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Abstract

Design and characterization of WO,/Li/WOj3 heterojunction devices
By
Shorooq Sameer Mihdawi

Supervisor

Dr. Muayad Abu Saa & Prof. Dr. Hazem Khanfar

In this thesis, we targeted exploring the effects of lithium nano sheet on the structural and
electrical properties of WOj; films. The WOs5 films which are coated by the thermal
evaporation technique under a vacuum pressure of 10~ mbar are highly influenced by the
Li nano sheet. Namely, Insertion of Li nano sheets of thicknesses of 50 and 100 nm
resulted in metal induced crystallization process. Two structural phases evaluated
because of Li nano sheet sandwiching. The induced crystallization process is owed to the
large lattice mismatch between films and substrates and films and nano sheets. In
addition, the electrical investigation which were carried out by the impedance
spectroscopy technique have shown that; stacked layers of tungsten oxide comprising Li
nano sheets can perform as microwave resonators. Resonance anti-resonance phenomena
is observed in the samples. Moreover, the capacitance spectra which we studied in the
frequency domain of 0.01-1.8 GHz have shown the dominants of negative capacitance
effect. This effect is beneficial for parasitic capacitance cancellation and noise reduction
in electronic circuits. Furthermore, the WO3/LI/WO3 device seems to be used in

application as thin film MOSFET that can be used digital and analog circuits.



Vi

Contents
Title Page
List of Tables viii
List of Figures X
List of Symbols X
Chapter One Introduction and Literature Survey 1
Chapter Two Theoretical Approach 4
2.1 The X-ray Diffraction 4
2.2 Bragg's Law 4
2.3 Scherrer Equations: 5
2.4 Structural Proprieties 6
2.5 Impedance Spectroscopy 9
2.5.1 Series RLC Circuit 9
2.5.2 Capacitance and conductance analysis 12
2.5.3 Frequency Dependent Conductivity 15
Chapter Three Experiment Details 17
3.1 Thin Film evaporation 17
3.2 XRD System 19
3.3 Spectroscopy Experiment Details 19
3.4 Current-Voltage Measurements 20
3.5 Hot Probe Technique 21
Chapter Four Result and Discussion 22




vii

Chapter Five

References

uaslall

4.1 Structural X-ray Diffraction (XRD)
Characterization

4.2 Impedance Spectroscopy

4.2.1 Capacitance Spectroscopy

4.2.2 Conductance Spectroscopy

4.3 Current-Voltage Characteristics

Conclusion

22

25

25

29

31

33

34

38




viii

List of Tables

No Title Page

2.1 The 3-D Bravais lattices for solid-state materials and their 7
conditions

(2.2) The 14 lattice types shape of Bravais lattice in three dimensions 8

“4.D Scherrer equation for Nano scale crystallites of the sample 24
WO;LiWO;-100nm

(4.2) Modeled capacitance variables for AuWWC,AuWLWC-50-, 27
AUWLWC-100-.

4.3) Modeled conductivity variables for AuWWC 31




List of Figures

No Caption Page No
(2.1 The schematic diagram of Bragg’s law 5
(2.2) Series RLC circuit 9
(2.3) Current-Voltage relation of series RLC circuit 10
(2.4) The impedance triangle of a series RLC circuit 11
3.1 3D sketch of the thin films of WO3andWO3;LiWO; 17
(3.2) The 600 VCM evaporation system 18
(3.3) The Rigaku MiniFlex 600 X-ray unit. 19
3.4 Agilent 4291B RF impedance analyzer 20
(3.5 The current (I)-voltage (V) characteristic analysis. 21
4.1 XRD patterns of WOs: Li thin films for different Li thickness 22
4.2) The Capacitance spectra of (a) AuWWC, (b) AuWLWC-50-, and 26
(c) AuWLWC-100- samples

4.3) The modelled curve of the capacitance of (a) AuWWC, (b) 28
AuWLWC-50-, and (¢) AuWLWC-100-

4.4 Conductance spectra of WOs3: Li thin films for different Li 29
thickness In the range of 0.01-1.8 GHz

4.5) Modeled curve of conductivity of AuWWC sample 30

(4.6) The current -voltage characteristics (a) AuWLW-50- (b) 32

AuWLWC-100, and (c) AuWWC




List of Symbols

Symbol Symbol Meaning

Li Lithium

WO; Tungsten Oxide

A Wavelength

D Inter-planner distance

® Bragg angle

N Integer

Hkl Miller indices

D Crystallite size

B Full width of the peak at half maximum (FWHM) measured in
radians

€ Lattice strain

) Dislocation density

SF % Stacking faults

QMT Quantum mechanical tunneling

CBH Correlated barrier hoping

MESFETS Metal Semiconductor Field Effect Transistors
MOSFETs Metal Oxide Semiconductor Field Effect Transistors

NBs Nanotube bundles

DFT Density-Functional Theory
QS A stabilization of quasi-static
FE Ferroelectric

