdenum sulfide powders are doped with arsenic by the solid state
reaction technique. The doped powders are characterized by the X-ray diffraction,
scanning electron microscopy, energy dispersive X-ray spectroscopy, impedance
spectroscopy and curreat-voltage characteristics techniques. Various doping contents in
accordance with the formula MOASXS'} The weight ratio (x) of arsenic in the samples is
varied in the range of 0.00 — 0.80. The doped samples were then sintered at 200 °C for
20 hours 1n the air atmosphere. It is observed that the larger the arsenic content in the
samples the smaller the crystallite sizes, the larger the microstrain, the larger the defect
density and the larger the stacking faults percentages. As Sintering the samples at
200 °C did not alter the trend of variation of the structural parameters. In addition, the
Increase in the As content in the MoS, powders is observed to increase the pores.
Accumulation of As grains started appearing on the surface of the samples as x exceeds
0.40. On the other hand, the electrical measurement has shown that the electrical
resistivity increases with increasing As content in the samples. The temperature
dependent electrical resistivity measurements has shown that the activation energy
{Ec) of free charge carriers i regions where thermionic emission is dominant
mereased. On the other hand, in regions where variable ranges hopping dontinates the
degree of electronic state disorder and the variable range hopping distance increased
while the density of localized states near Fermi levels decreased with increasing arsenic
content. Moreover, the impedance spectroscopy studies have shown that the doped and
undoped MoS: samples can exhibit negative conductance effect. Negative conductance
effect which is engineered by As content is beneficial for fabrication of microwave

devices useful in communication technology.
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Chapter One

Introduction

Recent investigations on molybdenum disulfide (MoS,) have shown that this material is
a two-dimensional layered inorganic compound with many extraordinary properties in
crystalline mineral [1]. It is important in the area of energy storage and environmental
remediation [21 It is used for varions functional applications, it is reported to have
applications in photo catalysts, supercapacitors and membrane for environmental
applications [1]. It has a very important thermoelectric applications in nanosheets [3]
and light-driven antibacterial application in MoS; nanoflowers [4]. It is also uses as a
molecular polymer sensor for the electrochemical detection of rutin [5]. As
hetercjunction element, MoS, appears to be atiractive in mixed-dimensional
heterofunctions. The Phthalocyanines/MoS: heterojunctions is observed to be suitable
for range-separated hybrid functional [6]. In addition, MoS,/Ni substrates are mentioned
to being attractive for binder-free methanol electro-oxidation application [7]. The MoS:
nanosheets by green chemistry technique has application in triboelectric and catalytic
energy harvesting [8]. Furthermore, The MoS» monolayer by chemical vapor deposition

technigue has photodetection application [91.

The MoS; has several techaiques for thin film preparation from MoS: based bulk
material. The pulsed laser deposition technique was used for high performance UV/
MoS: photodetector [107, Moreover, Zn0/ MoS: nancsheels was used surface photo
voltage fechnigue fo enhance ultraviolet light gas sensitive activify [11]. In addition, it
was used 2-D MoS-/Ti0; nanocomposite to remove and degrade of mixed dye
poliutants with integrated adsorption-photo catalysis technique [123 The polarimetry

technique was used to investigate optical beam shifis in MoSa monolayer [13].




Furthermore, the Ritz Galerkin Finite element technique was used to investigate of

quantum confinement effects on MoS, based transistor [147]. The electrolysis deposition
and powder metallurgy technique was used to find microstructure and tribology
properties of the (Cu/MoS;)/graphene nanocomposite [15]. In addition, the Z-scan
technique was used to find non-linear thermo-on optical properties of MoS; Nano
flakes [16]. For supercapacitor application MoS2/CeQ: heterostructure, it was prepared
by Facile Hydrothermal Technique [17]. To improve performances of MoS;
phototransistors, it was used the encapsulation [18]. Nanosheets, nanoflowers and

nanocomposites based on MoS: were used as potential adsorbents [1].

The MoS, has a unique properties, it has a high specific surface area and structurally
adjustable band structure [19]. The structural property is creating dissipative currents in
the MoS, [20]. the structural and optical properties are significantly temperature-
dependent of 2D-MoS- layers [21]. The inherent structural characteristics of MoS; can
enhance of tribological properties by making them dispersible in lube media [22]. The
relationship between the optical properties and surface chemistry of MoS» quantum dots
has very important, it has been revealing the important role of surface ligands to define
the absorption band gap and luminescence quantun yields {23]. The eptical properties
of AIN (Alnminium nitride)/MaoS» heterostructure show that the absorption coefficient
exhibits enhancement in their characteristic  [24]. The MoS./WSSe (where W:
Tungsten, S:Sulfer and Se: Selenium) van der Waals heterojunctions was design of
multi-functional high-performance electronic and optoelectrenic devices [25]. A strong
absorption in the NIR-IR have been observed in Monolayer MoS- [26]. Tt is mentioned
that the existence of wrinkles in MoS> can affect the electrical properties [27], The

strain of MoS: is an important and use to e the electrical properties of 2D materials




and: can be used to engineer high-efficiency electrical contacts [28]. The Au/MoS,

charges transport chanpels introduces tunable localized Schottky barrier landscape and

conirols the electronic properties [29].

Due to novel feature of molybdenum disulfide, here in this work, we are motivated to
study structural and electrical properties of MoS.. However, MQ’SQ is very defective
material and its defect density is relatively high. The large defect concentration make
many limitations of the technology application. The defect density can be reduced by
doping MoS: with material of low ionic radius to replace vacant sites. The most
appropriate material is arsenic. Particularly, five levels of doping will be studied. The

modification in the structural and electrical properties will be monitored.




Chapter Two
Theoretical Background

2.1 The X-ray diffraction

X-ray diffraction i a phenomenon where the atomic planes of a crystal cause an
incident beam of X- rays to make interference with one another (Fig.2.1) as they leave
the crystal so it is a technique to find characterizing crystaliine materials. X-ray was
generated by a cathode ray tube, filtered fo produce monochromatic radiation,

coilimated to concentrate, and directed toward the sample [30].

tncident X-rays Diffracted X-rays

Tig. 2.1: The schematic diagram of the X-ray diffraction.

2.1.1 Bragg's law

X-ray onfo a crystal surface with angle of incidence (8) will reflect with the same
angle (6). When the path difference (2dsin@) between two constructive beams
(Fig.2.1) is equal to an integer (n) numltiple of the wavelength (1), constructive

interference will occur.




The interplaner distance (d) between two plans of atoms calculated from Bragg
equation [317:

2d sind =ni (2.1
Where 1 is an order of reflection {positive integer), A is the wavelength of x-rays and 8

is the angle of incidence.

