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Abstract

In this thesis, BaSb; alloys are produced and characterised. The alloys which are prepared
by the melting of the Ba and Sb in stoichiometric compositions in a vacuum of 10~ mbar
at 735 °C are structurally and electrically investigated. Deep structural investigations with
the help of x-ray diffraction, " Crystdiff" ," Treor 92" and " phywe measure 4 " software
packages has shown that the alloys are composed of monoclinic structure (58.46%) and
other minor phases (41.54%). The structural parameters indicated that the alloys are
composed of nano crystallites and exhibit low percentage of stacking faults and low defect
density. The morphology analysis which were carried out with scanning electron
microscopy have shown that the alloys are of layered types and contains narrow cracks
of lengths of 5.0 um. Electrically, the alloys are metal like p-type materials which exhibit
temporary metal-insulator transitions at low temperatures. The AC analysis on the
capacitance and conductance spectra which were measured in the frequency domain of
(0.01-1.8) GHz have shown that the capacitance exhibits negative capacitance effect
owing to the injection of holes being larger than electrons. In addition, modelling of the
conductance spectra in the main frequency domain has shown that the BaSb, alloys are
dominated by the correlated barrier hopping conduction at scattering times of picosecond
scales . The electrical properties of the BaSb; alloys nominate them for use in circuits as

parasitic capacitance cancellers ,as noise reducers and as microwave cavities .
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Chapter One

Introduction

1.1 : Application of alloys and their classification.

Metallic alloys capture the focus of research centers owing to its wide range of
applications in electronics and optoelectronics. Thermocouple alloys have found a wide-
range of use in temperature sensing and control such as thermocouple made of Pt-
Rh alloys [1]. Some alloys like Magnesium alloys have promising applications in
aerospace, automotive, and 3C (Computer, Communication and Customer Electronic)
industries due to its engineering properties such as high thermal conductivity,
electromagnetic compatibility, easy recycling and high specific rigidity [2]. FeCoCrNi
high-entropy alloy is found to be as an input material for selective laser melting [3].
Aluminum alloys are used for high performance applications including automobile parts
[4]. Aluminum-silicon (Al Si) alloys are widely used in many industrial applications
such as automotive and aircraft industries due to its light weight, cheapness, low density,
good appearance, high thermal and electrical conductivity [5]. Alloys are also employed
as shape memories which are used as actuators and sensors [6]. Co—W alloys are found

to be good materials as catalysts beneficial for Li—O; battery's electrodes [7].

Alloys are classified in several ways. Based on the presence or absence of iron. Alloys
can be classified into ferrous alloys which contain iron as a major component and non-
ferrous alloys which does not contain iron as a major component [8]. Substances sources
of ferrous alloys are stainless steel, cobalt, gallium, silver, gold, bismuth, and zirconium.
Aluminum, brass, bronze, copper, tin, nickel, magnesium, and titanium are some common
substances sources non-ferrous alloys. Based on their structure features one or more of

the following phases may exist: solid solution, intermediate phases, and phase mixtures



depending on the types of the metals present in the alloy [8]. In regard with the base metal,
alloys could be classified as Aluminum alloys, Magnesium alloys, Titanium alloys and

Copper alloys [8].
1.2: Alloys’ preparation methods and their characterization.

Many methods could be used to prepare an alloy such as the fusion method which uses
alloying elements in a fixed proportion and fuses them together [9], pulsed electro-
deposition method [10], the reduction method [11] and powder metallurgy [12].
Alternatively, the chemical vapor deposition (CVD) [13], mechanisms of selective laser
melted alloy in which the laser scan pattern rotated by an angle with each next layer [14]
and additive maﬁufacturing is a layer-by-layer process method are also used to produce
alloys [14]. From characterization point of view, when choosing the elements of the alloy,
the chemical, physical, mechanical, biocompatibility and technological characteristics
must be taken into account [15]. Scanning electron microscopy (SEM) and X-ray
diffraction technique (XRD) could be used to understand the morphology and structure

of the alloys, respectively.
1.3: Properties of Barium and Antimony metals.

As a material which is remarkable of interest, we are considering the Barium (Ba) element
as a candidate of forming an alloy. Barium is a soft, silvery white metal. Classified as an
alkaline earth metal. Its atomic weight (average mass of the atom) 137.327 g/mol. It has
a body centered cubic (bcc) structure [16] and a lattice constants of 5.028 A°. Barium is
found naturally only in combination with other elements because of its high level of
reactivity. Barium does not have many practical uses, due to reason assigned previously.

However, the strong attraction of Ba to oxygen makes it useful as a "getter" to remove



the last traces ofair in vacuum tubes [17]. Pure Ba can be also combined with other metals
to form alloys that are used to produce machine elements such as bearings or spark plugs
in internal combustion engines. Ba alloys emit electrons easily when heated because
barium has a loose hold on its electrons and this improves the efficiency of the spark plugs
[18]. Ba-Al and Ba-Mg or ternary alloys Ba—-Mg-Na can find application in

Microelectromechanical systems (MEMS) [18].

On the other hand, Antimony (Sb) is also another material that is worth of consideration.
Sb is an extremely brittle metal of a flaky, crystalline texture. It is bluish white and has a
metallic luster with atomic weight of 121.76 g/mol. It has a simple trigonal structure [19]
with lattice parameters (a=4.307, b5=4.307, ¢c=11.273) A° and y=120. It is not reacted
with air at room temperature, but burns when is heated with the formation of white fumes.
It is a poor conductor of heat and electricity. It is mostly used today for various
applications such as fire retardants [20] and ball bearings [21]. Sb has recently found
applications in semiconductors and microelectronics. Aluminum antimony alloy was
explored as an anode material for lithium-ion and sodium-ion batteries [22]. Aluminum
bismuth antimony ternary alloys were recently found to be suitable for optical
telecommunication applications [23]. Lead antimony alloys containing 0.2 to 1 wt % Sb
are used to make barrier sheaths in high voltage cables [24]. GaSb thin films are also used
for application in phase change memories [25]. Sn—Ge—Sb thin film alloys are
used for application in sodium ion batteries due to their high theoretical capacity and

suitable operating voltage [26].

In this work, we will construct new class of Ba-Sb alloys for the purpose of use in

electronics and microwave technology. The results of the alloying on the performance of



the microwave traps will be stated clearly. The relation between the structural parameters

and the electronic performance is established and connected to theories.

The thesis discusses the theoretical background of the used techniques in the second
chapter. The experimental investigations and procedures that are employed to prepare the
alloys, are also considered in the third chapter. The fourth chapter will discuss the most
important results about the preparation procedure, the formed alloy's structure and the

electrical performance of the alloy. Concluding remarks are considered in chapter five.