DE Dielectric

SS sub-threshold slope

NC Negative capacitance




Chapter One

Introduction and Literature Survey

WO; is an important compound due to its huge application in many fields, such as
telecommunications, chemical catalyst, optical devices and electrical communications. For
example: It was found that the Pd-WOj3; and/or Au-Pd-WOj; nano composites decorated with Au
24 wt% and Pd 0.48 wt% showed exemplary sensitivity as sensor [1],whereas the
complementarity of the WO3-TiO, layers, result in complement between each other, thus leading
to efficient electro chromic performance [2]. More and more the transfer of mass phenomenon,
electrostatic attraction, and reduction reaction were the primary processes for Cr(VI) ions
elimination. These findings revealed that the synthesized WO; exhibited a high potential for
wastewater treatment [3]. Also, Modification of WO; for enhancing toxic gas sensor
performances. In addition, the discussion of the sensing mechanism, future opportunities as well
as challenges will be addressed thereby can inspire research progress on WOs-based toxic gas
detection sensors [4]. In addition WOj3 one of the most promising photo catalysts for solar water
treatment technology and has a specific attention was paid to its properties [5]. The more
preferable of WO3 nanorods with high aspect ratio would be used in advanced ethanol sensor

application [6].

There are many techniques to synthesize WO; films such as WOj thick films on a rough
and smooth glass substrate by hydrothermal method and then heated to a temperature of 400-
degree Celcius [7], also nanostructured WOj; thin films were prepared by electron beam

evaporation on glass substrate and investigated their ethanol gas sensing properties [8].



Furthermore using WOs3 thin films formed by differential scanning calorimetry in the
temperature [9]. A facile one-step pulsed-voltage electro deposition PVE is used to prepare nano

porous amorphous-crystalline dual-phase tungsten trioxide WOj; thin film [10].

WO; has much desired proprieties which make it preferable for researchers including the
structural and electrical ones. WO3 films appear deep-blue and colorless under the applications of
negative and positive electrical fields, respectively. In Li+ electrolyte, the electro chromic
features of WOs3 films are related to the insertion/extraction behavior of Li+ ions [11]. WOs
varies on its shape according at what acidic and temperature it is composed may be it would be a:

monoclinic, tetragonal, cubic, orthorhombic, and hexagonal [12].

Doping WOs is a target to get good benefits in forming thin films with perfect properties,
such as efficient photo catalysts is the main bottleneck in practical applications of photo catalytic
degradation of organic pollutants. Herein, N-WO3/Ce,S; nanotube bundles (NBs) are synthesized
and successfully immobilized on a carbon textile, resulting in a flexible and conducting photo
catalyst. Due to the large interfacial area between N-WO; and Ce,S3 [13]. Hence, in order to
improve the efficiency of photo catalysis, it is necessary to accelerate the transfer of photo-
generated electron holes and inhibit their recombination. Based on energy band engineering
theory, the band gap of CN is changed by adjusting the doping proportion of B element to better
match the energy band of WO3, and the optimal energy band state is achieved [14].

In this thesis, the preparation and the formation of WOs/Li/WOs; heterojunctions will be
discussed. Namely, the structural properties will be studied by means of X-ray Rigaku

diffractometer. In addition, the impedance measurements, electrical characteristics, and the



energy band gap formation will be investigated. In the second chapter, the important theoretical
investigations that are needed to determine the physical constants are reported and some of the
important derivations are shown. In the third chapter, the experimental details that were carried
out during preparation and characterization are reported. In the fourth chapter, we report the
important 3 measurements and the related interpretations of the results. In the last chapter, the

conclusion remarks are mentioned.



Chapter Two

Theoretical Approach

2.1 The X-ray Diffraction:

X-ray diffraction analysis helps in determining the nature of the materials whether it is
amorphous or crystal, and to estimate some variables such as crystal grain size, broadening,

lattice constants, inter planner distance using Bragg law.
2.2 Bragg Law:

The hypothesis is to imagine Bragg's diffraction as a reflection of X-rays on the surface
of imaginary "mirrors" formed by atomic planes in the crystal lattice (shown as horizontal lines
containing scattering centers) in figure (2.1). Due to the repetitive nature of the crystal, these
planes would be separated by a constant distance d. The two X-ray beams of wavelength A arrive
in phase onto the respective imaginary planes, with an angle of incidence 0, and form a wave

front where Bragg law then is
2dsin® = n.A 2.1

Withn=1,2,3......



Figure (2.1) The schematic diagram of Bragg’s law.

2.3 Scherrer Equations:

Scherrer equation is by taking the derivative of Bragg's law, the wavelength constant been vary

then Bragg spacing and the diffraction angle to vary, take derivative of Equation (2.1) in d and 8
yields:

2Ad cos6 AB = A, since A can be positive or negative the absolute value must be taken and it
reflects the half-width of the peak so 2A8 is the peak of full-width at half-maximum ().