2.1.2 Structural properties

X-ray diffraction (XRD) provides uns information about the structures, crystal
orientations and other parameters, such as interplaner distance (d}, crystallite size (D),
strain (&) stacking faults percent (SF%) and dislocation density (&). All of these
structural properties of the most intensive peak from the broadening width S(FWHM)

following relations [32].

Crystallite size ( D ); is the diameter of an mdividual crystallite In a crystal.

0.944
D = o505 (2.2)

Strain (£): is the ratio of change ( confraction or expansion) in bonds lengths to the

original bonds’ lengths.

__ B
€= 4tano (2.3)

Dislocation density (8) : is a measurc of the totai length of dislocation lines in a unit
area of crystaliine material (line/cm).

§=22 28

ab




Where ¢ is the strain, D is the crystallite grain size and.a is the lattice constant in a-

axis.

Stacking faults SF : is a type of defect in disordering of crystallographic planes. (plane

defect ) or it is the error in the order of the sequential layering of the planes in a crystal.

_ mtB
SF = 45v3tdn@ (23)

2.1.3 Crystallography

Crystallography is the science of the arrangeient of atoms in 3-D. Crystals have one or
many of the structural phases. There are seven crystal structures with 14 Braves lattice
in 3-dimentional configurations [33]. These systems include triclinic, monoclinic,
orthorhombic, tetragonal, cubic, trigonal. and hexagonal. They are defined in the terms
of relationships between lattice angles (a,f,y) and lattice constants(a, b, ). The

crystal structures are represented in Table 2.1.




Table 2.1 The 3-D crystal structures and their conditions.

Crystal structure Conditions Number of Braves
lattice

Triclinic arFas#as, atPry#90° 1
Monoclinic aiFartas, o=y =90%p 2
Orthorhombic a:Farfay, a=R=y=90° -4
Tetragonal ay=a-7as, 0=P=y=90" 2
Cubic ar=ar=as, o=P=y=90" 3
Trigonal a1=ar=a3, 0=P=y<120°%90° 1
Hexagonal ar=as#as, o=f= 909, y=120° 1

The triclinic crystal system is the most disordered of all of these systems and it i a one-
fold symmetry. Three axes of different unit cell, ali having different angles, and none of
angles is equal to 90 degrees. The interplaner distance in accordance with given peak is
given with the following equation {34]:

= 2 (S1ah? F $0k% + 5331 + 251hke + 25,5k1 + 25,5k (2.6)

Where d is the inter-planner distance, V is the volume of the crystal (h, k, ) is the miler
indices, as we can see from Fig. 2.2, s,, Is the direct stress acting on the positive and
negative 1 faces in the l-axis direction and we can write the equation as: 5, =
b%c?sina? | s,, is the direct stress acting on the positive and negative 2 faces in the 2-
axis direction and we can write the equation as: 55, = a’c?sinff ?, s3 is the direct
stress acting on the positive amnd negative 3 faces in the 3-axis direction and we can
write the equation as: 8§33 = a*b?siny?, s,; is the shearing stress acting on the

positive and negative | faces in the 2-axis direction and acting on the positive and




negative 2 faces in the l-axis direction and we can write the equation as:s;; =

abc?(cosa cosp — cosy ), s,3 is the shearing stress acting on the positive and negative
2 faces in the 3-axis direction and acting on the positive and negative 3 faces in the 2-
axis direction and we can write the equation as: s;3 = a’be{cosf cosy — cosa) and
S,3 is the shearing stress acting om the positive and negative 1 faces in the 3-axis
direction and acting on the positive and negative 3 faces in the 1-axis direction and we

can write the equation as: $,5 = ab®c(cosy cosa — cosfi) [34].

T will derive the mopoclinic equation from the triclinic eguation by doing some
abbreviations related to the properties of the monoclinic structure (o= =90%p). So we
have §y, = b%c?, 5,; = a’c?sinfi?, s33 = a?b?, 5y, =0, 553 = 0,553 = _ab*c cosp
and V = abc sinfl. Substituting the sw values into equation (2.6), The following

monoclinje structure equation is obtained:

1 1 kzsmﬁ i zhicosp
FEl sinfg? ( az L o2 ac ) (2.7)

XY

Neg*atwe*{Face ,

et

Pos;?we 3Faze is ,:f
fm frant Of e!emeut

A ﬁ.-.w;

Fig, 2.2: The positive and negative faces in the 1, 2 and 3-axes.




Fach system has an interplaner distance (d). This quantity is a

perpendicular distance between two successive planes in a family of miller indices

(hkl). Tt can be used to uniquely identify the plane of surfaces.

2.1.4;: Deformation in materials

The free energy of a crystalline material is increased during deformation due to the
presence of dislocation and interfaces [35]. The material is thermodynamically unstable
when it contains defects. When the material is annealed, the microstructures and the
properties of the material are changed {36]. The grains shape will also change which
lead to an increase in the area of the total grain boundary [37]. Moreover, as the strain
and dislocations increased in the material, the stored energy will increase [38].

2.2: Impedance spectroscopy

It is an electrical circuit consisting of a resistor (R), capacitor {€) and inductor (L)
connected in series or i paraliel. R1LC circuit is performed. Impedance spectroscopy for
RLC circuits is performed when AC signals are provided using a voltage source.

2.2.1: Series RLL.C

The series RLC circuit (Fig. 2.3 ) has a single loop with the current have the same value
for each circuit element. The magnitude of the source voltage (Vi) distributed on

elements making the three voltages, Vi, V, and V.

7
™

?

oy = Ly sin{et) e
~- ( St
Vs

Fig. 2.3 The series RLC circuit analysis.
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The magnitude voltages of Vy, V; and V. are given by the following equations:

Ve = IR (2.8)
V, = IX, = IwL (2.9)
Ve=1Xe = — (2.10)

Where [ is the current of the circuit, R is the resistance in the cireuit, X is the inductive
reactance, X, is the capacitive reactance in circuit, wis the angular frequency of the
source and equal (27zf), € is the capacitance and L is the inductance in the circuit,

By applying Kirchhoff’s voltage law (KVL), which states that the algebraic sum of the
potential differences in any loop must be equal to zero [39], so the sum of the three

voltages will give us the amplitude of the source voltage (Vi):

Ve— Vo=V, — Ve =0 (2.10)
1

Vg~ IR = WL~ — =0 (212)

Vs = IR + IwL + = (2.13)

The voitage triangle on phasor diagram (Fig. 2.4) for a series RLC circuit gives that;

Ve = \/VRZ V=V = IR A (X, — X ) =12 (2.14)

where Z is the toral impedance of the circuit.
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Vg

Fig. 2.4: The impedance triangle phase diagram of series RLC circuit,
2.2.2: Parallel RLL.C

In the parallel RLC circuit, the applied voltage is common to all components of the RLC
circuit and the source current (Ig) is the vector sum of the currents through each element

current Ip, {; and I . Fig. 2.5 shows a diagram of parallel RLC circuit.