Chapter Two
Theoretical Background

2.1: X-ray analysis

Crystals could have one or many of the structural phases. In general, there are seven
crystal systems named triclinic, monoclinic, orthorhombic, tetragonal, cubic, hexagonal
and trigonal. These systems can be defined in terms of the relationships between lattice
vectors (a,b,¢) and lattice angles (a, S, y) [27]. Each system has an interplanner distance
or spacing (d). This quantity is the perpendicular distance between two successive planes
on a family of miller indices (#kl). We will start with the triclinic formula in order to reach
other structural formulas. In this system, there is no relationships between the lattice

parameters: (a # b # c¢) and lattice angles (a # S # y # 90).

th.z k2.2 l2.2_
52 Sin® a+ 5 sin ,[)’+C2 sin“y

2kl
+E(cosﬂ cosy—cosa)

+‘Z—’Zl(cosa cosy—cosf)

2hk
+E(cosa cosfi—cosy)

1 i
d2 ~ [1-cos? a—cos2 B—cos2y+2cosa cosp cosy] @)

Using equation 2.1 one may derive all the other structural phases. These important

phases are shown in table 2.1.



Table 2.1: The six crystal structures systems, their properties and obtained interplanner distance.

Crystal lattice constant and angles Interplanner distance formula
system
1 1 [h?  Kk2sin?B 12 2hicosf
Monoclinic atb#c,a=y=90° —_= [— —_— —] .
#b# y #p & - SinZp la + b2 + o e (22)
Orthorhombic  a#b#c,a=B=y=90° S
; y == b_z + 2 2.3)
h2+Kk%] | 12
Tetragonal a=b#c,a=f=y=90° == [ - ] = (2.4)
; e @ h2+k2+12
Cubic =b=c,a=f=y=90° = g (2.5)
1 4 [h2+K2+hk] 12
Hexagonal a=b#c,a=4=90,y=1200 — = —[——] — 2
g B ¥ FEAm p e (2.6)
1 [(n?+K2+12) sin? a+2(hk+kl+1h)(cos? a—cosa)]
Trigonal =b=c,a=8=y#90° — =
e 4 c.a=p=y# d2 ‘ a2(1-3cos? a+2cos3 a) @7




From table 2.1 the lattice constant (a,b,¢) and the lattice angles (a, B, y ) of the other

systems are substituted in the triclinic equation (2.1) to obtained the interplanner formulas

(2.2-2.7).

X-ray diffraction (XRD) is a technique for characterizing crystalline materials. These rays
are generated by a cathode ray tube, filtered to produce monochromatic radiation,
collimated to concentrate the rays, and then directed toward the sample [28]. It provides
information about the structures, phases, crystal orientations and other structural
parameters, such as interplanner distance (d ), average grain size or crystallite size (D),
stacking faults percent (SF%), dislocation density (d) along a line and strain (g) from the
broadening width (8) of all observed peaks using will known relations [29]. XRD peaks
are produced by constructive interference of a collimated monochromatic beam of X-rays
scattered at specific angles from a set of parallel lattice planes in a sample. Interplanner
distance (d ) is calculated from Bragg equation [30]:
2 d sinf = nl. (2.8)

Where 7 is an integer (order of reflection) , 4 is the wavelength of incident X-rays in
our case 1 = 1.5405 A, d is the interplanner distance between successive atomic planes,
and 0 is the angle of incidence or the angle of reflection. The other structural parameters
(D, € ) could be found using Scherrer equation which connects the crystallites grain size

with the broadening of a diffraction peak.
KA )
Pcosf = F + 4¢ sinf 2.9

Where D as we defined is the size of the crystallites, £ is width at half maximum intensity

of peaks in radians, K is a constant related to crystallite shape, taken as 0.94 [30] 0 is the



incidence angle in rad and ¢ is the strain. Equation (2.9) has limitation presented on the
grain size value which indicates the validity of this equation only below 200 nm.
Stacking faults represents a local error in the order of the sequential layering of
crystallographic planes or a type of defect that characterizes the disordering of that planes
and is given by equation (2.10).

2B ?

0/ — et
S 45vV3tan6

X 100% (2.10)

In general, the word dislocation means a defect or irregularity. The existence of this
quantity influences many of the properties of materials. Dislocation density (&) is the total

length of dislocation lines per unit area and can be calculated from relations used [31-32]:

6= % lines/cm? (2.11)

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

2.2: Impedance spectroscopy
The name of the RLC circuit is derived from the letters that are used to denote the
components of this circuit. It is an electrical circuit consisting of a resistor (R), capacitor

(C) and inductor (L) connected in series or in parallel.

2.2.1: RLC circuit in series

The series RLC circuit has a single loop with the instantaneous current flowing through
it and have the same value for each circuit element. The source voltage Vs drops across
circuit component R, L and C with Vz V. and V¢ values, respectively. These voltages will

be out of phase with each other’s [33]. While V' is in-phase with current, ¥ leads the



current by 90° and V¢ lags the current by 90°. Thus, ¥ and Vc are 180° out of phase and

in opposition to each other [33]. (See figure 2.1)

VR in-phase V| leads I Velags 1

R L C

Fig 2.1: The series RLC circuit.
According with Kirchhoff’s voltage law [34], the instantaneous voltages for a series RLC

circuit is obtained as below,

VS—VR—VL“cho (212)
a Q _

Vs—IR-L=-2=0 2.13)

Vs =IR+L +2 (2.14)

But the voltage triangle for a series RLC circuit results in.

Vs =yVZ+ WV, = V)2 =1 JRZ+ (X, —X)2=1Z (2.15)
where I the current X7 inductive reactance Xc capacitive reactance and Z the

impedance.
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Vs VarVe Vs

4
I
I
I
|
I
I
|

.gﬂ >

VR

¥ S
I

Fig 2.2: Phasor diagram for a series RLC circuit.

2.2.2: RLC circuit in parallel

In this connection type, the applied voltage is common to all components of the RLC
circuit instead of the current so we need to find the individual currents through each
element, current through R (Ig), current through L (I;) and current through C (I¢).The

circuit is shown in figure 2.3.

Is
> a

/\D R L

> >

Vs

Fig 2.3: The parallel RLC circuit.
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The current flowing through each branch will not necessarily be equal to each other.
Therefore, each component will be mostly different to each other and to the supply current
(Is). The total current drawn from the supply will not be the mathematical sum of the three
individual branch currents but their vector sum [33]. Again through each branch the

current is found using Kirchoff’s current law [33] :

IS=IR+IL+IC (216)
_iw v d
Is —Ez'{' o +C Tt (2.17)

but the current Triangle for a parallel RLC Circuit resulted in:

L=VEF -1 = (&) +(L-2) -2 @)

I

Fig 2.4: Phasor Diagram for a parallel RLC Circuit.
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2.3: Alternating current conduction mechanisms in solids.

