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ABSTRACT 

The main objective of this thesis is to investigate the impact of some of the 

physical characteristics, such as barrier heights, electron affinity, and other 

parametric studies such as the thickness of the potential barrier (thickness 

of insulators) and materials types, on the electrical characteristics of the 

tunnel diode. These parameters are simulated using Silvaco TCAD 

software. Al/Al2O3/Al and Al/Al2O3/Au MIM diodes have been simulated 

to study the impact of using similar and dissimilar electrodes on the 

current-voltage (I-V) curve of MIM diode. The results revealed that the 

symmetric diode does not behave as a tunnel diode. Its result indicates that 

this structure works as an open circuit.  The asymmetric diode has a very 

asymmetrical I-V curve and also has large FOM, where Figures of merit 

characterize the performance of a specific device or system. The influence 

of the barrier heights for dissimilar electrodes has been simulated using 

scenarios; firstly by varying the barrier height from the anode side and the 

other by varying the barrier height from the cathode side. Simulation 

results revealed that the change in the work function (φ) of the anode does 

not produce much difference in the tunnel current. Secondly, the impact of 

the barrier height variation from the cathode side has been studied. The 

results revealed that the current-voltage curve depends strongly on the 

work function of the metals, where the structure has a large difference 

between left and right work functions that produce a large forward current 

with lower turn-on voltage.  In the third part of the present work, the 

impact of the barrier height variation with a fixed barrier difference has 

been investigated, using different metals on both sides. Although these 

structures produce a fixed work functions difference, but the result reveals 

that the I-V responses of the diodes are qualitatively related to the barrier 

height. The influence of insulator thickness has been studied on the 

performance of the MIM diode. The simulation results show that 

decreasing the thickness of the insulator leads to an increase in the tunnel 
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phenomenon. Since electron affinity is an important physical parameter of 

the materials, the current study involved its impact on the electrical 

characteristics of a MIM diode. When using a set of different insulators, 

with different electron affinity. The results show a higher asymmetrical 

current voltage for the insulator (Al2O3). Subsequently, the equivalent 

circuit of the MIM tunnel diode is represented in ADS software based on 

the results of the Silvaco to study the scattering parameter (S11) at higher 

frequencies. The obtained results reveal a low value for S11 (-28 dB) for the 

structure that has less insulator thickness. This result indicates that junction 

capacitance has a high effect on S-Parameter (S11). 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



VII 
 

 

 Subject Page No 

 Abstract  

 List of Contents  

 List of Tables  

 List of Figures  

 CHAPTER ONE  

INTRODUCTION AND LITERATURE REVIEW 
 

1.1 INTRODUCTION 2 

1.2 LITERATURE REVIEW 4 

1.3 AIM OF THE WORK 9 

1.4 ORGANIZATION OF THE THESIS 9 

 CHAPTER TWO 

PRINICIPLES OF QUANTUM MECHANICAL 

TUNNELING AND MIM TUNNELING DIODE 

 