Ad reflects the crystallite thickness:

Ad = 2B 22)

cosO

If a Gaussian function (rather than a triangle function) is used to describe the peak a pre factor of

0.94 occurs so the Scherrer equation is given by

0941
B cos6

(2.3)

Where Bis the full-width at half maximum. So,



0942
~ BcosB

(2.4)

2.4 Structural Properties

The X-Ray diffraction pattern shows maximum intensity when the incident wave-vector
coincides with the reciprocal lattice vector of the crystal. Thus, a change in intensity correlates to
a change in crystallinity [15].  Crystal characteristics such as grain size (D), strain (g),
dislocation density (6) and stacking faults (SF). These parameters are calculated from the
broadening width B (FWHM) of the most intensive peak by using the following relations, Grain

size (D) is the diameter of individual grain in the crystal.

_0.94A
- B cosB

(2.5)

Strain (¢): is the ratio of contraction or expansion in bonds lengths to the original bonds’ lengths
e = [/4tand (2.6)
Dislocation density (8): is a measure of the total length of dislocation lines per unit area.

8 = 15¢/aD (Lines/cm2) (2.7)

Where a is the lattice constant along the a-axis. (SF): is a type of defects which staking faults

characterizes the disordering of crystallographic planes. It is considered as planar defect.

. 2m2pB
SF = 45v/3tan0 (2.8)

There are fourteen Bravais lattice in 3-dimentional that distributed in seven groups (structures)

represented in Table 2.1.



Table (2.1): The 3-D Bravais lattices for solid-state materials and their conditions.

Name Lengths of edges Values of angles

Triclinic (aP) h#h#h ) # 0y # 0
Monaclinic (mP) h#h#1 o =0 =90° # 0t
Trigonal (hR) h=h=h Oy = 0y = 0y # 90°
Hexagonal (hF) h=h#l 0 =120%0, = 0 = 90°
Orthorhombic (oP) L #h#1 0y =0y = 0y = 90°
Tetragonal (1P) h=h#l 0 =0, = 0y = 90°
Cubic (cP) h=h=h 0y = 0,y = 03 = 90°




Table 2.2 The 14 lattice types shape of Bravais lattice in three dimensions.

System Bravais Lattice

Cubic

Orthorhombic

Tetragonal

Monoclinic

Triclinic

Trigonal

Hexagonal




2.5 Impedance Spectroscopy:

2.5.1 Series RLC Circuit

R L C
—AAN—YYN |
| i
Ve W Ve |

i(t) =1, Sin(ﬁ)t) m
—~ \Y

Vs
Figure (2.2) Series RLC circuit.

Series RLC circuits consist of a resistance, a capacitance and an inductance connected in series
across an alternating supply as shown in figure (2.2). The amplitude of the source voltage across
all three components in a series RLC circuit is made up of the three individual component

voltages, Vg, VL and V¢ with the current common to all three components.

Ve = IR (2.9)

V, = lwL (2.10)
1

Ve=— (2.11)

Where, I is the current, R is the resistance, w is the angular frequency of the source, L is the

inductance and C is the capacitance. The term wL called the inductive reactance and it is denoted

by X,. Also, the term of é is called the capacitive reactance and denoted by X
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Since the inductive and capacitive reactance’s (XL and XC respectively) are a function of the
supply frequency, the sinusoidal response of a series RLC circuit will therefore vary with
frequency, f. Then the individual voltage drops across each circuit element of R, L and C

element will be “out-of-phase” with each other as defined by:
[(t) = Lpay sin(wt) (2:.12)

The instantaneous voltage across a pure resistor, Vi is “in-phase” with current. While the
instantaneous voltage across a pure inductor, Vi, “leads” the current by 90°. The instantaneous
voltage across a pure capacitor, V¢ “lags” the current by 90°. Therefore, Vi and V¢ are 180°

“out-of-phase” and in opposition to each other.

For the series circuit in figure (2.2), this is shown in figure (2.4) as:

Vg in-phase Vi leads I VclagsI i\i\
— -
|
A
S T VAP U S |
R
e [T

Figure (2.3) Series RLC circuit.

By applying, Kirchhoff’s voltage law for both loop and nodal circuits, which states that around
any closed loop the sum of voltage drops around the loop equals the sum of the EMF’s. This

gives us the amplitude of the source voltage, Vs as:
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I
Vs =IR + lwL + — (2.13)
The voltage triangle for a series RLC circuit gives that:
Vs = (Ve* + ((V, = Vo)HV/? (2.14)

By substituting the values of Vg, V,, and V. into the above equation, Vs will take the form,

Vs =I(R*+ (X, - X))YV2=1Ix2Z (2.15)
Where:
Z=(R?+ (X, —X)»)V/? (2.16)

The amplitude of the source voltage is proportional to the amplitude of the current with
proportionality constant called the impedance of the circuit. The overall impedance depends on
the resistance and the inductive and capacitive reactance of the circuit by the relation (2.39),

which can be represented by an impedance triangle as shown in figure (2.4).

2 2 ; 2 XL
Z =R +{_XL-XC} *

,L Xr=X -Xe
) |
©y
Xc

Figure (2.4) The impedance triangle of a series RLC circuit.