The alternating current (AC) conductivity spectra could be referred to the quantum
mechanical tunnelling (QMT) or correlated barrier hopping conduction (CBH) or may be
both [35]. Conductivity could be obtained from the conductance (G) according to the

following relation:
G=o0x* - (2.19)

Where G is the measured conductance, o is the conductivity, 4 is the cross sectional area
and [ is the length of the conductor. Early published theories [36-37] assume that the
conductivity is a function of frequency and follows the relation,

oc(w) = AwS (2.20)
Where 4 is a constant dependent on temperature, w is the frequency and s is the exponent
that is generally less than or equal to unity. This shape of the conductivity equation (2.20)
appears if the mechanism of loss has a wide range of relaxation times (7). The exponent

value s =1is founded if the distribution of relaxation times (n(7)) is inversely
proportional to 7. In that case, the relaxation time (z7) is given by the equation:

T = 19et, 2.21)
where ¢ is a random variable.
In the case where QMT dominates § = 2aR with R referring to the intersite separation
and a is spatial decay parameter of the wave functions that is employed to describe the
localized state at each site. a is nearly constant for all sites and equal 0.1 A° [36]. For an
electron undergoing quantum mechanical tunnelling, the AC conductivity is given by the
equation [37],

2
n*e?KTa~*(N(Ep)) WRZ,
24

aomr(W) = (2.22)
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In this equation, N(Ef) is the density of states near the Fermi level (assumed constant
with varying frequency) and Ry, is the hopping distance at a particular frequency w. Ry is

given by,

R,, = —1—ln( L ) (2.23)

2a WT,

The frequency dependence of o(w) in the equation (2.20) can be used to execute the
derivative s. Taking the logarithm for both sides of equation (2.20) becomes:

Ino(w) = In4d + s In(w). (2.24)
Executing the derivative for each side,

dinoe(w) =0+ sdIlnw) 2.25)

From equation (2.25) we conclude that the exponent s can be found from the relation,

_ din o(w) (2.26)
din(w) ’
For the QMT model, s is given by:
4
s=1——— 2.27
In(*/wr,) %20

Thus, for the QMT model, the frequency exponent s is frequency dependent and

decreases with increasing frequency at constant temperature. On the other hand, the CBH
theory supposes that £ = % with W, being the hopping barrier height, for this case, as

long as the frequency of the signal that propagates is less than the charge of the carrier
jump frequency, the AC conductivity will increase with that frequency [37]. The AC
conductivity for CBH is given by the following relation:

(o (W)—0oy (W))

e (2.28)

ocgpn(W) = oy(w) +



14

Where, the subscript symbols H and L means conductivity at high and low frequency,
respectively. As previously mentioned, it is possible that the AC conductivity refers to

the domination of the two conduction mechanisms QMT and CBH,

1 1 1
= <+ (2.29)
Otot oQMT OCBH

Where, O¢q¢ is the total conductivity, 0, QMT is the conductivity resulted from quantum

mechanical tunnelling and Ogpgy is the conductivity resulted from correlated barrier

hopping conduction.

2.4: Alternating current and capacitance mechanisms in solids.

Here we consider Ershov Motel [38] for negative capacitance effect (NC). It illustrates
the effect of negative capacitance in terms of time range transient currents in response to
a small voltage signals. Ershov supposed that entering step or pulsed voltage will lead to
an instantaneous change of charges on the contacts. According to this approach, the total
capacitance (C(w)) consists of geometric part (Co) and relaxation part (Ci) [39]. Ci was
found to be due to the impact ionization, electron transport, trapping and other physical
process [36]. The theorems of Ershov arrived at the conclusion of Jonscher which state
that the source of NC is related to the positive or nonmonotonic behaviour of the
derivative of the transient current (j(#)) as a response to a small voltage step. Using this
approach which is based on the charge nonmonotonic or monotonic variations, Qasrawi
et al [36-37] assumes a presence of two different frequency domains (w-wp) and (w-wy)
where wp and wy, are the limits of frequency domains in the p and » regions, respectively.

As a result equation of Ershov which takes the form,
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as;(t)\ .
Cl—E——f 8;(t)coswt dt——f ( = ) sinwtdt (2.30)
it can be rewritten as:
C1=E——f 8;(t)cos(w — wy, )t dt (2.31)
1 o (—d§j(t)\ .
Ci=—2; (d—’t() Sin(w — wy )t dt (2.32)

Where 4@ is the charge, 4V is the voltage, w, and wpas defined previously and §;(t) is
the time domain behaviour of the transient current. If 6j(t) is positive valued and

decreases monotonically to Zero as ¢ goes to oo then, C; > 1 and C(w ) > Co at any

frequency. Ershov’s approach also assumes [38],
8j(t) = AV[a, et/ — a, e~t/%] (2.33)

Where an and a, are parameters in F/s. It represents the rate of change of dynamic

capacitance with time

dé‘j t)
dt

—an

= AV[ e~t/m 422 e-f/fp] (2.34)

Tn Tp

Substituting 2.34 in 2.32

1= an —t/T EE —t/T 5 _
wAVf ( [ e/t L P] )sm(w Wy, p)t dt

Tn D

, e
Ci=—/{ ( ? et/ sin(w — wy,)tdt — ? et/ sin(w — wp) tdt)
p

s ~t/n sin(w — wp)tdt — =L [* e/ sin(w — wy,) tdt  (2.35)
P

Win

By using Fourier integral form
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2 (o :
\/; Jy f(®)sinktdt = Fy(k) (2.36)
Then,
f(t) = \E Jy Fy(k)sinkt dt (2.37)
Inourcasek=w—w, and f(t) = e""/™ integral (2.36) becomes,
Flw—w,) = \/%fom e~t™n sin(w — w;,) tdt (2.38)

From Fourier integral tables, for f(t) = e~ by substituting in equation (2.36) Fs(k) =

2 k .
\/; @D then equation (2.36) becomes:

2 00 o . 2k
—J, e"*sinktdt = \/;(au = (2.39),
divided both sides on \/%
© k
fo e~ %sinktdt = (2.40)

(a%+ k2)

Z e~t/™n sin(w — wy,) tdt = ——o—on 2.41
fo ( n) ((Tin)z+ (w—wn)z) ( )
Substitute equation (2.41) in (2.35):
(= S W Sp W (2.42)

WTp ((%)ﬂ (w—wn)z) Wtp ((%)2*' (W“Wp)z)
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c, = an Th(Ww—wp) ap Tp(W-wyp) (2.43)

w(1+ (w—wp)2 12 w(1+ (W-wp)?73)

But w >> wy so equation (2.43) becomes

an Tn W ap T, W

C1 = w(1+ (w-wp)? 12) - w(1+ (W‘WP)ZTTZ,) (2.44)
— an Tn _ ay Tp
G = 1+ W-wp)213 1+ (w-wp)2 73 (2.45)
Then[36], W)= Cot piat ot .46)