2.1 INTRODUCTION 11 

2.1.1 PN JUNCTION AND SCHOTTKY BARRIER DIODE 11 

2.2 QUANTUM MECHANICAL TUNNELING 13 

2.3 METAL-INSULATOR-METAL(MIM DIODE) 17 

2.4 DIELECTRIC FILM CONDUCTION MECHANISMS 20 

2.4.1 ELECTRODE-LIMITED CONDUCTION 

MECHANISM 

21 

2.4.1.1 THERMIONIC EMISSION 22 

2.4.1.2 TUNNELING THROUGH FOWLER-NORDHIEM 22 

2.4.1.3 DIRECT TUNNELING 23 

2.4.1.4 THERMIONIC-FIELD EMISSION 24 

2.4.2 BULK-LIMITED CONDUCTION MECHANISM 25 

2.4.2.1 POOLE-FRENKLE EMISSION 26 

2.4.2.2 HOPPING CONDUCTION 26 

2.4.2.3 OHMIC CONDUCTION 26 

2.4.2.4 SPACE-CHARGE LIMITED CONDUCTION 27 

2.4.2.5 IONIC CONDUCTION 27 

2.4.2.6 GRAIN-BOUNDARY LIMITED CONDUCTION 27 

2.5 CONDUCTION MECHANISM OF MIM DIODE 27 

2.6 CHARATERISTICS OF MIM DIODE 29 

LIST OF CONTENTS 



VIII 
 

2.6.1 ASYMMETRY 30 

2.6.2 NONLINEARITY 30 

2.6.3 RESPONSIVITY 30 

2.6.4 RESISTIVITY 31 

2.7 ELECTRICAL MODELING OF MIM DIODE 31 

 CHAPTER THREE 

SIMULATION SOFTWARE 
 

3.1 INTRODUCTION 35 

3.2 ATLAS INPUTS AND OUTPUTS 35 

3.3 DECK BUILD 36 

3.4 STRUCTURE SPECIFICATION 37 

3.4.1 MESH 37 

3.4.2 REGION 38 

3.4.3 ELECTRODES 39 

3.4.4 QUANTUM TUNNELING MESH 40 

3.5 MATERIAL MODELS SPECATIONS 41 

3.5.1 MATERIAL 41 

3.5.2 MODELS 41 

3.5.3 CONTACT 41 

3.6 NUMERICAL METHOD SELECTION 42 

3.7 SOLUTION SPECIFICATION 42 

3.7.1 LOG 42 

3.7.2 SOLVE 42 

3.7.3 SAVE 43 

3.8 RESULTS ANALYSIS 43 

3.9 INTRODUCTION TO THE ADS SOFTWARE 44 

3.9.1 MIM DIODE REPRESENTATION IN ADS 44 

 CHAPTER FOUR 

SIMULATION RESULTS AND DISCUSSION 

 

4.1 INTRODUCTION 47 

4.2 INFLUENCE OF USING SYMMETRIC AND 

ASYMMETRIC ELECTRODES 

47 

4.3 INFLUENCE THE BARRIER HEIGHTS ON THE 

PERFORMANCE OF MIM FOR DISSIMILAR 

ELECTRODES 

53 

4.3.1 IMPACT THE BARRIER HEIGHTS VARIATION 

FROM THE ANODE SIDE 

53 

 

 

 



IX 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

2.3.4 

 

IMPACT THE BARRIER HEIGHTS VARIATION 

FROM THE CATHODE SIDE 

59 

4.3.3 IMPACT THE BARRIER HEIGHTS VARIATION 

WITH FIXED BARRIER DIFFERENCE 

66 

4.4 INFLUENCE OF INSULATOR THICKNESS ON THE 

PERFORMANCE OF MIM DIODE 

70 

4.5 IMPACT THE INSULATOR ELECTRON AFFINITY 

ON THE PERFORMANCE  

74 

4.6 RF CHARACTERIZATION 79 

4.6.1 MIM DIODE CHARACTERIZATION 79 

 CHAPTER FIVE 

CONCLUSIONS AND FUTURE WORKS 
 

5.1 CONCLUSIONS 89 

5.2 SUGGESTIONS FOR FUTURE WORKS 91 



X 
 

 

Subject 

 