The phase angle 6 between the source voltage Vs and the current [ is the same as for the angle

between Z and R in the impedance triangle. The phase angle may be positive or negative in value



12

depending on whether the source voltage leads or lags the circuit current and is calculated from

the ohmic values of the impedance triangle as:

cos(@) =-§— , sin(@) = EXL;—XC)

, tan(@) - w

- (2.17)

2.5.2 Capacitance and Conductance Analysis

Capacitance or admittance spectroscopy gives an insight into the device physics, provided that
the experimental data are correctly interpreted, quite often the capacitance exhibits highly non-
trivial characteristics, most notable of which is the phenomenon of negative capacitance (NC)

[16].

There are three general ways to deal with NC: Firstly, with the incremental charge approach,
describing device operation is solved for voltages V and V +AV (AV is small). The incremental
charge distribution in the device 8Q(x) is separated into positive and negative components AQ
and —AQ then the capacitance C=AQ/AV, but there is no rigorous procedure for the separation of

incremental charge distribution into positive and negative parts.

Secondly, by the sinusoidal steady-state analysis (SSSA) approach, the system of the time-
dependent equations is linearized, but this way needs solution of a system of equations for each
frequency to obtain the frequency dependence of capacitance. The third way is the method based
on the Fourier analysis involves calculation of the transient response of the device to a small

time-dependent voltage excitation (usually in the form of a step-function).

Let consider transient current in a semiconductor device in response to an applied voltage step

SVSV() = V({© = V(0-)= AVE (b (2.18)
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81(6) = 1(t) = 1(0-) = [I() = I ()] 8() + [I () ~ 1 (0-)]6(®) (2.19)
Where 6(t) is unit step function, applying that
C() = 5 Im[Y()] (220)

where Y (w) = 8l(w)/ 8V (o) is the device admittance relating the small-signal harmonic current

flowing through the terminals and small-signal voltage (81, §V ~ e i"“)

The quantities with “+” and “~” superscripts denote single-sided values of the discontinuous

functions, for example, V (0-) = limt—0 V (1), T < 0.

In equation (2.18) the transient current 8I(t) into the step-like component (DC conductivity) and

transient current 8J(t) = [I(t) — I(c0)] 6(t), so that 8J(t) — 0 as t — co.

Substituting the Fourier expansions of equations (18) & (19) into formula (20), and noting that

JZ B8(®et dt =1/ (in)

(Strictly speaking, to ensure convergence of this integral, replace w by o — i0), we obtain the

following expression for admittance:
Y () =iw [°8I(t) e™ @t dt 2.21)

Separating the real and imaginary parts in formula (2.21), we obtain the expressions for the

capacitance and conductance G (o):

C(w) = 1/AV [78](t) cos wtdt (2.22)

G (@) = (I () = [(0=))/AV + w /AV [ §](£) sin wt dt (2.23)

where,
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G (w) =Re [Y (w)].

In general, the transient current 8J (t) contains an impulse-like component and a slowly varying

relaxation component:
6] (t) = COAV & (t) + &j(t) (2.24)

Here 3(t) is the delta-function,CO (which is also called a feed through capacitance or “cold”
capacitance), assuming that application of a voltage step results in an instantaneous change of

charges on the contacts.

Substituting (2.24) into (2.23) & (2.22) we get:

C(w) = €O + (1/AV) [ §j(t) cos wtdt

(2.25)

G (w)

G(0) + (0 /AV) [ §j(t) sinwt dt (2.26)
Using integration by parts, we get:

C(w)

CO + (1 /wAV) [*[—(d8j(t)/ dt])sin wt dt
(2.27)

G () = G () + (1/AV) [ d8j(t) dt cos wtdt

(2.28)

Following Atef Qasrawi approach [16] which is based on the charge monotonic/non monotonic

variations we assume the presence of two different frequency domains (w, w ,] and (w- w , ]
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here w, and w;, are the limits of frequency domains in the n and p- regions, respectively. As a

result, equation (2.18) as follows
Cl =AQ/AV = (1 /wAV) fom[—( ddj(t)/ dt])sin (w — wn)t dt (2.29)

By assuming that the transient response is composed of negative and positive exponential

components (arising from charge transport from both sides of the device) given by

(=)
8j(t) = AV(an e \"m/ — a, e(-¥/tP)) (2.30)
and executing the integral of equation (2.29), the C(w) takes the form

Cw) = Co + ity @y 2.31)

A+(w-wn)2td)  (1+(w-wp) ?t2)

2.5.3 Frequency Dependent Conductivity

In general, the electrical conductivity is proportional to the signal frequency. It is invariably has

the form [17], [18],
o(w) = Aw’ (2:32)

The loss mechanisims should have a wide range of relaxation times 7 in order to give this
behaviour of AC conduction. The value of the exponent s = 1 indicates that the distribution of
relaxation times n(7) is inversely proportional to T and o(w) becomes linearly dependent on

frequency. In this case, the relaxation time takes the following form,
§ = T6" (2.33)

Where, £ is a random variable.
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The behavior of the conductivity or(w) usually results from two current conduction
mechanisims, the Quantum mechanical tunneling OTunneling(@) and the corellated barrier

hoping o¢py (w). Thus, the conductivity may take the form,

= _ -1
GT(a)) = (O-ﬁ}nneling + O-CBIH) (2-34)

The Quantum mechanical tunneling (QMT) theory suggests that & = 2aR. While, in situations
where the corollated barrier hoping (CBH) dominates, the random variable is £ = exp (— %)
Where, a™* is the spatial decay parameter which describes the localized state at each site. « is
assumed to be constant for all sites (¢~ & 10A4°), R is the intersite separaetion and Ej is the
hopping barrier hight.