1+ (wW-wp)2 7] 1+ (Ww-wp)? 7}

2.5: Temperature effect on metal insulator transitions

The metal insulator transition (MIT) is defined as the vanishing of the conductivity (o) at
temperature T [40]. The motion through the system’s phase space often implies a change
from one material to another. Since there are a variety of "metallicity parameters"
indicative of the distance from the transition (like the degree of disorder, the band overlap,
impurity concentration, etc) [40]. Rarely, the MIT can be passed through in a reversible
manner happens only by just varying some external parameters rather than the properties
of the sample [40]. The external parameters include the impurity localized electronic
wave function,‘ magnetic field and the temperature in such a way that one can pass the
transition thereby changing the overlap of the impurity localized electronic wave function
or by varying the magnetic field applied to the system [40]. One must extrapolate the
temperature dependences to establish the occurrence of the transition. A MIT in
monolayer MoS; was found to be allowed for the high levels of doping achieved in dual
gate devices [41] and this material was found to have an applications as capacitance

devices [42].
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Verwey reported in 1939 that bulk Fe;O4, which is at room temperature fairly conductive
with a half-metallic character, becomes electrically insulating below 123 K (MIT point),
which is now called the Verwey transition temperature (Ty) [43]. During the last two
decades, iron oxide (magnetite (Fe304) and maghemite (y-Fe2Os)) nanocrystals have been
investigated for their various biomedical applications including magnetic biosensors,
heating mediators for magnetic fluid hyperthermia and magnetic resonance imaging
(MRI) contrast agents [43-45]. It is found that there is a MIT very close to room
temperature for vanadium dioxide (VOz) that is of great practical importance as it have
very fast switching between metallic and insulating phases which can be used for device

applications [46-47].
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Chapter Three

Experimental Details

3.1 Alloys formation

In this work, a quartz tube was installed in to wrapped tungsten wire evaporation source
for testing its ability to bear the heating and to know the maximum temperature (Tmax )
that the evaporation source could reach. The evaporation source contains a K-type
thermocouple for temperature measuring. The thermocouple is connected to temperature
controller which reads the temperature. Our work showed that the maximum temperature
is 735 °C, the quartz tube could bear 1800 °C so the 735 °C is good since it is in the range
of its bearing ability. That test gave the passport to use the quartz tube wrapped with a
tungsten wires for preparing alloys. The selected Ba and Sb metals have melting points
of 730 °C and 630 °C, respectively. The quartz tube and related apparatus are shown in

figure 3.1.

‘Fig 3.1: The illustration of the quartz boat in the evaporation source (item 1for Shutter

,item 2 for quartz boat , item 3 for thermocouple ) .
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Ba is a soft, silvery white metal and its atomic weight (average mass of the atom) is
137.327 g/mol. It has a body centered cubic (bcc) structure [16] and a lattice constants
(a) 5.028 A°. Sb powder which is an extremely brittle metal of a flaky, crystalline texture,
it is bluish white and has a metallic luster with atomic weight of 121.76 g/mol. It has a
simple trigonal structure [19] with lattice parameters of 4.307 A°, 4.307 A®and 11.273
A® and y=120. These two metals were used to form a 1.27 g Ba-Sb binary alloys by
mixing 0.46 g Ba which was under cyclohexene from oxidation and 0.81 g antimony
powder (Sb) into a quartz tube wrapped with a tungsten wire. During heating the mixture
is covered by quartz piece to avoid evaporating Sb out of the tube since it have smaller
melting temperature. The melted mixture was kept under vacuum media of 10 mbar at
735 C° nearly 3 minutes. The ratio of mixing 36% for Ba and 64% for Sb. This ratio is

determined from their molar mass ratio according to the following relation:
Ba + 25b = BaSbh,

137.33 g/mole +2(121.75 g/mole) =380.83 g/mole

Far Ba : 13733 4 100% = 36%
380.83
For Sb: 2433 L 100% = 64%

380.83
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Fig 3.2: Evaporation source.

For any alloy cycle, the following procedure must be followed:

1-

Replace the Evaporation boat with the quartz boat (quartz tube wrapped with a
tungsten wires).

Connect the temperature controller with the device, putting it in the temperature
measure.

Put the appropriate ratio of the metals that will form the alloy in the quartz boat.
Close the evaporation source system, the shutter, vent valve (moves clock wise)
and the chamber.

Turn on the main power and wait the loading till finished.

Turn on the roughing pump and wait till the vacuum pressure reaches (10) mbar.
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7- Turn on the turbo pump and wait until the pressure reaches (1 x 10) mbar.

8- Start increasing the current gradually, during that, watch the reading of
temperature controller till it reaches the melting temperatures of the mixing
metals.

9- When the desired temperature is reached, wait few minutes then turn off the
current.

10- Wait the evaporation source for cooling, then turn off the turbo pumps.

11- Wait until the pressure reaches 10 mbar and open the system.

The obtained BaSb, alloys were subjected to two techniques in order to investigate the
structural properties of the binary alloys. Namely they are the X-ray diffraction technique
(XRD) by Miniflex 600 X-ray diffractometer and scanning electron microscopy (SEM)

using coXem-200 microscope.

3.2 X-ray difraction (XRD)

The alloys’ structure can be known using the diffraction principle of the electromagnetic
wave which can be described using Bragg equation. In general, when a continuous
coolimated beam of X-ray is incident on a crystal, if the path difference of the beam
reflected from the upper surface and the one reflected from the lower surface is an integral
multiples of the incident wavelength, a constructive interference will occurand applying

Bragg's law [48].

The bulk was characterized using the Rigaku Miniflex 600 diffractometer provided with
K, radiation of a copper anode of wavelength 1.5405 A , 20 step size 0.1° , scan rate

1°/min and 6 range 10°-70° (see figure 3.3 ). The RiKago Miniflex 600 diffractometer
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consists of a source of x-ray, collimator foucasing the X-ray beam and a device to control
the wavelength range, holder for the films , radiation detector and signal processor [49].
A “Crysdiff” software packages were used to investigate that the alloy prepared was
BaSbz by comparing it with the XRD data. The obtained XRD data were analyzed using

“TREOR 92’ software packages.

Fig 3.3: The Rigaku Miniflex 600 diffractometer.

3.3 Scanning electron microscopy (SEM)

CoXem-200 scanning electron microscopy (SEM) instrument was exploited to
characterize the surface morphology of BaSb, bulk alloys. Generally, a focused beam of

electrons was used in this technique to scan the surface of the sample by secondary
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electrons that will be produced by inelastic collisions of primary electrons, then they were
ejected from the sample since they are attracted to a grid under low potential, then
accelerated by a higher potential toward the detector. The primary electrons with energy
range from few keV to 30 keV are created by the field emission gun. On the other hand,
the secondary electrons have energies lower than that of the primary electrons by a factor
of thousand. Thus, the electrons are emitted from a region that is a few angstroms from
the surface of the sample. The emitted electrons signals were used to plot a x-y position.
So in order to image samples, the beam is focused by a magnetic lens and then raster-

scanned on a surface [50].

In our case SEM is used to image the BaSb: bulk at several zoom factors for several layer

of the bulk specimen some of them at voltage 20 KeV and the others at 28 KeV.

Fig 3.4: The illustration of the SEM.
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3.4 Impedance spectroscopy measurements

The BaSb, was characterized by an impedance analyser in the frequency domain (10-
1800) MHz using Agilent 4291B analyser at room temperature. The instrument was
connected as RLC circuit so that the impedance (Z), the capacitance on series (Cs) and
parallel (Cp), the resistance (R) and the conductance (G) can be measured with the help

of MATLAB software.