Page No 

(2.1) PN junction diode at zero voltage bias  12 

(2.2) Schematic of schottky diode 13 

(2.3) Tunneling of the electron 14 

(2.4)Tunneling of electron waves across a potential barrier 15 

(2.5) Energy band schematic of MIM diode 19 

(2.6) Dielectric films conduction mechanisms 21 

(2.7) Schottky emission energy band diagram 22 

(2.8) Schematic of Fowler-Nordheim tunneling energy bands 23 

(2.9) Direct tunneling energy band diagram 24 

(2.10) Thermionic-Field emission in MIS 25 

(2.11) Poole-Frenkle emission energy band diagram in MIS structure 26 

(2.12) Energy band diagram of an asymmetric metal in MIM diode at 

zero, forward, and reverse bias 

28 

(2.13) (a) Conventional Diode Characteristics Curve (b) MIM Diode 

Characteristics Curve 

29 

(2.14) Equivalent circuit of MIM diode 31 

(3.1) Atlas inputs and outputs 36 

(3.2) Atlas command groups 36 

(3.3) Mesh creation using Atlas syntax 37 

(3.4) Tunnel junction region 38 

(3.5) Electrodes of MIM diode 39 

(3.6) Quantum tunneling mesh of MIM diode 40 

(3.7) Equivalent circuit of MIM diode in ADS software 45 

(4.1) Proposed structures of the MIM diode with symmetric and 

asymmetric electrodes 

48 

(4.2) I-V characteristics curve of symmetric and asymmetric MIM diode 50 

(4.3) a) Asymmetry, b) Nonlinearity, c)Resistivity, and d)Responsivity 

of proposed MIM diode 

52 

(4.4) Energy band diagram of proposed MIM diode 54 

(4.5) I-V characteristics curve for fixed cathode metal MIM diode 56 

(4.6) a) Asymmetry, b)Nonlinearity, c)Resistivity, and d)Responsivity 

for fixed cathode metal MIM diode 

58 

(4.7) Energy band diagram for fixed anode metal MIM diode 60 

LIST OF FIGURES 



XI 
 

(4.8) I-V characteristics curve for fixed anode metal MIM diode 61 

(4.9) a)Asymmetry, b)Nonlinearity, c)Resistivity, and d)Responsivity 

for fixed anode metal MIM diode 

63 

(4.10) a)Asymmetry, b)Nonlinearity, c)Resistivity, and d)Responsivity 

as a function of increasing work functions difference(  -    
65 

(4.11) Energy band diagram for constant barrier potential MIM diode 67 

(4.12) I-V characteristics curve for constant barrier potential MIM diode 67 

(4.13) a)Asymmetry, b)Nonlinearity, c) Resistivity, and d)Responsivity 

for constant barrier potential MIM diode 

69 

(4.14) Energy band diagram of MIM diode with different thicknesses of 

insulator 

71 

(4.15) I-V characteristics curve with various thickness for MIM diode  71 

(4.16) a)Asymmetry, b)Nonlinearity, c)Resistivity , and d)Responsivity 

for various thicknesses  MIM diode 

73 

(4.17) Barrier heights of MIM diode with different insulators 75 

(4.18) I-V characteristics curve with different insulators for MIM diode 76 

(4.19) a)Asymmetry, b)Nonlinearity,c)Resistivity , and d)Responsivity 

for different insulators MIM diode 

78 

(4.20) Equivalent circuit of MIM diode 81 

(4.21) I-V characteristics curve of MIM diode have different insulators 81 

(4.22) Equivalent circuit model of proposed MIM diode in ADS 83 

(4.23) S-Parameters of proposed MIM diode in ADS 84 

(4.24) I-V curve of MIM diode with variable thickness of insulators 84 

 

 

 

 

 

 

 

 

 



XII 
 

 

Subject Page No 

Table (4.1) The structures of symmetric and asymmetric MIM 

diode 

49 

Table (4.2) Parameters extracted at zero bias of MIM diode 51 

Table (4.3) The structures of MIM diode with fixed cathode 

metal  

55 

Table (4.4) Parameters extracted at zero bias of MIM diode 57 

Table (4.5) The structures of MIM diode with fixed anode 

metal 

60 

Table (4.6) Parameters extracted at zero bias of MIM diode 62 

Table (4.7) The structures of MIM diode with constant barrier 

potential  

67 

Table (4.8) The structures of MIM diode with different 

insulators 

75 

Table (4.9) Theoretical and simulation parameters extracted 

at zero bias of MIM diode 

84 

Table (4.10) Theoretical and simulation parameters extracted 

at zero bias 

87 

 

 

 

 

 

 

LIST OF TABLES 



XIII 
 

 

ABBREVIATIONS 

 