Orunneling (@) and o¢py (w) are expreesed by the following equations,

2

Orunneting (@) = 5 KTa™ (N(ER) R} (2.35)
L)—o(H
ocen(w) = o(H) + %(a):()_z) (2.36)

In the previous equations, N(Er) is the density of localized states at the Fermi level, R, =

1

— ln(wir) is the hopping distance at a particuler frequency (w), 7, which is equal to the inverse
o

of the phonon frequency (v), is the charecteristic relaxation time, o (L), o(H) relate to the low-
and high- frequency conductivity values, respectively, and 7, = 7, exp (— ﬁ), where, Ey , as

we mentioned befor, is the hight of potential barriers that the hols hope over. The frequency
dependence of o(w) in equation (2.34) can be deduced by executing the derivative s =

din(o(w))/dIn(w). This gives, for quantam mechanical tunneling ,



17

=] - (2.37)
" [ew

The charge carriers transfer by the QMT process when o(w) exhibits an increasing trend with

frequency and s decreases with increasing frequency [17], [18].

Chapter Three

Experiment Details

3.1 Thin Film Evaporation

In this work two cycles of evaporating Au/WO3/Li/WO3 /Au with different lithium nano
sheet thickness of 50-nm-,100-nm- using VCM-600 evaporation in figure (3.1) technique under

vacuum pressure 2x10™ mbar. The steps of evaporation process as follows:
1) A glass slide is cleaned by alcohol then inserted in ultrasonic shaker for about 20 minutes.

2) After that, they dried from alcohol, so the slides were ready to be used in the evaporating

system.

3) 0.2gm of WO; was weighed and inserted in a boat.

4) The slides were attached to the evaporation holder of the evaporation system
Two samples are prepared as follows:

1) Auw/WO;-0.5um-/Li-50nm-/WO3-0.5um-/ Au named as (AuWLWAu-50-)
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2) Au/WO3-0.5um-/Li-100nm-/WO; -0.5um-/ Au named as (AuWLWAu-100nm-) was
evaporated, through this trial a sample of Au/WO3-0.5um-/ WO3-0.5um-/Au named as

(AuWWAu) was evaporated without Lithium as illustrated in figure (3.1).

Glass/WO,/LilWO,

Glass/WO,/WO,

T S AT T L
TR K S v e S s s LT

Figure (3.2) The 600 VCM evaporation system.

Thermal evaporation technique is used to form a heterojunction structure. To deposit a
tungsten oxide by using evaporation technique as shown in figure (3.1) on a cleaned glass at
(item 1). After that, the samples are fixed on a metal plate (item 2) which is located over the
evaporation source (item 1). The movable shutter (item 3) which is located between sample and

the boat is used to control the evaporation proses through deposition. Quartz crystal monitor
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(item 4) is used to measure the thickness of tungsten oxide. The second run is a layer of lithium
in different thicknesses (0,50 and 100 nm) deposited on a WO3 layer. The final run is a 500 nm

WO; is deposited over the WO3 layer. Thus, (WO3 /Li /WO3) heterojunction is formed.

Figure (3.3) The Rigaku MiniFlex 600 X-ray unit.

3.2 XRD System

The Rigaku diffractometer shown in figure (3.3) equipped with Ka radiation of a copper

anode of average wavelength 1.5405 A at 40 KV and 15 mA is used to study the crystal
nature of Au/WOs-1um- and WOs3/Li/WOj3 interfaces. The 20 range of 10°-70° with a step
0.1° scan the components of XRD system are a monochromator, a slit set, a detector and a
sample holder. The sample is fixed on a holder by clay and its moves by 26 angle. The
detector counts the intensity through an angle of 26 and the slits are used in order to adjust

the size and shape of the x-ray beam of 5.0°/min.

3.3 Spectroscopy Experiment Details
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A three samples with carbon contact [ AuWWC, AuWLWC-50- and
AuWLWC-100-] were prepared to measure the values of impedance (Z), resistance
(R), parallel capacitance (Cp,), series capacitance (Cs), conductance(G), reactance(X),
and reflectance (p) by using an ac signal from impedance analyzer(10MHz-1.8GHz)

spectrometer.

AT BB R B S AL e

Figure (3.4) Agilent 4291B RF impedance analyzer.

3.4 Current-Voltage Measurements
Using Keithley 6485 Pico meter and Keithley 230 voltage power supply connected by
MATLAB software packages with a Low-noise coaxial cables to reduce external defects

which measures a current in less than 1.0 pA for three samples : AuWWC, AuWLWC-
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50-, AUWLWC-100-. The current voltage (I-V) setup at room temperature is shown in

figure (3.5).

Figure (3.5) The current (I)-voltage (V) characteristic analysis.