Fig 3.5: Impedance analyser.
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3.5 Current-Voltage (IV) Measurements:

The current values with respect to the applied voltage were measured for the BaSb, bulk
using Keithley 6485 picoammeter and Keithley 230 programmable voltage source with
the help of a MATLAB software connected with them by a computer shown in Figures
(3.6-3.7). The current-voltage (IV) measurements were recorded at room temperature (
300K ) for the bulk in order to know the metals’ conductivity behaviour (Ohmic or not
Ohmic) while the current-temperature (I-T) dependence carried out using electrical
cooling (300-20) K which showed a very interesting result as we will see in the next
chapter. The current-temperature data was used to form the resistivity-temperature
dependence curve. The dimensions of the sample (the width (W) and the length which is
the distance between the electrodes (L)) were measured by a ruler and found to be 0.3
cm and 0.4 cm, respectively as see in figure 3.6 while the thickness (t) was measured by
micrometer and found to be 0.056 cm. According to that measurement it is clearly found

that the area (A) is 0.0168 cm? which helped in resistivity calculations.

Fig 3.6: the prepared BaSb, bulk sample for the IV measurement.
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Fig 3.7: IV measurements.
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Chapter Four
Results and Discussion

4.1 XRD results:

BaSb, alloys are prepared from the high purity Ba (99.99%) and Sb (99.99%) in
stoichiometric compositions. The alloys were achieved through raising the temperature
to 735 C° and keeping the melted alloy for few minutes under vacuum pressure of 10~
mbar. The resulting X-ray diffraction patterns for the alloys are shown in figure 4.1. As
seen from the figure crystalline phase of BaSb; is obtained. The X- ray patterns comprise
16 sharp peaks. The peak with the maximum height is centred at 26 = 59.1° with an
intensity of 1.69 x 10% a.u. To identify the crystal structures of the obtained alloys the

“Crysdiff”” and “TREOR 92" software packages were employed.

2.0 —
g &
1.8 1 ; AN
g F - &
1.6 | g 3
o =
S
1.4 1 s
—~ 1.2 4
3
8
2 1.0 4 _
0.8 =
0.6 -
0.4 4
0.2 -
a=75746A°, b=7.8448A° ,C=7.3502A° a.=90°, B=125.13°, y= 90°
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Fig 4.1: The XRD patterns for BaSbz alloys.
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The expected reflections peaks of the possible formed materials are estimated by
“Crysdiff” software packages assuming well known lattice parameters. Particularly, the
“Crysdiff” software packages were used to know which alloy was prepared (BaSby,
BaSbs) , if any oxides were formed such as (BaO ,Sb,03) and if any of the Ba and Sb
are still not fused. Inserting the theoretical lattice parameters, phase group and theoretical'
structure of the expected alloys, the “Crysdiff” software as a response to that entered data
showed the values oftheoretically expected diffraction angles (20). The results are shown
in table 4.1. The percentage differences between the 20 of the expected materials and the
observed 20 values known as diff % are also shown in the table. As the table shows not
all the peaks of the expected alloys appeared in the assumed structures. The diff %
between the observed and the expected diffraction angle for Ba, Sb, BaSb,, BaSbs, Sh.03
and BaO is very large indicating that the currently obtained alloys exhibit different
structure from these already known types. The diff % between the expected formed
material and the experimentally observed is shown in table 4.2. None of the
experimentally observed peaks can be assigned to Ba, Sb, Sb2O3 and BaO. For this reason,
we went to the believing that the obtained alloys refer to some yet unknown phases of
BaSb; or BaSbs. A deep comparison led to the exclusion of the metals and oxide due to
their high diff % values and the absence of some or many diffraction angles 26 makes the
expectations narrower. The comparison was reduced to the expected Ba-Sb binary alloys
(BaSb2, BaSbs). It seemed that most of the expected peaks appeared in the calculated
BaSb: alloys and all of them in the calculated BaSbs alloys with a diff % value between
the experimental or the observed peaks and the calculated ones. For the calculated BaSb;
alloys the diff % range (2.8- 44.24) % with 5.74% for the maximum observed peak at

59.1°. For the BaSb; calculated alloys, the diff % range is (0.14- 98.44) % with 44.95%
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at the same angle of diffraction. So since the diff % range of the BaSb; calculated alloys
were smaller than of the range of the calculated BaSbs alloys and because the maximum
observed peak diff % for the calculated BaSb; alloys were smaller than of that for the
BaSbs calculated alloys, we concluded that the prepared Ba-Sb binary alloys were mostly

BaSb; alloys.

Careful analysis using “TREOR 92" software packages to solve the structure and
determine the lattice parameters were carried out. The analysis included all possible types
of structures and considered the difference percentages between the observed and
calculated 26 (diff %) values. This issue is actualised through inserting the observed peaks
with the intensity and the expected structure into the software. Table 4.3 shows the diff
% values of the different structure of the BaSb; alloys. “TREOR 92" software packages
were directed to obtain the lattice parameters and plane orientations of the peaks assuming
all possible seven types of structures. However, the cubic structure was excluded since it
was not containing all the exponentially observed peaks. The absence of the peaks
indicates that the experimentally obtained structure is more complicated and may be
assigned to more complicated structural phases. The diff % ranges for the other structures
were (0-13.7) % for monoclinic, (0-9.8) % for orthorhombic, (0-38) % for hexagonal, (0-
38) % for trigonal, (0-9.5) % for tetragonal and (0-55.8) % for the triclinic. By comparing
the ranges, cubic, hexagonal and trigonal structures were excluded, respectively. The
triclinic, monoclinic structural phases and the orthorhombic were found to contain more
zeros diff % values than tetragonal structure. Since the diff % values at this maximum are
very close together, the number of zeros in each structure is the decisive.. So when
assuming one structural phase, tetragonal was also excluded. After that result, we started

to compare the diff % between the monoclinic, triclinic , tetragonal, trigonal and
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orthorhombic structures. Based on smaller value, the peak is assigned to the associated
structure. By that way it was found that some of peaks related to the tetragonal,
orthorhombic, trigonal and the others to triclinic and monoclinic. The tabulated data and
its related analysis led to the thought that more than one structural phase do exist in this
material. Thus, the material is composed of monoclinic BaSb, as the dominant structure
(absolute peak with maximum height and least error) as it was related to the peak with
the maximum height at 20 = 59.1° and tetragonal as secondary dominant phase and

orthorhombic, trigonal and triclinic as very minor phases.
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Table 4.1: The “Crysdiff”” software data that include the theoretical values of 20 the associated diff % for Ba, Sb, BaSb,, BaSbs, Sb,03 and

BaO.