DESCRIPTION 

MIM Metal-Insulator-Metal 

Al Aluminum 

Al2O3 Aluminum Oxide 

Au Gold 

I-V Current-Voltage 

FOM Figures of Merit 

SiO2 Silicon dioxide 

MI
2
M Metal-Insulator-Insulator-Metal 

MI
3
M Metal-Insulator-Insulator-Insulator-Metal 

ZrO2 Zirconium dioxide 

HfO2 Hafnium oxide 

ADS Advanced design system 

DC Direct Current 

AC Alternating Current 

THz Terahertz 

Nm Nanometer 

QW-ASPAT Quantum Well-Asymmetric spacer tunnel 

TOV Turn-on voltage 

NDR Negative Differential Resistance 

M Metal 

SE Schottky-Emission 

MIS Metal-Insulator-Semiconductor 

F-N Fowler-Nordheim 

FNT Fowler-Nordheim tunneling 

P-F Poole-Frenkle 

IF Forward Current 

IR Reverse Current 

2D Two Dimension 

QT Quantum Tunneling 

MDS Microwave design system 

S-Parameter Scattering parameter 

LIST OF ABBREVIATIONS 



XIV 
 

Cd Cadmium 

Co Carbon monoxide 

Pt Platinum 

Ba Barium 

Ta Tantalum 

La Lithium 

Zn Zinc 

Ni Nickel 

Cu Copper 

Ir Iron 

Zr Zirconium 

3D Three Dimension 

RF Radio Frequency 

A/W Ampere per watt 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



XV 
 

 

SYMBOL 

 

DESCRIPTION 

m Electron mass 

r Position vector 

V(r) Potential Energy 

E Total Energy of electron 

ћ Reduced Plank’s constant 

     Wave function vector 

   Effective mass 

A Amplitude of the signal 

K Wave vector/ Propagation constant 

J Current Density 

Q Electron charge 

T(EX) Tunneling probability 

F Fermi distribution function 

V Applied bias 

T Temperature 

K Boltzmann constant 

Ef Fermi level 

  Barrier Height 

  Work function 

𝜒 Electron Affinity 

T Dielectric’s thickness 

q   Barrier Energy level 

q   Trap Energy level 

I Current 

V Voltage 

   Junction Capacitance 

   Junction Resistance 

   Series Resistance 

   Cutoff frequency 

A Constant area 

LIST OF SYMBOLS 



XVI 
 

d Thickness of insulator 

   Relative dielectric constant 

   Vacuum permittivity 

D Transmission probability 

L Length 

P Resistivity 

EG Band-gap 

   Constant Barrier Height 

   Cathode work function 

   Anode work function 

    Difference work function in metals 

  φ Difference work function 

dt Change in dielectric thickness 

   Top edge of the valence band 

   Bottom edge of the conduction band 

 

 

 

 

 

 

 

 

 

 



1 
 

Chapter One 

Introduction and Literature Review 



2 
 

CHAPTER ONE 

Introduction and Literature Review 

 1.1 Introduction 

Finding new energy sources that are efficient, safe, and affordable is 

required due to the periodic demand for energy. Although fossil fuels are 

frequently employed because of their effectiveness, they are very expensive 

and unfriendly to the environment. Solar cells are one of the major energy 

sources; however, because of the restricted band gaps of semiconductors 

and their high cost, they are not as efficient as fossil fuels. However, 

considering that the Earth receives 1000 W/m
2
 of sunlight at sea level on 

clear days, the sun continues to be a considerable source of energy [1]. 

Because of the sun's abundant energy, researchers have developed novel 

methods for converting solar energy to electricity. A rectifying antenna, 

commonly known as a rectenna, is one of the energy harvesting tools that 

turns solar radiation directly into electricity. The antenna, rectifier system, 

and DC pass filter make up the rectenna. After receiving electromagnetic 

radiation from the antenna, the rectifier directs the current in one direction. 

To enable DC power output, the current is then converted to a direct 

current (DC) by the DC pass filter. The visible and infrared spectrums are 

where the sun's radiation is strongest. The rectifier in the antenna must react 

very quickly to rectify the current at these high-frequency ranges (THz). 

Due to their quick response, tunnel diodes are a type of diode that can 

correct the current at high frequencies. A MIM diode (Metal-Insulator-

Metal) is a nano-electronic device that consists of an ultrathin insulator 

layer sandwiched between two metal contacts. MIM diodes have shown 

promise in a variety of high-frequency applications such as infrared 

detection [2]. Solar energy harvesting and wireless power transmission [3] 

are two examples. Focus has been placed on MIM diodes because of the 

rising demand for high-speed electronics with compact physical footprints. 
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Due to their rapid quantum tunneling conduction process, MIM diodes are 

useful; it has terahertz (THz) frequency applications capability. The MIM 

diode's primary function in any system is to correct a high-frequency (THz) 

AC signal to DC. A strong current at forward biases compared to a low 

"near-zero" current at reverse biases is required by the ideal diode current-

voltage (IV) characteristic. The Figures of Merit (FOM) are three measures 

that have been found to describe a diode's rectification performance [4]. A 

diode that achieves the highest FOM is capable of effective rectification. 