—
in
»

Y

/"\l\\ 3
<
s
I
1
@)

Fig. 2.5: Tiz parallel LRC circuit diagram,

The current through each branch is found by applying Kirchhoff's current law, which
states states that the algebraic sum of all currents entering and exiting a node must equal

zero [401. Thus, the cwrents entering and leaving node "A" above (Fig. 2.5) are given

by:
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IS - IR -} IL 4= IC (215)
and the current Triangle on phasor diagram (Fig. 2.6) for a parallel RLC Circuit gives

that:

¥ v 7
Iy = Jfﬂz + U -1y = \/(E)Z + (}:— 3;‘% =z (2.16)

bond
kS

1.

Fig. 2.6: The current triangle phase diagram for a paraliel RLC circuit,

2.2.3: Ac conduction in solids

The alternating current (AC) conductivity spectra is referred to the quantum mechanical
tunneling (QMT) or could be referred to correlated barrier hopping conduction (CBH)
or may be variant of the two [4}}. Conductance of *he solid material can be obtained

from the following relation:

b
G=o7 (2.17)

Where ¢ is the conductivity, L is the length of a coznductor and A is the cross sectional
area. The conductivity is a function of frequency [417 following the relarion,

olw) = Aw* (2.18)
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Where A is the constant dependent on the temperature, w is the frequency and s is the
exponent (less than or equal to unity). The conductivity appears if the mechanism of
loss has a wide range of a relaxation times {(r}. If the distribution of a relaxation times
(n(t)) is inversely proportional to 7, this means the exponent value s= 1. the
relaxation time (1) follows the relation:
T = 1,6t (2.19)

The random variable € = ZaR when QMT dominates with R is an intersife separation
and « is a spatial decay parameter that describes the localized state at each site, « is
cénstant for all sites and equal to 0.1 A° [42]. The AC conductivity is given by the

relation.

4
n*e?kTa Y (N(EF)) wRZ
24

oryy (W) = (2.20}

Where e is the electron charge, N (Eg) is the density of the states at the Fermi level
(assumed constant with varying frequency), R, is the hopping distance at a particular
frequency W, R, is Given by the relation:
R, =— 1n(m—1r;) (2.21)

The logarithm for conduetivity:

Ing (w) = InA+sin(w) (2.22)
The derivative for each side of the equation (2.23)

dino(w) =0+sdln{w) (2.23)

The exponent s can be found from the relation:

__ din(o(w))

din(a) (2.24)

In QMT model the factor s of the DC conductivity 18 given by the relation:
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s = 1-— (2.25)

In mto)

The exponent s is frequency dependent that decreases with increasing frequency at
constant temperature, When the random variable §=W/ksT with W is hopping

barrier height, then CBH dominates, and the AC conductivity for CBH is given by the

following relation:

6 (@) = oy + [ | (2.26)

(1+w3212)
Where o {L) and o (H) means experimental conductivity at low and high frequency,
respectively, It is also possible that the AC conductivity refers fo both conduction
mechanism QMT and CBH, then the total conductivity is given by:
CHE S (2.27)

atot  oQMT & oCBH

2.3 Electrical properties:

Understanding of an electrical current must begin with the nature of matter, All matter
is composed of molecules and all molecules are made up of atoms, which are made up
of protons, electrons, and neutrons. Electric current results when electric charges move,
these may bhe negatively charged elecirons or positive charge carriers (positive ions).
There are several eurrent mechanisms produce the flow of carriers in forward. direction
and the other in the reverse direction. Thermionic emission current, generation-
recombination current, diffusion current and quantumn tunneling current are the

mechanisms of flowing the carriers [43, 44].
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2.3.1: Ohm’s Law (Resistance)

The fundamental properties of current and voltage are related by a property known as
resistance. Voltage is applied to an electrical circuit, a current will resuli. The resistance
will determine the amount of current that flows under a given voltage. In most cases, the
resistance is reduced, the current will increase. This relation is linear for conductor and
is known as Ohm’s law with this relation:
V=IR (2.28)

Where V is the potential difference measured in volts, [ is the current measured in
amperes, and R is the resistance measured in ohms. When the temperature of
semiconductor is increased then the covalent bonds break quickly, and this works to
increase the free charge carriers. So more electrons coming from the valence band to
conduction band. It is clear that when the temperature increases, the conduction of
semiconductor increases and resistance decreases. While in the case of a conductor, the
resistivity increases with increasing temperature. So the temperature vs. resisiivity
property of conductor and semiconductor is completely opposite (Fig. 2.7). This may be

a reason of Semiconductor does not obey Ohm's Law [45].

Rasistivity
Rasistivity

Temperature : Tempetature

Fia. 2.7: The resistivity vs. temperature for conductor and semiconductor.
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The resistance of any material is determined by four properties: length, area, material,

and temperature. The resistance at any temperature is related by the refation:
R=pl/A (2.29)

Where R is the resistance of a sample, p is the resistivity of a sample, A is the area for a

sample. And L is the thickness ofa sample.

2.3.2 Thermally assisted variable-range hopping
Variable-range hopping (VRI) is 2 model to describe carrier transport in a disordered
semiconductor or amorphous solid by hopping in an extended temperature range. The

electrical conductivity (a,,) is mathematically defined by the relation:

oy = 0, exp (—Eo/kT) (Z2.30)

with E, = E, — Epor E; = Ey — E, which is the electron activation energy
in n-type semiconductor or the hole activation energy in p-type semiconductor,
respectively. The Ep,F,and Ey are the Fermi energy level, the conduciion band
energy and the valence band energy, respectively. The continnously changing Egwith
temperature (T) was attributed to the existence of VRH. The hopping conduction
occurs near the Fermi level through unoccupied localized levels. When that levels is
distributed quasi continuously, the hopping between two sites, when energy difference
(W) is small, gets most probabie. The hopping conductivity will increase by a factor of
exp (W / kT ) when activation energy (E,) vary with temperature, T, > 10% and

v R > 1. Where T, is the electronic state disorder, y is the inverse of localization
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length and R is the average hopping distance. .The hopping conductivity gy, with

temperature (T} is given by the relation [46]:

(1) = % exp (= (S )H4) (231)

Where 0% = e2 a? v, N (Ep). which a is the hopping distance, vp), ~ 102 s71 is the
P P Ph
phonon frequency and N (EF) is the density of the localized states near of the Fermi

level. The degree of disorder (T,) is given by the relation {46]:
To = Ay? /KpN(Ep) (2.32)

Where A is a dimensionless constant and is equal 1018- 49 [47)]. The average hopping

distance (R) and the average hopping energy (W) are given by the relations [46}:
R = (9/8myKg TN(Ep) YW/* (2.33)
and