20 Exp 20 diff % 20 diff % 20 diff % 20 diff % 20 diff % 20 diff % 20 diff % 20 diff %
BaSb: Ba Sb BaSbh: BaSbs Sb20s Sb20s BaO BaO

bulk monoclinic orthorhombic cubic tetragonal cubic

22.65 23.66 100.68 22.54 10.75 22.62 3.23

25.90 25.13 77.40 25.67 2327 25.49 40.82

28.80 30.82 20242  28.67 12.61 28.97 16.56 28.80 0.38 28.63 16.78 28.69 11.28

40.15 40.06 8.54 40.59 44.24 40.69 53.92 40.44 28.99

41.85 4191 6.48 41.41 43.85 41.85 0.14 41.02 83.22

46.05 47.06 100.59 46.02 2.80 46.06 1.36 46.55 49.53

48.50 48.40 9.51 48.92 41.79 48.23 27.00 47.03 147.18

51.40 51.44 4.12 51.57 17.40 51.33 7.40 51.56 16.49 51.17 23.02 50.33 106.81

52.90 52.47 43.17 52.75 15.03

59.10 59.37 27.23 59.04 5.74 58.65 44.95 59.28 17.92 59.40 30.19

60.90 61.18  27.99 60.76 14.45 60.96 6.18

62.60 62.79 19.39 62.61 1.13 63.30 69.78

64.65 64.22 43.37 64.82 17.25 64.90 24.67 64.39 26.11

65.90 65.92 2.06 65.98 7.61 65.71 19.29 65.63 26.75

66.70 66.82 11.79 66.88 18.27 67.68 98.44 66.82 11.61 66.56 13.54 66.87 16.83 66.56 13.54
68.25 68.55 30.28 68.01 23.64 68.29 3.95 68.53 28.00 67.28 97.23

Diff %: The percentage difference between the calculated 26 and the experimental ones.
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Table 4.2: The “Crysdiff” software data include only the diff % values to obvious view for the differences between the experimental 20 and

the calculated or theoretical ones.

20Exp diff % diff % diff % diff % diff % diff % diff % diff %

BaSh: Sb.0; Sb:0; BaO BaO
bulk Ba Sb BaSb: BaSbs; orthorhombic cubic tetragonal cubic
22.65 100.68  10.75 3.23

259 77.4 23.27 40.82

288 20242 1261 16.56 0.38 16.78 11.28

40.15 8.54 4424 5392 28.99

41.85 6.48 43.85 0.14 83.22

46.05 100.59 2.8 1.36 49.53

48.5 9.51 41.79 27 147.18

51.4 4.12 17.4 7.4 16.49 23.02 106.81

529 43.17 15.03

59.1 2723 574 44.95 17.92 30.19

60.9 27.99 14.45 6.18

62.6 19.39 1.13 69.78

64.65 43.37 1725 2467 26.11

65.9 2.06 7.61 19.29 26.75

66.7 11.79 18.27  98.44 11.61 13.54 16.83 13.54

68.‘25 3028  23.64 3.95 28 97.23
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Table 4.3: Data was given by “TREOR 92" software shows the entered experimental 20 , their associated intensity and what the diff % for

each expected structure.

20 Exp I diff % diff % diff % diff % diff % diff % diff %
BaSh: monoclinic orthorhombic cubic hexagonal trigonal tetragonal triclinic
bulk
22.65 1318 0 0 0 0 0 0
259 1131 0 0 0 0 0 0
28.8 1506 0 0 0 5.7 5.7 45 0
40.15 877 0 33 38 38 6.5 0
41.85 651 1.6 1.6 66.7 0 0 5 0
46.05 638 83 6.6 9.5 9.5 0.5 0
48.5 776 13.7 4 37 2.8 2.8 0.2 41.1
514 1642 8.3 49 1.1 1.1 2.1 1.5
529 716 4.6 9.8 5 5 04 12.3
59.1 1690 2.1 4.7 554 4.5 4.5 2.9 16
60.9 683 0.1 5.4 5.4 54 8.5 11.5
62.6 494 9.1 0.4 0.5 0.5 9.5 55.8
64.65 585 0.3 22 0.7 0.7 0.9 22
65.9 770 8.1 1.2 5.7 5.7 1.1 22.4
66.7 750 2.5 1.9 1.7 1.7 2.5 1.5

68.25 1456 1.9 7.3 67.9 7.8 7.8 6.9 15-.3
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As we concluded from the analysed “Crysdiff” software data and the “TREOR 92"

software data, the prepared alloys were BaSb; and exhibiting both of the monoclinic and

other minor phases. Our calculations of "phywe measure 4 " data (see table 4.4) showed

that the weight percentages of the monoclinic structure is 58.46% while that of others are

41.54%.

Table 4.4: Data obtained from " phywe measure 4 " software.

20 (°) Structure Area(cm?)
22.65 Monoclinic 1144.90
25.90 Monoclinic 572.70
28.80 Monoclinic 927.77
40.15 Monoclinic 549.95
41.85 Triclinic 515.75
46.05 Triclinic 403.57
48.50  Tetragonal 670.22
51.40  Trigonal 940.72
52.90  Tetragonal 491.48
59.10 Monoclinic 1141.80
60.90 Monoclinic 343.27
62.60 Orthorhombic 379.42
64.65 Monoclinic 418.67
65.90  Tetragonal 540.30
66.70 Triclinic 453.77
68.25 Monoclinic 1085.98

According to that concluded information we returned to “TREOR 92" original obtained

data to give the associated miller indices (hk/) for each peak (see figure 4.1). Inserting the

associated lattice parameters for the main structure (monoclinic) @, b, ¢, &, fand y by

“TREOR 92" which are shown in table 4.5.
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Table 4.5: The calculated lattice parameters of the prepared BaSbh, alloys and the

theoretical parameters of the mixing metals Ba and Sb.

BaSh; BaSh; BaSbs Ba Sb
experimental theoretical

a(A° 7.5746 5.18 10.81 3,02 4.31

b(A°) 7.8448 4.36 8.52 5.02 4.31
c (A% 7.3502 9.43 6.47 5.02 11.27
o 90.00 90.00 90.00  90.00  90.00
B 125,13 101.56 112.66  90.00  90.00
Y 90.00 90.00 90.00  90.00 120.00

Table 4.5 shows the lattice parameters of the prepared BaSb, alloys and its original
mixing metals Ba and Sb. It seemed clearly that lattice dimensions a, b and ¢ was
increased to 7.5746 A°, 7.8448 A° and 7.3502 A°, respectively, compared with Ba. The
same happened when comparing with Sb except that ¢ decreased from 11.27 A°to 7.3502
A°. From the value of a, B and v , we could conclude that there is a change in the structure
of the alloys compared with cubic Ba and trigonal Sb. This proved in the “TREOR 92"
data analysis. By comparing the prepared or experimental BaSb, with the theoretical one
in which the alloys are monoclinic [51], it is noticed that there is an increase in the value
of a and b from 5.18 A° and 4.36 A° to 7.5746 A®and 7.8448 A°, respectively, while ¢
decreased from 9.43 A° to 7.3502 A°. This may be assigned to the difference of structure
for the prepared alloys compared with the theoretical one since that our prepared alloys
is a multistructure of monoclinic and other minor phases while the theoretical one is just
monoclinic. We can support our suggested explanation by looking to the changes in the
values B from 101.56° to 125.13° which is another sign for the structure change or

transition. Looking to the experimental BaSb; alloys and the BaSbs alloys there is also a
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difference in the lattice parameters values which indicate a different structure and from

“Crysdiff” software a different alloys.