The FOM quantifies the nonlinearity of the IV response of a diode. The 

ratio of forward current to reverse current is referred to asymmetry, and 

values greater than one denote rectification. Nonlinearity is the degree of 

sharpness in the turn on a specific area of the IV curve. Lastly, 

responsiveness measures the amount of DC produced per unit of AC 

power. Selected metals, insulator materials, and insulator thickness have an 

important impact on the MIM Diode's properties. To achieve the tunneling 

current as the basic mode of transport in a MIM diode, the thickness of the 

insulator should be less than 10nm [5]. MIM diodes come in two varieties: 

symmetric and asymmetric. The insulator barrier's heights on both sides are 

affected by whether the metals on the two sides are similar [6] or dissimilar 

[7], and this feature is accomplished by utilizing different metals. The 

barrier heights are defined as the difference between the work function of 

the metal and the insulator's electron affinity at metal-insulator interfaces. 

There are two different potential barrier values between first metal and the 

insulator, as well as between second metal and the insulator if just one 

insulator is employed. These two interfaces have an impact on the 

breakdown and turn-on voltages depending on the work functions of the 

metals [8]. 
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1.2 Literature Review 

 During the first century of the 1960s, MIM diodes have been studied by 

NASA [9]. In 1982 NASA coming up with the idea of capturing solar 

energy using a MIM diode [10]. Between the antenna and the diode, 

there was a coupling efficiency issue [11].  

 According to Gustafon [12], efficiency is constrained by difficulties in 

the fabrication process. Yet, according to Landsberg [13], sounds have a 

93% limit on coupling efficiency.  

 Subsequently, a study by Bareib et al [14] stated that MIM nano-diodes 

with a 93nm diameter can perform properly up to 219 THz. Due to the 

femto second rapid transport mechanism of quantum tunneling, MIM 

diodes can function at the THz range [15]. As a result of that, MIM 

tunnel diodes starting was fabricated and widely used in high-frequency 

applications. 

 S. Krishnan et al in 2007 [16] fabricated an asymmetric planar thin film. 

Tunnel diodes made of metal-insulator-metal at room temperature with 

NiO as an insulator layer sandwiched between Ni and Au, Cr metals as 

cathode and anode respectively. They found that the contact area and 

dielectric thickness play a vital role in improving the detector's current 

where an increase in the detector current from 1.5 nA to 0.8 mA was 

obtained by tailoring these parameters. These outcomes support the 

conduction mechanism via tunneling and are consistent with theoretical 

assumptions. The nonlinearity and asymmetry of this structure suggest 

that it is helpful in the infrared spectrum. The authors demonstrated how 

the current-voltage (I-V) characteristics of tunnel diodes are asymmetric 

as a result of the construction and layout asymmetry, which enhances 

the performance of the diode. 
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 k. Choi et al in 2010 [17] studied the tunneling phenomena for Metal-

Insulator-Metal by using similar and dissimilar electrodes (polysilicon-

SiO2-Ti, Au) and (Ni-NiO-Ni). The results of fabricated illustrated that 

asymmetric electrodes have sensitivity and I-V curvature reach 71% and 

350% respectively, while symmetric diode reaches 15% and 39%. 

 P. Periasamy et al in 2011 [18] succeeded in fabricating the MIM diode 

with an ultrathin layer of Nb2O5 as an insulator layer and used the same 

metal on the cathode (Nb) with different eight metals on the anode (Hf, 

Nb, Ti, Cu, Ag, Cr, Au, and pt), to study the effect of    on the 

performance of the device, via an approach to novel bent wire point-

contact. Quantitative analysis of the eight devices clearly shows that the 

rectifier properties (fASYM and fNL) are influenced by Δφ. 

 Aydinoglu in 2013 [19] fabricated MIM diodes made of (Pt/Al2O3/Al) 

and (Cr/Al2O3/Cr) to show how the materials affected the current-

voltage (I-V) curve. It is demonstrated that when compared to the 

(Cr/Al2O3/Cr) MIM diode, the (Pt/Al2O3/Al) MIM diode exhibits a large 

asymmetrical I-V curve. This asymmetry in the materials leads to 

enhancing the performance of the MIM diode. A recent investigation to 

ascertain the impact of metals on rectification performance was reported 

by many authors. The study shows that it is sufficient to choose the 

metals such that their work functions differently to achieve desired 

rectification characteristics (high asymmetry and nonlinearity). 