W = 3/4nR3N(Ep) (2.34)
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Chapter Three
Experimental Details
3.1 Pellets formation

In this work, high purity {99.9%) molybdenum disulfide (MoS2) powder was purchased
from Alfa Aeser firm. Composite made of molybdenum disulfide powder and arsenic
powder 10 produce MoS:: XAs . This work starts with the ball mill machine to mix
arsentic with weight ratio of 0.10, 0.2 0, 0.40, 0.60 and 0.80. The ball mill which is
shown in Fig. 3.1 together with the produced powders were rotated at 3000 rev/min for
15 min. All the produced powders were pressed under a pressure of 75 bar with the
help of a hydraulic press machine (illustrated i Fig. 3.2) to form pellets, The diameter
(D) was 11mm for all samples. The thicknesses of the samples (#) were 0.83mm,
0.77 mm, 0.84mm, 1.01mm, 1.47mm and 1.11mm, respectively. Some of the
produced pellets were sintered at 200 °C for 20 hes. The obtained MoS»: xAs pallets
were characterized by the X-ray diffraction technique and by the scanning electron
microscopy, impedance spectroscopy and temperature defendant  electrical

characterization are described in the following sections.
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Fig. 3.1: The ball mill machine,

Fig. 3.2: The piston that make paliets,

3.2 X-ray diffraction (XRD)

The crystalline structure of MoS.: xAs was measured by using Rigaku Miniflex
600 diffractometer operating at a wavelength equal to 1.5405 A®, the diffraction angles

vary in the ragge of 10° — 70° at a scanning speed of 1°/ min.
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A sofiware package called "crystdiff " was used to analyze the measured XRD patterns.
The lattice parameters were produced with the help of "TREOR 92" sofiware packages.
The X-ray diffraction unit which is shown in Fig. 3.3 works on the & — 26 scan method

iHustrated in Fig. 3.4. In the figure, the sample is rotated with 8 and the detector

collects the diffracted beam of 20.

Fig. 3.3: The Rigaku Miniflex 600 diffractometer,
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Fig. 3.4: The diagram of XRD,

3.3 Scanning electron microscopy (SEM)

Scanning electron microscopy is used to produce images of samples by the scanning of
the surface with a beam of an electrons. The microscope is illustrated in Fig. 3.5. The
interaction between the electron beams in Coxem 200 scanning electron micrascope
and the a.toms' in the sample producing signals include information about the shape of
the surface and the composition of the samples. The diagram of SEM is presented in

Fig.3.6.

The microscope is equipped with EDAX type energy dispersive X-ray unit that can
measure the composition if needed. In addition, as the schematic of the microscope
presented in Fig. 3.6 shows elecirons originating from the ¢ gun are accelerated at 15 —

30 kV and directed by the objective lens to the sample chamber. The diffracted electron
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beam is collected by the secondary detector and by the backscattered beam detector if

needed.

Fig. 3.5: The illustration of the SEM.

Fig. 3.6: The diagram of SEM,
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3.4 Impedance spectroscopy measurements

The pressed MoS: pure powders and MoS:: xAs powders are annealed at 200°C
for 20 hrs. in a programmable oven. These samples were characterized by an impedance
analyzer. The impedance analyzer works i the frequency domain of 0.1 — 1.8 GHz
with the help of Agilent 42918 10 — 1800 MHz impedance analyzer. The impedance
(Z), the capacitance (), the conductance (&), the reflection coefficient (p) and
dielectric constan! can be measured by the analyzer and collected by MATLAB
software packages prior to the impedance spectra measurement, the samples are painted

with silver back electrode and front point contact.

Fig. 3.7: Impedaznce analyzer,




24

3.5 Current-voltage (I-V) two point measurements:

The current () values were measured with respect to the applied voltage(V) for the
annealed MoS:: xAs pellets, The current-voltage characteristic was measured with the
help of an automated Keithley 230 voltage source and Keithley 6485 picoammeter. The

gystem is illustrated in Fig, 3.8.

Fig. 3.8: IV measurements,

3.6 Resistivity measurement:

The temperature dependent resistivity measurements for a bars from MoS2:xAs pellets
(Fig.3.9(a)) with x = 0.00,0.10 and 0.20 are measured in the range of 150 — 300 K
using a He-cryostat, where X is the weight ratio for As in MoS>: xAs To find resistivity,
we found cwrrent and voltage at each temperature for each bar nsing the system in Fig.
3.8. The component of cryostat which are illustrated in Fig. 3.9 are the vacuum pump
(Fig 3.9(b)) and cold head (Fig 3.9(c)) supplied by a helium compressor package
(Fig 3.9(d)). The helivm compressor package is used as a rooin temperature circulator
to flow the helium weight in a closed loop to the heat exchanger, the transfer line, the

application heat exchanger to absorb the heat load and the cold heat exchanger. A
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stainfess steel -tube designed and optimized to match the required pressure drops and

weight flows rate.

Fig.3.9: The cryostat device,

3.7:. The Hot Probe Technique:

The hot probe technique is a technique to identify the type of conductivity (p-type or n-
type) of the samples. This technique consists of heated probe and a standard digial
muitimeter. The experiment starts by heating the soldering for a short period. After that
a couple of cold probes and hot probes are attached to a pellet surface, then the hot
probes connected to the positive terminal of the multimeter and heater and the cold
probes connected to the negative terminal., The sample indicates that the samples under
study are n-type semiconductor sample when the readable value of voltage i the
multimeter is positive and p-type semiconductor sample when the readable vajue of

voltage In the multimeter is negative. For pellets with x = 0.00,0.10, 0.20 and 0.40,
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they ex1ibit n-type conduction and for those with x = 0.60 and 0.80, they exhibit p-

type of conduction.

Hotprobe Cold probe

» _—m-)
e® — > n.tpesample
4 >

Fig. 3.10. The set-up of hot-probe technique.
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Chapter Four

Results and Discussion

4.1: MoS; pellets preparation and synthesis:

4.1.1: Structural analysis:

The Molybdenum disulfide powders were purchased from an Alfa Aeser firm with a

purity of the powders reaching 99.9% . The powders were then pressed under a

hydraulic pressure of 75 bar to establish a pellet form. The pellets with the empirical

fornmila MoS::xAs, the weight ratio (x) for As in the composite 1s varied in the range of

0.00 — 0.80. The X-ray diffraction (XRD) patterns for the pressed pellets before

sintering is shown in Fig. 4.1.
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Figure 4.1: The X-ray diffraction patterns for MoS-:xAs at 75 bar before sintering.