3.5 Hot Probe Technique

Hot Probe technique is used to determine the type of conductivity the material
weather it is n-type or p-type. This test is carried out by using a voltmeter and heater
source. The hot probe (which is connected to heater source) is connected with positive
terminal of the multimeter while the cold probe is connected to the negative terminal of
the multimeter. A positive voltage reading on the multimeter indicating n-type
conductivity material while negative voltage reading indicating p-type material.

Carroing out this test on the used samples resulting in Lithium (Li) is a p-type and WO3

is a p-type too.
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Chapter Four
Result and Discussion

4.1 Structural X-ray Diffraction (XRD) Characterization

Au(220)

—_
=
-
-
A
3
<

AuWLW-100-

AuWLW-50-

1o

Auww

10 20 30 40 50 60 70

20

Figure (4.1) : XRD patterns of WOs5: Li thin films for different Li thickness

In this study, we will refer the abbreviations AuWLWAu to represent two stacked layers
of WO; comprising Li nano-sheets between its layers (WLW). The three stacked layers are
sandwiched between two Au films AuWLWAu. It is evident from the figure that stacked layers

of WO; comprising no Li nano sheets exhibit amorphous structure. The sharp pattern related to
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face centered cubic gold being best oriented along (111) direction. It is also noted that increasing
the thickness of Li layer to 100 nm enhanced the crystallinity of WO3;. For AuWLW-100- a
strong peaks with mixed phases having a maxima at 20={16.3", 26.6", 35.55°} with
corresponding inter planner distances{0.548,0.334,0.252 A} due harder in finding the lattice
constants the work uses the literature values of a=7.30 A, b=7.52 A, ¢c=3.84 A, y= 0=90° and
p=90.76¢ [19]. These peaks establish of a monoclinic structure with unknown original at 26
=17.82’, respectively forming the other peaks at 20={32.1", 40.3", 54.02°} with interring planner
distance { 0.279,0.224,0.169 A} of tetragonal structure type with a calculated lattice constants
a=b=5.3 A, c=4.17 A, y=p=0=90"[19]. Using Measure software packages, we found 75.49% of

the structure is monoclinic and 24.5% is a tetragonal as in addition of the Pd promoter, ZrO2
maintained the same structure as its unprompted analog. In the 12 cases of W-Zr, upon Pd
addition weak diffraction lines corresponding to the monoclinic phase appeared, while the
diffraction peak corresponding to the tetragonal phase became less intense. Evidently, addition of
the Pd complex and calcination led to partial collapse of the original tetragonal phase into the
monoclinic phase [20].

Using the Scherrer equation for Nano scale crystallites to calculated the crystallite size
(D-nm-), strain (g), dislocation density (8-line/cm?) and stacking faults (SF%) from the
broadening width (B-rad-) of all observed peaks using the relations, D = 0.9 / (B cos (0)), € =
B/(4tan(0)), & =15* ¢ /(D*a) and SF= 7B / (45*V (3*tan(0)), respectively. The calculated
structural parameters presented by grain size of D=83.40(nm), and strain & =1.36x10>, and
dislocation density of 8a = 1.048*10"(line/cm?) are obtained from the broadening of the

maximum peak. These parameters including the stacking fault percentages are given in table 4.1.
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Table (4.1): Scherrer equation for Nano scale crystallites of the sample WO3;LiWO;-100nm-

Material 20 peak Ipeak B-rad- D-nm-  Strain SF% d a-
(a.u) *107 ¥107 monoclinic-
35.6 1248.0 1.8 &3 1.36 0.08
WO;LiWO;-
100nm-

The induced crystallisation by insertion of Li is probably assigned to the insertion
process of Li cation between the tungsten oxide(III) with radius of 68-pm- [21] exerted a stress
in the bond between W-O with a length of {2.51,1.01 A } for monoclinic and tetragonal,
respectively. That is caused a weaken in the W-O bond leading to form a desirable change to a
mixed crystal phase which preferred in fabricating electronic devices. The previous studies
explains defects presence in which losing the Oxygen or absorption it indicates to form a
sensitive surrounding may lead to a sensor. In recent computational study from a DFT
perspective, the nature of O vacancies can be divided according to the basis of different
exhibited features:

(1) The density distribution of the excess charge in the ground state and the induced structural
relaxation around the defect. In the work of Bondarenko et al investigated polar on hopping in O
deficient and lithium doped in monoclinic y-WO3 using the DFT method calculations on alkali
atom intercalated WO;3 have also revealed a robust and profound correlation between the
electronic properties and the crystalline structure of this material.

(2) The magnetic or nonmagnetic nature of the ground state;

(3) The energy required to create an O vacancy in the pristine material (formation energy).
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(4) The electronic properties of the defect states formed in the band gap [22].

The lattice mismatches (A%) between Au and WO;, along c-axis are calculated using equation:

o/ —aAu-awo3
A% aAu

Where aAu is the theoretical lattice constant of Au which is equal to 407.8pm and aWOj5 the
lattice constant of calculated up which in both monoclinic and tetragonal along c-axis. The lattice
mismatch between Au and monoclinic of WOj3 is 5.8% while the lattice mismatches between Au
and tetragonal one is 2.3%. This is large enough to force strained nature of growth of WOs also
it explains the extension in the lattice constant . The large lattice mismatch indicates a large

quantum confinement, which is showing a fabricated device.