To reveal information about the structural parameters, we have calculated the interplanner
distance (d), crystallite size (D), stacking faults percent (SF%), dislocation density(d)
along the a, b, c- axis and strain (¢) from the broadening width () of the maximum

observed peaks using the relations (2.8-2.11). The obtained results are shown in table 4.6.

The targeted grain size usually depends on the nature of the material’s application.
Generally, a good mechanical strengths suggested to be achieved if the thinnest object
dimension is at least 10 times larger than the grain size [52]. That means, a 1.0 mm thick
wire would exhibit a grain size in the range of 100 um, and a 0.1 mm thick wire would
be its grain size less than 10 pm [52]. For our obtained grain size which is 27.26 nm
(0.02726 um) it means that if we take a 2.726 x 10 mm thick wire of the BaSb; alloys it
would be enough to give a good mechanical strength. Decreasing the grain size in fact is
the only mechanism by which both the strength and the toughness of an alloys is
increased. Other mechanisms of increasing strength lead to decreases in toughness. Grain
size also was found to have a noticeable effect on the risk of hot cracking [53], a small
grain size was more resistant of hot cracking than a large grain size [53]. As a result
comparison with titanium, zirconium and scandium [53]. BaSbz alloys bulk may be used
to promote a fine grain size. These alloys forming finely dispersed solid particles in the
weld metal. These particles of the alloys act as nuclei on which the grains form as
solidification proceeds. As appears in table 4.6, stacking fault which is a type
of defect characterizes or describes the disordering of crystallographic planes was found
to be 0.21%. That value is small enough to say that the BaSb, alloys planes structure is

ordered and have very small defect which make it nearly ideal crystal. As also appears in



38

the table the number of dislocations in a unit volume ofthe crystalline BaSb; alloys along
the ag-axis, b-axis and c-axis (8a, b, 8c) are (1.96, 1.89, 2.02) x 10! lines/cm? ,
respectively. The positive obtained value of the strain (¢) 2.69 x 103 indicated that we

have a tensile strain [ 54 ].

Table 4.6: The structural parameters of monoclinic phase of BaSb; alloys.

20 59.1
I (a.u) 1690
d(A") 1.56
(hkl) 124
D(nm) 27.26
SF% 0.21

8a(x10""lines/cm?)  1.96
3p(x10"lines/cm?)  1.89
8c(x10''lines/cm?)  2.02

£(10) 2.69
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4.2 Scanning electron microscopy results.

The scanning electron microscopy has shown that the produced BaSb: alloys are of
layered structure as seen from figure 4.2. Figure 4.3 (a) shows an enlargement of 500
times for the three layers. A close view of the layers is shown in figure 4.3 (b), (c) and
(d). Even for an enlargement of 10 K times as in figure 4.3 (d) one may observe an

irregular distributions of grains. The grain accumulations are not systematic.

‘f. : 2 ‘. : DK e
20.0 [KV] SP=15.0 WD =10.7 x 100 100 [um] AAUP

Fig 4.2: The three layers of the BaSb; bulk at 100 amplification.
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28.0 [KV] SP=11.0 WD =10.1 x5

28.0 [KV] SP=11.0 WD=9.7 x 1.0k 10 [um] AAUP
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28.0 [KV] SP=11.0 WD =9.7 x 10.0k 1 [um] AAUP

Fig 4.3: The top layer of the BaSb; bulk at different amplifications of 500,
1000,5000,10000 for a, b, ¢ and d respectively.
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The scanning electron microscopy images for an enlagemat of 1000 times ( figure 4.4 a)
which were collected from the surface of the second layer of BaSb; alloy has shown that
the surface contains discontineous cracks. Selecting an area and enlaging it 5000 times (
figure 4.4 b ) indicated that the cracks are of three different lengths and widths. These
cracks appeared better when the image is enlarged 10000 times ( figure 4.4 ¢ ). The widest
crack is 1.6 pm width and 4.5 um length. The narrowest are 400 nm width and 5.0 um

length (figure 4.2 , figure 4.4a).
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20.0 [KV] SP=15.0 WD =10.9 x 10.0K 1 [um] AAUP

Fig 4.4: The second layer of the BaSb; bulk at different amplifications (1000, 5000,
10000) for a, b and c respectively.



Figure 4.5 display the scanning electron microscopy images for the third layer being
enlarged 500, 5000 and 10000 times. The layer appears to be composed of thin peel
sheets. The peels are randomly oriented and randomly distributed. The peels length

could be as long as 10 um and exhibit width in the range of (1.6 - 5.0) um.
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28.0 [KV] SP=11.0 WD=10.2 x 10.0 K 1 [um] AAUP

Fig 4.5: The third layer of the BaSb, bulk at different amplifications nearly (500, 5000,
and 10000) for a, b and c respectively.
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4.3 Impedance Spectroscopy

To understand the AC electrical properties of the BaSb; alloys, the bulk samples were
excited with an AC signal of frequency that ranges from 0.01 to 1.8 GHz. As appeared in
figure 4.6, the applied AC signal resulted in a negative capacitance values (NC).
Indicating a wide range of applications. NC effect is used for vibration suppression [53]
or for semi-active vibration control in synchronized switch damping techniques [55]. It
is also found to be suitable for analog circuit applications in ferroelectric MOSFETS [56].
NC is useful for noise reduction [57-58]. Negative capacitance could also find uses in
many other applications like batteries [59-60] and super capacitors [61-62]. When a
change in charge is associated with an oppositely charging, the resultant voltage across a
material electrodes behave in such a way that a decrease in voltage leads to an increase
in charge, then a negative capacitance occurs [63]. This inverse relation between the
charge and voltage could enhance the voltage across the common dielectric material and
that gained voltage could reduce the supply voltage in a transistor so that making
computers and electronic devices energetically efficient [64]. The change of the dipole
energy at the interface between the different layers (as seen in SEM) of the BaSb; alloys

[65] and the polarization [66] could also be accounted for the NC effect.

In order to reveal more realistic information about the physics beyond the negative
capacitance effect we employed the Ershov-Qasrawi modified model for AC conduction.
The model assumes that the capacitance spectra are dominated by two parts. Namely, the
geometrical capacitance (Co) and dynamic capacitance (Ci). The dynamic capacitance
results from the dependence of the capacitance on the decaying current and on the

material plasmon frequency. It assumes negative capacitance for holes and positive
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capacitance for electrons. The model follows equation 2.46. In accordance with this
equation C- spectra display positive values whenever electrons dominates and negative
when holes are dominates provided that signals are oscillating against material plasmon

frequency.

0.0 1 =

R

-0.2 + Experimantal capaciatance

Therotical capaciatance

C(uF)

-1.4 T T T T T

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0
F(GHz)

Fig 4.6: Modelling of the experimental capacitance (the red line) with the theoretical or
calculated one (the blue line).