Deep analysis, which targeted exploring the crystalline nature of the pellets were carried

out with a “TREOR 92" software packages. The software allows two options of
analysis, one is simple in which client assumed to know the structure and provide lattice
parameters to the system and the other assumes no structure and the client enters the
observed peaks with relative intensity valves and request solufion assuming the
particular crystal strueture. For our samples, we have (ried solutions including cubic,
hexagonal, tefragonal, orthorhombic, monoclinic and triclinic crystal structures. The
validity of each assumed solution is accepted if the difference between the observed 20
values and the calculated ones is less than 0.001° All peaks refer to MoS: due to
amorphous structure for As. The best solution that verifies this criteria was the
monoclinic structure. MoS; are known to exhibit the hexagonal structure for this reason,
we went to the belief that monoclinic structure could have resulted from the pressure
effect. For this reason, we have repeated experiments by applying various hydraulic
pressures to form the pellets. Particularly, we prepared samples of MoS; at five differeat
hydraulic pressures ( 10 bar, 25 bar, 50 bar, 75 bar and 100 bar). The X-ray diffraction
(XRD} patterns which resulted from these samples were also related to monoclinic
structures with Laftice parameters a = 7.784°, b= 12.214°% ¢ =13.104° and
£ = 96.79° for 10 bar sample. Slight variations in the lattice parameters occurred due
to the pressure effect.

The maxinmm peak was indexed along the (020) orientation direction. These
diffraction peaks are shown i the inset. of Fig.4.1. The diffraction angles at which the
maximum peak appeared is also tabulated in Table 4.1, The table aiso shows the

lattice parameters (@, b, ¢) for each MoS::xAs sample at room temperature,
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broadening width {#), crystallite size (D), strain (e), and stacking fauits percentages

(SF).

Table 4.1 The structural parameters of MoS>:xAs of main peak.

26(°) Lattice constant (A®) BX10® D(um) £X10° SF% 3( X10"*line/cm?)
a-axis b-axis c¢-axis a-axis b-axis c-axis

14.66 B8.50 12.08 16.83 6.28 16 12.21 0.17 0.93 0,65 0. 47
14.22 8,69 12,45 14.73 i0.82 11 21.69 0.29 2,77 1.94 1.64
14.56 8,34 12.16 13.39 10.82 10 21.18 0.29 2.82 1.94 1.76
14.56 8,37 12.63 1565 11.51 10 22.54 0.31 319 211 1.70
14.70 & 35 12.04 16.48 12.21 7 23.608 (.33 3.56 2.47 1. 80
14.50 8.52 12.21 16.48 15.70 6 30.87 0.42 5.85 4,08 3. 14

A nonsystematic behavior of the lattice parameters is observed in Fig. 4.2 and table 4.1.
The calculated average crystaliite size (D), micro strain (g), defect density {§) and
stacking faults (SF%)of the maximum peak for MoS::xAs samples are presented in
Table 4.1. The doping préc-ess caused an increment of the wvalue of the
strain (Fig4.3(b)), stacking faults (Fig4.3(c)) and the value of the defect density aleng
both of the a b and ¢ —axis(Fig4.4). The average crystallite size
decreased (Fig4.3(a)). Particularly, the decrease in the crystallite size due to an
enormous number of bonding, it is possible to one atom in one of the presented bonds to
leave its site. The defects appear if the mumber of broken bonds is too large.
Furthermore. each atom in a bond is attracted fo another atom in another bond, The
inferaction forces between bends lead to the straimed structure that i turn reduces the
crystallite size of MoS2:xAs. The grain boundaries change as a result of the change in
crystallite size. Which possibly changes the electrical conductivity in the MoSz [48].

The energy stored in the grains due to increased dislocation density and this causes the
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existing grains to shrink as a result of the driving force [49]. In addition, the ncreased

dislocation density increases the trap states that act as a recombination centers i the

materials {50].
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Fig. 4.2 (a}, (b) and (¢} The lattice parameters {a , b, ).
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Fig. 4.3 (@), (b) and () Shows the average crystallite size (D), micro strain (&) and stacking

faults (§F%) from the maxinmum peak for MoS2: xAs samples.
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Fig. 4.4 (@), (b) and (c) The defect density(8) on both a , band ¢ —axis.

It is possible to think that there must be an interaction between arsenic (As) atoms of
ionic radius of 0.58 A° [51] which is much lower than of molybdenum (Mo) 0.70 4°
[52]. As MoS; can exhibit Mo vacancy, may be arsenic ions replace vacant sites of
11101ybdenum.f0rming Arsenic trisuifide (As2S3). MoS: may alse contain suifa vacancy.
Then, as shown in table 4.2 comparing the jonic radius of sulfur and oxygen atoms

indicate that the ionic radius of oxygen atoms which is 1.32A0 [53] ts smaller than that

of sulfur atom 1.84 A [54], thus it can form molybdenum irioxide (MoOs).
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Table 4.2: The jonic radius and electronic configuration for MoS2:xAs samples.

Sample Tonic radius {A) Electronic configuration
Mo 0. 70 [51] [Kr} 4d° 5s'

S 1. 84 £53] Nej 3s° 3p*

As 0. 58 [50] [Ar] 3d'%4s%dp?

O 1.32[52] [He] 28* 2p*

The chemical interaction between the material composers shows an increase in the
defect along a, b and ¢ —axes. The bond length of As- 5, Mo-Mo, Mo-S, S-S5, As-As,
listed in Table 4.3. The shortest bond length refers to As-S inferaction with highest
bonding energy (598.71 KI/mol) [55]. So as we mentioned there is a great possibility

for arsenic ions to replace sites of molybdenum and form Arsenic trisulfide (AsaS3).

Table 4.3: The bend length and bond energy of the samples.

Sample Bond length Bond energy
(A) {KTimol)

As- S 2.24{56] 598.71 [55}

Mo-Mo 2.07 [57] 434, 40 [60]

Mo-S 2. 41 [58] 232.60 {61]

S-S 2, 05 [59] 265,00 {62]

As-As 2. 571{56] 134, 20 [63]
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4.1.2: Sintering effect on structural properties:

In this section we study the sintering effect on the structural properties of MoS2:xAs
pellets. The samples reported have been sintered at 200°C for 20 hours in air
atmosphere. The X-ray diffraction (XRD) patterns which were recorded for sintered
MoS»:xAs are shovn in Fig. 4.5, XRD patterns for the MoSyxAs pellets before
sintering and after sintering at 200°C for. 20 hours under air atmosphere were
compared (Fig.4.6 —Fig.4.11). As we can %ee from the Fig. 4.7 , there is an
enhancement in the peak appears after sintering in x = 0.10 sample at & = 58° and it is
(404). In Fig.4.9, there are two peaks disappearing after sintering in x = 0.40 sample
at @ =14°and © = 25%and they are along (101) and (—131) directions,
respectively, and two peaks appear affer sintering at @ = 58¢ and 6 = 60°and they are
indexed along (404) and (264), respectively. In Fig.4.11, there are two peaks
disappear after sintering in x = 0.80 sample at 8 = 25° and O = 48° and they are
along (—131) and (333) directions, respectively. In Fig. 4.6, 4.8 and 4.10, there are no

change in peaks before and after sintering.
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Fig. 4.5: The X-ray diffraction patterns for MoSa:xAs pellets at 75 bar and sintering at 200 °C
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The maximum peak positions for sintering process shift from 20 = 14.567 to 14.80°.
This shift is followed by a decrease in the maximum peak intensity with increasing
doping concentration. As shown in the Fig. 4.12. It is also observed that the maximum
peak broadens as doping content increases. This shift to the right indicates the existence

of uniform deformation in the samples.
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Fig. 4.12: The enlargement of the maximum peaks for MoSx: xAs during the sintering process.

it shows the variation of the maximum peak intensity with doping,

Table 4. 4 The structural parameters of MoS.: xAs sintering at 200C° for 20 hours.

0. 60
6. 10
0.20
0. 49
0. 60
0. 80

14, 52
t4. 56
14. 56
14. 45
14. 80

20(°)  Lattice constant { A°)  $X10° D (am) X107 SF% 3( X10line/cm?)
a-axis b-axis c-axis a-axis  b-axis c-axis

14. 36 8. 65 12. 16 16.72 1G6.12 10 19.81 0.27 2. 38 1. 6% [.23
874 1219  16.97 12.56 9 23.20 0.32 3. 64 2.6l I, 88
8. 49 12,16 15,60 1221 9 23.91 (.33 3.53 2,47 1. 92
8. 6% 12. 03 18. 38 12.21 9 23.61 0.33 3.41 2.4 1.60
8. 36 12.26 15,69 13.86 7 27.53 0.38 4. 61 3,22 2.52
8. 38 11.96  17.75 16.57 6 31.92 0.435 6. 48 4, 54 3. 00

The Iattice parameters are observed in Fig.4.13 for sintering samples at 200€° for 20
hours. The calculated average crystallite size (D), micro strain (g), defect density (8)
along a, b and ¢ —~axes and stacking faults (SF%) of the maximum peak for MoS»:

xAs samples after sintering at 200€¢ for 20 howrs are presented in Table 4.4. Same
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increasing and decreasing trends observed for as prepared pellets are also observed for
sintered pellets. The sintering process displays an increase in the valuwe of
strain (Fig4.14(bh)), stacking faults (Fig4.14(c)), and the value of the defect
density (Fig4.15) Compared to the not sintered samples. The average crystallite
size (Fig4.14(a)), displays a decrease in its value. The prevailing belief is that there
are many bonds of Arsenic trisulfide (As:Ss) or molybdenum trioxide (MoOs3) higher

than as prepared pellets.
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Fig. 4.13 {a), (b) and () The lattice parametess (a, b, ¢) for MoS,: xAs during the sinfering
process.
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As a necessary work we attempted to observe the moditied permanent crystallography
in the samples afier sintering process. The scanning electron microscopy images for an
enlargement of 300, 1000, 5000 and 10000 (for some samples) times for MoS2: xAs
samples with As weight ratio x = 0.00, 0.10, 0.20, 0.40, 0.60 and 0.80, are shown in
figures (from Fig.4.16 to Fig.4.21). Amassing distribution of grains can be seen in these

figures.

Fig. 4.16: The SEM for x = 0.00 sample for an enfargements of (a) 30C. {b) 1000, (¢}

5000 and (d) 5000 times cross.
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Fig. 4.17: The SEM for x = .10 sample for an ealargements of (a} 300, (b} 1000, (&)

5000 and (d) 10000 times.

Fig. 4. 18: The SEM for x = 0.20 zsample for an enlargements of (a) 300, (b) 1000, (c) 1000

cross (d) and 5000 times cross,
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13,1 %1600k L pm

Fig. 4.19: The SEM for x = 0.40 sample for an enlargements of (a) 300, (b) 1000, (c)

5000 and (d) 10000 times.

Fig, 4.20: The SEM for x = 0.60 sample for an enlargements of (a) 300, {b) 1000, (¢)

5000 and (d) 10000 times.
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Fig. 4.21: The SEM for x = 0.80 sample for an entargements of {a) 300, (b} 1000, (¢)

5000 and (d) 10000 times.
It is evident from Fig. 4.16(c) that the surface of the undoped samples is composed of
randomly distributed grains of average size of ~ 3.2 pm. Enlargement of the image by
5000 time indicate hardly observed pores in the samples. Comparing Fig. 4.16{a} and
4,17(a) are may see that the weight ratio of As at x = 0.10 resulted in larger degree of
pores. The number of pores in the samples increased more and more with increasing X
value. No distinguishable grain distribution was observed in the samples with As of
weight ratio at x = 0.20 and x = 0.00. Cross-sectional view (Fig.4.18(d}) of the
sample with As of weight ratio at 0.20 have shown that the pores and cracks also exist
in the bulk of the pellets. On the other hand, samples with As of weight ratio at 0.40
displayed aconmulation of flake like grains (Fig. 419 {a), (b) and (c)) of average sizes

of 18 um. Samples with larger As weight ratio Fig 4.20 and Fig.4.21 displayed a
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surface full of randomly distributed grains. The shape of these grains in trapezoidal and
of the average sizes of 2.0 pm.

These figures show the doping process for As in MoS- and the appearance of grains i
Fig 4.20 and Fig.4.21 indicate that the solubility limit is reached. So the formula
changes from MoS2:xAs to MoAs:S: formula. To understand the nature of the excess
grains on the surface the energy dispersive x-ray (EDS) analysis were employed.

The sohibility limit happened when x = 0.40, this means that there is no longer any
effect of increasing arsenic on the MoSs. Arsenic reacts with oxygen fo produce
arsenic(I1l) oxide (As:(3:) at x = 0. 60 and thiosulfate (S-03) was formed as a result of
the interaction between oxygen and sulfur at x = 0.80 as shown in table 4.5 , which
displays atomic % of each element for MoAs:S; samples by using Scanning electron

microscopy (SEM).

Table 4.5 The atomic % for MoS2:xAs samples.

sample Moat.% Sat.% Asat.% O at. %

x=0.00 29.45 62.00 0.00 0.00
x=0.10 29.28 56.36 2.90 0.00
x=0.20 29.95 58.39 5.58 0.00
x=0.40 22.64 47.20 5.00 0.00
x=0.60 0.90 3.28 34.29 36.70
x={.80 14.16 3222 475 45.66

The energy dispersive x-ray analysis shown in table 4.5 indicate that for x values larger
than 2 oxidation of As have started. It meaus that the solubility limit is reached at x =

0.40.
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4.2: Electrical properties.