Throughout the XRD analysis, it is noticeable transitions illustrated by the splitting of the
maximum peak in figure (4.1) to many reasons like the changes in temperature, pressure,

chemical synthesis, which involve internal atomic rearrangements [23].

4.2 Impedance Spectroscopy

The impedance spectra for the samples under study are investigated in the spectral range
of 10-1800 MHz. The amplitude of the signal is 0.1V. The top contact of the sample was made

of carbon. Carbon was selected because it forms good bonding with film surface.

4.2.1 Capacitance Spectroscopy:

As illustrated in figure (4.2) the capacitance spectra of AuWWC shows maximum near 0.2
GHz, then it reaches a resonance at 0.423 GHz and anti-resonance at 0.452 GHz after that it

remains constant up to 1.4 GHz falls to minimum value. When Li+ nano sheets are participated
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as shown in figure (4.2-b) multi resonance at 0.091,0.652,0.928 GHz occur and anti-resonance
happens at near 0.082,0.616,0.937 GHz, respectively, the resonance—anti resonance peaks it

appears the coincidence between the materials Plasmon frequency and the incident AC signal

10.5

(a) 2
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Figure (4.2): The Capacitance spectra of (a) AuWWC, (b) AuWLWC-50-, and (c) AuWLWC-100-
samples

frequency. As the signal frequency exceeds that of Plasmon (limiting) frequency, the electric
dipoles loses their ability to feel the incident field and return to its steady state case [24] it shows
that negative capacitance effect (NC) which appears due to the negative drain-induced-barrier-
lowering instep slope Hysteresis-free Negative capacitance MoS2 Transistors [25]. The correct
interpretation of NC can be based on the analysis of the time-domain transient current in

response to a small voltage step or impulse, invlolving a self-consistent treatment of all relevant
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physical effects (carrier transport, injection, recharging, etc.) [26]. NC appears in the case of the
non-monotonic or positive-valued behaviour of the time-derivative of the transient current in
response to a small voltage step [15]. NC effects promises to reduce the voltage requirement in
conventional complementary metal-oxide-semiconductor transistors below what are otherwise
believed to be the Boltzmann limit [14]. The (NC) effects devices are used as noise reducers,
parasitic capacitance cancellers and as signal amplifiers. NC effect is reported resulting from the
depolarization field that produces a decreasing voltage across the capacitance while the induced
charge is increasing. It is also believed that the NC effect could have resulted from a minority
charge injection caused by the accumulation of minority carriers at the crystallite boundaries
[15]. When increasing Li+ concentration as in figure (4.2-c) also NC appears and a resonance at
0.424 GHz then it remains constant. Capacitance is modelled by Qasrawi-Ershov model to
explain the observed resonance and anti- resonance peaks and negative capacitance.
Experimental data of the capacitance of three above samples are reproduced in accordance with
equation (2.30) and displayed in figure (4.3). The figure indicates good consistence between the
experimental and theoretical data. Table (4.2) shows the fitting parameters of capacitance for
AuWWC,AuWLWC-50- and AUWLWC-100-.

Table (4.2) Modeled capacitance variables for AuWWC,AuWLWC-50- AUWLWC-100-.

Material ta(s) tp(s) wn (Hz) wp,(Hz) a a GCoF
AuWWC 5%10~ 4*%10°  2.7*%10° 2.7%10° 1 1 7.1%10°
AuUWLWC-50- 1*10° 79%10°  7*108 5.8¥10% 3 1 1*107"2

AuWLWC-100- 2.8*10% 1*10°  27*10° 21*10° 1 13.6 1*10"?
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From the data illustrated with figure (4.2) there is a decrease in geometrical capacitance Cy from

7.1nF to 1.0 pF as evaporating Li+ ions as the same as the geometrical capacitance decreases in

interfacing with the a-In,Se; with CdS and decreased more when CdSe is evaporated onto CdS.

This is because the three materials exhibit three different statics and high frequency dielectric

Cs (nF)

Cs (pF)

Cs (pF)

10.5

95 (a)
8.5

75 fitting

6.5 1
5.5 1
4.5 1
3.5
25 T T T T T T T T

Auwwc

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6

Freq (GHz)
2

1.8

(b)

1.5 1

1

s, = BV EUER

~—r

AuWLWC-50-

fitting

1 7
- T T T T T T T T

0.8 1 1.2 14 1.6

Freq (GHz)
25

1.8

20 -
15 A
10 -
5_

(c)

-

» AuWLWC-100-

fitting

0.2 04 0.6 0.8 1

Freq (GHz)

1.2 14 1.6

1.8

Figure (4.3) The modelled curve of the capacitance of (a) AuWWC, (b) AuWLWC-50-, and (c)
AuWLWC-100-



constant values [26]. It is also observed through a direct measurement of negative capacitance in
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polycrystalline HfO,-based thin films. Other models such as the observation of room temperature

sub-60 mV/dec subthreshold slope (SS) in MOSFETs with ferroelectric (FE) layers to propose a

model clarifying under which conditions a QS “apparent NC” for an FE layer in a FE-DE bi-
layer stack may be observed, quantifying the requirements of strong interface polarization

coupling in addition to capacitance matching. In this regime, our model suggests the FE layer

does not behave as an NC layer, simply, the coupling leads to both the DE and FE behaving as

high-k DE with similar permittivity [27].