The experimental capacitance was modelled with equation 2.46 and showed a good
matching as appearing in figure 4.6. This matching was accepted since most of the
obtained capacitance data stick with the calculated capacitance. It means that the BaSb,
alloys capacitance will behave nearly as an ideal NC devices. The good correlation
between theory and experiment is achieved via the tabulated parameters shown in table
4.7. As appears in table 4.7 for a geometrical capacitance value of 10 pF as assuming a

rate of change of capacitance with time (a; ) being zero, one find a> of 80 F/s and plasmon



48

frequency of 60 MHz. It means large number of holes are injected forcing decrement of

the number of free electrons and resulting in the NC effect.

Table 4.7: The fitting parameters of the capacitance and conductance of BaSh, alloys.

Parameter Value
To (ps) 0.17
Thop (1IS) 16.00

v (ecm™) 200.80

N(Ep) (x10"® cm3eV)  330.00

oL(w) (x10° Qlem™) 98.00
on (W) (x10°Qlem?)  98.00

C, (pF) 10.00
an 0.00

ap 80.00

W, (GHz) 0.00
W, (GHz) 0.06

The conductance spectra of BaSb, alloys which are presented in figure 4.7 were measured
in the frequency range (0.01-1.80) GHz. The conductance (G) have a maximum value
nearly of 16.5 Q™ at 0.01 GHz. G started to decrease gradually till it reaches 1.0 Q! at
0.5 GHz. This value continues to be nearly the same in the range (0.5-1.3) GHz. After
this range of frequency it returns to continue decreasing but in a smaller rate till it reaches

0.01 Q' at 1.8 GHz.
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Fig 4.7: The conductance spectra for the BaSb, bulk in the frequency range (0.01-1.8)
GHz.

The conductivity (o) as a function of frequency (w) follows the relation o(w) =
Aw?® [36]. Figure 4.8 represents In(G) versus /n(w). As G is directly proportional to o
we assume G = o regardless of the dimensions of the bulk. The line fitting showed that

the slope nearly is s = -1, It means that there exist a correlated barrier hopping (CBH)

[36] mechanism in the samples.
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Fig 4.8: In(G) versus In(w) for a part of data to show the fitted line of their graph .

The conductance can be dominated by CBH, quantum mechanical tunnelling or both
mechanisms. The experimental Conductance was modelled with equations 2.22, 2.28 and
2.29 as seen in figure 4.9. The good correlation between the theoretical and experimental
data was achieved assuming the domination of both of QMT and CBH mechanism in the
samples. The data fitting resulted in the physical parameters which are shown in table 4.7.
This matching was accepted since most of the obtained data sticked in the CBH
conductance and since that s value was found to be -1 as we see in figure 4.8. In
accordance with the tabulated data, the scattering time (z,) is 0.17 ps which is much
shorter than the hopping time (thop). The phonon frequency (v ) was found to be 200.8
cm’ . The value is consistent with the assumed theoretical value 200 cm™ which is taken
around the reported values of the phonon frequency for the Ba compounds [ 67] as 200

cm’'. In addition, the obtained hopping parameters presented by the density of states near
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fermi level and the high and low frequency conductivities suggest that the produced
BaSb; alloys are exhibiting semiconductors characteristics. Our hot probe test shows that
our sample is a p-type material. The conduction type confirm the results obtained from
capacitance analyses. In the c-spectra modeling we have shown the hole injection is the

main reason for the apparent NC effect.
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Fig 4.9: Modelling of the experimental conductance (the red line) with the theoretical or
calculated one (the blue line).

As illustrated in figure 4.10, the applied AC signal showed a vibration in the impedance
as the frequency increases. The vibration in the Z spectra was noticed to be increased at
higher frequency nearly in the range ( 1.2-1.8 ) GHz. According to XRD analysis the
prepared alloys were found to be crystalline (multistructure of monoclinic and
orthorhombic), based on that result we could conclude that the vibration source is the
coupling between the different layers of the BaSb; alloys which were seen in the SEM.

The increased vibration in the high range of frequency may be assigned to the decrease
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in the time period. Since it is inversely proportional with the frequency, so that the atoms
couldn’t couple in a shorter time, they try to resist that by increasing their impedance. To
understand that, the impedance consists of capacitive and the resistive parts in which the
total effect of them the impedance spectra represent [36]. The low impedance values at
the frequencies below 1.2 GHz indicate that a high current will pass per unit voltage.

These conditions have application as voltage variable capacitor [36].

Z(Q)

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0

F(GHz)

Fig 4.10: The impedance spectra for the BaSb, bulk in the frequency range (0.01-

1.8)GHz.
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4.4 I-V Characteristics.

The I-V measurement showed that we have a linear behaviour as is shown in figure 4.11.
This indicated that the prepared BaSb; alloys have an ohmic electrical property [68] .
Looking again to the figure , it seems clearly that tﬁe [-V straight line nearly the same for
the three respective days , these lines indicated that our material is an ordered alloys
which means that the alloys contents atoms ( the Ba and the Sb atoms ) locates nearly

exactly in the lattice points [69] .
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Fig 4.11: the current voltage characteristics of BaSb, alloys.

The temperature dependent resistivity measurements showed that there is a temporary
metal insulator transition (MIT) .This phenomenon is provided in the theoretical part. The

behaviour of MIT was present observed in Vanadium dioxide (VO2) and mentioned to
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have potential applications as memory devices [70], ultrafast optical switches [71],
thermochromic windows [71] and as an energy-efficient smart windows [72]. As figure
4.12 illustrates a MIT at temperature Tmir nearly ( 40.5, 73.2, 96.6 ) K for the applied
voltage values of ( 0.05, 0.02 ,0.03)Volt , respectively. In other words the MIT
phenomena happened at different points for different applied voltage which provided
different electric fields (E ) according to the relation E = V/ 1, » With L being the distance
between the electrodes which is 4 mm in our work . So the Twmir is (40.5, 73.2, 96.6) K
subjected to different fields (12.5, 5, 7.5) v/m, respectively. This variation in the
temperature at which the MIT happened owing to electric field excitations is not easily
interpreted. Some reasons like the degree of disorder, the band overlap, impurity

concentration, etc could be suggested as we mentioned previously in chapter two [40].
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Fig 4.12: The resistivity-temperature variations of the BaSb; bulk.
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Chapter five

Conclusions

In this thesis, we have produced new class of BaSb, alloys by the thermal evaporation of
the stoichiometric metals of Sb and Ba. The alloy was studied by the x-ray diffraction,
scanning electron microscopy, impedance spectroscopy and temperature dependent
electrical resistivity . The main structure of the BaSb, alloys is monoclinic which also
comprise other minor phases. In general, the alloys contained crystallites of sizes of 27
nm and contain low defect density. As an important class of application, BaSb; alloys
exhibited negative capacitance effect over a wide range of radio and microwave
frequencies. It also displays conductance spectra that could be altered with signal
frequency. One important reveal about these alloys is their metal-insulator transitions.
The metal insulator transitions is observed at low temperatures and is found to be highly
dependent on the applied electric fields. Still the optimisation of a single structural phase
of the BaSb; alloys is a challenge and need further investigations. For this reason we
nominate altering the melting time and heating rates to optimise better crystalline phase

of BaShb; alloys as a future work.
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