The electrical properties of the as prepared and sintered MoAssS» samples are studied
here. For this purpose Ag electrical contacts were located on each side of the samples
for two point measurements. The ohmocity contacts were tested for all sintered pellets,
it is illustrated in Fig. 4.22 , shows the current () —voltage (V) plots for all sinfered
MoAs,S2 samples. As can be seen from the figures, all curves are linear. Although they

are linear, they are not follow Ohm's law because they are semiconductoss.

From the literature review, the micrometre thick filins of molybdenum disulfide
{MoS,) displayed thermal response of —600 pV /K at a temperature difference of 40 °C,
negative sign indicates that the polarity of the material 1s n-type [64]. This is consistent
with our findings on the pure MoS: sample, that exhibits n-type conduction. From the
literature review, we find the effect of doped MoS- on resistivity. Singie crystals of
rhenium-doped MoS; prepared by chemical vapor transport method, the temperature-
dependent resistivity and hall coefficient were measured in the range of 20 — 300 K,
all samples are n-type in nature with energy gap shows a red shift by increasing the
doping concentrations [65]. The deposited MoS>-Ta composite coatings with a high
load-bearing capacity prepared by the pulsed-DC magnetron sputtering technique
exhibited excellent fatigue resistance [66]. In our work, we find that the x = 0.10,
0.20 and 0.40 exhibit n-type and the x = 0.60 «ad 0.80 exhibit p-type of conduction.
The formation of arsenic(IL[} oxide (As:03) at x = 0.60 and thiosulfate (5:05) at x =

0.80, s0 As:0; and S20; exhibit p-type of conduction.
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Fig. 4.22: The I — V characteristic curve for sintering MoAs:S» samples.

Fig. 4.23 displays the resistivity of bars for sintered MoAsxS: pellets. As can be seen
from the figure, the resistivity for sintered MoAs,S» samples of x = 0.00,0.01 and 0.20
decrease with temperature increasing in the range 150 — 300 K. This confirms the

semiconducting behavior of MoAs,Sz compound.
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Tig. 4.23: The resistivity versus temperature of MoAs,S: samples.

To explore the As doping effect on the electrical properties of MoS:, so we sampled
x=0.00,001and 0.20 to study the doping effect on resistivity before reaching
solubility limit. The temperature (T) dependent electrical resistivity is studied in the
temperature range of (150—-300K) in a clesed cycle the cryostat. The
semilogerethmic scale of the electrical resistivity as a function of temperature is shown
in Fig. 4.23. Tt is evident from the figure that the electrical resistivity decrease with
increasing temperature with different trends of variation that depends on the doping
level. To understand the nature of conduction, the equation (f = po €xp (E /K T)_)
is employed. Where E ;is the activation epergy and pg is the pre exponential
factor, Fig. 4.24 displays inp — T~ variation for MoAs,S» doped with As of content
of x =0.00, 0.10 and 0.20 . As can be seen from the figure, the activation energy is
obtained from the slope of variation. Regions of constant activation energy means

domination of one conduction mechanism. While varying Fa with T means more than
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one condu>tion mechanism is contributing. For our samples we have assumed the
domination of thermionic emission and variable range hopping at the same time.
Calculations which proofs the presence of conduction by thermionic emission estimated
from the Ing — T~1 plots displayed in Fig. 4.24. In accordance with the linear slops
the activation energy valies which are shown in table 4.6 are increasing with increasing
doping content, It means that MoS: exhibit extrinsic nature of conduction with deeper
(donor) levels as As content increases. If the condition for the validity of hopping
conduction presented by T, > 103,y R > 1 is satisfied, so the hopping
transport mechanism dominates and the evaluation of the Mott’s variable range

1
hopping parameters becomes straight forward. Plotting of In(p) — T T
(shown in Fig.4.25), then it is possible to determine the value of T, (electronic

state of disorder) using the slope of the solid line (Fig.4.25), the Mott’s variable

range hopping parameters for MoAs,S; peliets have determined in table 4.6, we

Ays . . .
td } mentioned in section 2.3.2, the

find N(Ep) using the relation { Ty = RN ED
B F

average hopping distance (R) and the average hopping energy (W) are given by the

2 )%) and (W =

relations (R = (W
By K 5 TN(Ep)

m), respectively. The parameters
are evaluated for a localization length of 5 A in temperature range 150 — 300 K.
The calculated of hopping parameter values assuming the validity of the

equation { py,(T) = P exp (— (T—:))‘l/"‘)? which indicates the validity of the

hopping transport in the our region.

The variation of the activation energy with temperature can be easily recognized by (o,

= o, exp (~Ec/KTY), we then have the following equation: (dEg (T) =
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~-ﬂnﬂ(%_:){{l(LO)). Such behavior is clearly shown in the Fig. 4.26, however, as the

statistical Fermi level shifts with ternperature, the value of Eo changes over wide
temperature ranges. The existence of Eo indicates that the mmpurities, broken bonds or

material inhomogeneities reserve particular location in the energy band gap [47].

Table 4.6. The evaluated electrical parameters for MoAs,S» samples.

E, yemD)x107 To(K)x10* N(Ep(cm*/eV) RQOOK)(em)x107 W(200)(meV) YR
(meV) x10%
x=0. 00 194.93 2.00 7.23 24.05 4.49 109.69 8.98
x=0.10 327.75 2.00 58. 89 2.95 36.67 1.64 73.34
x=0.20 442.46 2. 00 138.42 1.25 86.54 0.29 173.08

1B
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Fig. 4.24: The [n p versus 1000/T of MeAssS: samples.
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4. 3: Impedance spectroscopy analyses

To reveal the AC electrical properties of the sintered MoAs,S2 samples, the impedance
spectroscopy  technique was investigated using Agilent 4291B RF Signal
Generator/impedance analyzer in the frequency range of 10 — 1800 MHz. The
capacitance (C), impedance (£} and conductance () spectra are investigated as a

function of frequency {f) for the sintered MoAs;S-.

Fig. 4.27 represents the capacitance of MoAsxS: with x = 0.00,0.01 and 0.20 we
sampled x = 0.00,0.01 and 0.20 to study the doping effect on capacitance before
reaching solubility limit.As seen from the figure, the capacitance decreases with an
increase in the Ac-frequency in x = 0.00 and 0.10, obeying a power law of the
frequency. This variation necessarily gives an electric resistance component at the
interfaces [67], each sample is treated as resistance-inductance-capacitance RLC eircuit
connected in series. For these sampies the conductivity data is illustrated in table 4.7 ,
the dielectric constant, dielectric dissipation factor, resistance and capacitance wetre
found by our device (impedance analyzer) and cut off frequency frp was found by the
relation ((fzp = 1/2CRm). Tt is clear from the Fig. 4.27 that the As doping of x = 0.10
did not alter the capacitance values while increasing the doping level to x = 0.20 show
a remarkable decrease in comparison to others in the capacitance value in the frequency
domain of 0.01 — 1.60 GHz . For larger values the peak in € appeared indicating
satisfaction of resomance condition, Resonance in spectra means more energy can be

stored in the system [68].
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Table 4.7, The conductivity data for MoAs,S; samples.