4.2.2 Conductance Spectroscopy
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Figure (4.4) Conductance spectra of WOs: Li thin films for different Li thickness
In the range of 0.01-1.8 GHz
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AuWWC shows a positive increasing to the curve with a maxima peak at 0.424 GHz then again
increase as increasing in frequency and exhibits another two peaks at 1.423. and 1.550 GHz, the
AuWLWC-50- G-Freq curve demonstrated a negative G in the interval 0.01-1.1GHz this
phenomenon which was observed in In GaAs/InAlAs avalanche photo detector was assigned to
the field-induced inter valley transfer excess electrons from the conduction-band minimum to the
energetically higher, low-mobility valleys [28]. In addition, AuWLWC-100- has to be curved
less rapidly than the two other samples and its maxima around 1.416 GHz.

By doing modeling on conductivity for AuWWC sample and illustrated it in Figure (4.5) using

equations(2.34) to calculate the theoretical conductivity we find that

100.00

o (nQ'em™)

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8
Freq (GHz)

Figure (4.5) Modeled curve of conductivity of AuWWC sample
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A well matching between theoretical and experimental approaches according to the calculations
with to 0.2 ps and tp,,=0.05 ns these values in table (4.3), there is a complete dominate in the
electric conductivity by correlated barrier hoping, having low and high frequency o(L) and
o(H) conductivities values of 4.Ox10'9(Q'lcm'l) and 0.01(Q'cm™), respectively. The phonon
frequency corresponding a value of v=166.67(cm™), the density of localized states at the Fermi

level exhibits a value of N (Ef) = 800.0 x10'® cm?eV.

Table (4.3) Modeled conductivity variables for AuWWC.

Variables Measurement
Co 45.0(pF)
To(ps) 0.2
Thop(ns) 0.05
vQlem™) 166.67
N(Ep) (x10" cm™eV) 800.0
o(L) x (107 Qlem™) 4.0 x107
o(H) x (102 Q'em™) 0.01

4.3 Current-Voltage Characteristics:

Under dark condition and room temperature, the positive terminal of the voltage source is
connected to the Au side and the negative electrode is connected to the C side. A direct
proportional relationship between Current-Voltage (I-V) is illustrated for the three different
thickness of Li as shown in the three figures of figure (4.6). For AuWWC indicates an Ohmic

behavior of the compound, as Li+ in figure (4.6-a) for AuWLWC-50- there is no changing in the
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Ohmic behavior just the current values become much smaller than in (a) , also in AuWLWC-
100- in figure (4.6 b) the attitude of the current does not adapt only become much greater in
values, From current-voltage (I-V) measurements of WO5/Ti device, the ohmic-contact implies
the formation of the metal-semiconductor junction with very less barrier height (@g) and it helps

to the trapping of generated electrons for potential photo detector [29].
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Figure (4.6) The current -voltage characteristics (a) AuWLW-50- (b) AuWLWC-100, and (c) AuWWC
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Chapter Five

Conclusion

In this thesis, we have studied the structural and electrical heterojunction devices. From the
structural analysis, show that the effect of Li layer on the WLW heterojunction obviously
through its crystallinity improvement of the films. Furthermore, the increase in Li thickness from
50 to 100 nm leads to decrease in the stress. From the impedance point of view, the AC signal
analysis of a AuWWC has small maximum near 0.2(GHz) then it reaches a resonance at (0.423)
GHz and anti-resonance at 0.452(GHz), also AuWLW-50nm-multi resonance {0.091, 0.652,
0.928} (GHz) occurs and anti-resonance happens at near {0.082, 0.616, 0.937} (GHz). The
resonance—anti resonance peaks is assigned the coincidence between the materials Plasmon
frequency and the incident AC signal frequency which indicate the possibility of using the device
as a wave trap.Also, Capacitance is modelled by Qasrawi-Ershov model to explain the observed
resonance and anti- resonance peaks and negative capacitance .On the other hand, the
conductance measurement AuWWC shows a positive increasing in the curve with a maxima
peaks at 0.424 GHz then again increase as increasing in frequency and exhibits another two
peaks at 1.423. and 1.550 GHz, the AuWLWC-50- G-Freq curve demonstrated a negative G in
the interval 0.01-1.1 GHz verified that valley transfer of excess electrons.On the other hand ,
By doing modeling of conductivity for AuWWC a complete dominate in the electric
conductivity by correlated barrier hoping ,having low-and high-frequency

o(L),c(H)conductivities values of 4.0*10'9(Q'lcm'l),0.0I(Q'lcm'l)respectively.
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