Dielectric Dielectric dissipation R (12) C(PF) fro*108
constant factor (GHz)
x={.00 3.33 0.18 9434 3.37 0.50
f=100Hz x=0.19 3.09 0.10 50.87 3.08 1.02
x=0.20 233 0.02 4.04 .54 73.42
x=0.60 2.48 0.08 5.28 2.55 11.80
f=106Hz x=0.10 2.50 0.03 1.90 2.57 37.65
x=0.20 2.30 0.01 4.14 0.56 68.8%
x=0.00 1.24 -0.18 -10.99 1.51 -9.58
f=17GHz x=0.10 1.22 -0.13 -8.49 146 -12.81
x=0.20 1.29 -0.01 0.73 2.82 77.69

0 0.3 0.6 0.9 1.2 1.5 1.8
f(GHz}

Fig. 4.27: The capacitance versus frequency for MoAs,S» samples.

The conductance spectra for the MoAs,S» under study are shown in Fig. 4.28. As seen

from the figure, MoAsxS; with x = 0.00, 0.10 and 0.20 exhibil similar trends of

variation in the frequency domain of 0.01-1.40GHz , we sampled x =

0.00,0.01 and 0.20 to study the doping effect on conductance before reaching
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solubility limit. MoAs,S, started with negative values and decreased with increasing
frequency. The x = 0.00 sample started negative at 1.60 GHz, x = 0.10 started it at
1.5 GHz and x = 0.20 at 1.7 GHz sample The explanation for the existence of the
phenomenon of negative conductivity originates from traps states effects. Large density
of deep-states within a narrow energy range can result in this negative conductance

effect [69].

.26 As

o L} e
g ¢ HF S
Fond &
z - 1
2 U
» B4 Y 7
- g 4
4] ‘3_; %
: B
~ 0
A0 4 1
14 14 14
A2 § {GHr)
14 r v r v : r - . +
0.0 9.2 c.4 06 0% 1.0 1.2 1.4 1.6 1.8 2.0

F{GHz)

Fig. 4.28: The conductance versus frequency for MoAs,S» samples.

The trends of variation for frequency dependent conductivity indicate more than one
transport mechanism in the pellets under this study. The alternating current (AC)
conductivity spectra referred to the quantum mechanical tunneling (QMT) and/or
correlated barrier hopping conduction (CBH). The MoAsS: conductivity spectra was
modeled in accordance with the model described in sec. 2.2.3. Fig. 4.29 represent the

modeled curve for pure MoS; pellets (Fig.4.29(a)) and doped MoS: pellets at x =

0.10 (Fig.4.29(b)). As seen from the figure, the conductivily of pure MoSs starts to
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increase following an exponent power (s) value of change o = Aw® in the range of
frequency 0.00 — 0.30 GHz , if s decrease with increasing frequency, the quanfum
mechanical tunneling (QMT) is dominant. The correlated barrier hopping (CBH) is
dominant when the frequency exceeds 0.30GHz, that’s mean at the grain boundaries
the charge carrier hops from a site to site over the potential barrier [70]. The
conductivity of doped MoS; refers to the quantum mechanical funneling (QMT) and

correlated barrier hopping conduction (CBH) together, are demonstrated in Fig. 4.29.

2.0

{a)

g { X10-%0.Cmi)
a [ X103(0.cmiy'}

134 05 (GHZ}1'0 1.5

Fig. 4.29 (a, b): The modeled curve of the conductance for MoAs.S: samples at x = (.00 and
0.20, respectively.
When referring to the tabulated data in table 4.8, the doping on MoS: alters the hopping
time constant, a decrease of Taep by 3 times is observed. The doping atfect the density
of Iocalized states near Fermi level, the table shows a decrease of N (E¢) by 25 times.

The fitting parameters are also shown in table 4.8.
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4.8: Ac conduction parameters for MoAs,S: samples af x = 0.00 and 0.20.

parameter =000 50
To (n3) 10.00 16.00
Thop (1) 3.00 1.00
N(Er) (x10'® cmPeV) 25.00 1.00
o(L} x (104 Qlem™) 0.01 0.01
o(H) x (10° Q' em™) 1400.060  100.00

It is noted from Fig. 4. 30, the impedance spectra for the MoAs:S; under study are with
x = 0.00, 0.10 and 0.20, i is noted that a values decreases by more than one order of
magnitude within a narrow range of frequency 0.01 -~ 0.30 GHz. The higher the
impedance are 14.93 X10%¢2,30.84 X103£2 and 31.47 X10%02 for x = 0.00,0.10 and
0.20 , respectively, and the lower the impedance values are 47.5542 49.02£2 and
30.5842 for x = 0.00,0.10 and 0.20 , respectively. This behavior indicated a larger
delaminated areas within the substrate due to corrosion. The impedance relies heavily
on the resistance and capacitance values for that reason it shows minor and major peaks

very similar to these for capacitance and conductance [71].

1038
0,24 ds
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100
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Fig. 4.30: The impedance versus frequency for MoAs,S: samples.
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Chapter five

Conclusions

In this study, we attempted to alter the structural and electrical properties of
molybdenum sulfide by doping them with arsenic. It is observed that As atoms occupy
interstitial positions in the vacant sites of Mo forcing a change in the mteraction from
Mo-S to As-S. The increased content of AS-S bonds in the structure of MoS: exceeds
the solubility Hmit for arsenic content of 0.40 in the samples. All the structuréi
parameters incleding the crystallite sizes and defect density are negatively affected by
the As doping. In addition, & remarkable increase in the electrical resistivity associated
with increased resistivity activation energy resulted from the increased doping content
in the samples. Deep analysis of the electrical parameters have shown the domination of
minded type of dc conduction. Particularly, current conduction by thermionic emission
and by variable range hopping dominated the conduction in the sample. Moreover, the
conductivity spectral analysis have shown that the Ac conductivity is limited by the
quantum mechanical tunneling and by the correlated barrier hopping of charge particles
at the grain bonndaries in response to Ac signal frequency. However, interesting teature
presented by deceased values of capacitance and negative conductance are detected for
the As doped MoS: powders.‘ These features are promising as they necessarily indicate

the suitability of the powder pellets for mirowave based communication technology.
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