 Simultaneously, in the same year according to a study done by S.Grover 

and G.Moddel in 2013 [20] two processes for enhancing the 

effectiveness of multi-insulator diodes were investigated. Single and 

multi-insulator metal diodes could be created using either of these 

mechanisms. To determine the appropriate choice of insulators and 

barrier thicknesses, two double-insulator (MIIM) diodes based on these 

mechanisms are simulated and their characteristics are compared with 

MIM diodes. The simulations demonstrated that double-insulator diodes 
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had a higher responsivity than single-insulator diodes. Since single-

insulator diodes have a restricted responsive range, double-insulator 

devices can achieve both required qualities. 

 Aparajita Singh et al, in 2014 [21] fabricated MIM diode with single-

insulator layer (Ni-NiOx-Cr) and MIIM diode double-insulator (Ni-

NiOx-ZnO-Cr) tunnel diodes. They observed enhanced asymmetry in 

the case of bilayer at low voltage. Also, the sensitivity of the device 

improved in the case of the added second insulator layer. These results 

proved that the second insulator increased from the transport through 

the tunneling. 

 Shilpi Shriwastava et al, in 2018 [22] a thorough investigation into MIM 

diodes was carried out, highlighting improvements in the design and 

production of diodes. Fabricated (Al/AlOx/Gr) MIM diode, exhibited 

highly asymmetric current-voltage characteristics with large current 

density and a good degree of nonlinearity. An asymmetricity exceeding 

2500 and the corresponding current density up to 1 A/cm
2
 were obtained 

at a voltage bias of 1 V. The peak nonlinearity was 3.8. The 

(Al/AlOx/Gr) MIM diode with Grafin element has a great deal of 

promise for its possible usage in rectification in recta phones because 

these performance metrics are extremely desirable for rectification 

operations.  

 Su Jin Heo et al, in 2018[23] examined the characteristics of basic, flat 

MIM diodes that use a tunneling mechanism by fabricating vertical 

metal cylinder array structures for high rectifying effects. The flat MIM 

diodes fabricated have single and double insulators. They show that the 

MIIM diode using double insulator layers has enhancement in 

asymmetrical I-V characteristics and illustrated more Nonlinearity and 

Asymmetry. They proved that the MIIM diode can have high 

rectification useful for THz applications. 
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 Daisuke Matsuura et al, in 2019 [24] suggested a novel tunnel diode 

double insulator made of (Pt-TiO2-TiO1.4-Ti) with an oxygen-non-

stoichiometry-controlled homo interface structure (MOx/ MOxy). A 

current density of MIIM diode 4.6*10
6
 A/m

2
 was achieved which is 400 

times greater than that of a (Pt-TiO2-Ti) MIM diode. It is shown that the 

MIIM diode may achieve a current density of 10
8
 and an asymmetry of 

0.9 by adjusting the insulator layer's thickness. This led to an increase in 

the optical rectenna efficiency by 10,000. 

 S.B. Tekin et al, in the year 2021 [ 25]fabricated tunnel-barrier rectifiers 

that included a single insulator layer(Al2O3) in (Au-Al2O3-Ti), and a 

triple insulator layer composed of(Ta2O5-Nb2O5-Al2O3) to study the 

current-voltage characteristics also figures of merit(fAsym and fNL)for the 

structure(Au-Al2O3-Ti) diode  responsivity reached to 0.6 A/W at zero 

bias, whereas the MI3M demonstrated asymmetry reach 6 at low 

voltage 0.1v and responsivity reach 4.3 A/W at 0.35v. This 

enhancement is a result of using triple insulators on these structures to 

make them useful in optical applications. 

 Abdullah Alodhayb et al, in 2021 [26] proved that using an extra barrier 

at the interfaces of the oxide lead to enhancing both Asymmetry and 

Nonlinearity properties. After comparing the simulation results of the 

MIM and MIIM diodes, the MIIM diode has higher dynamic resistance 

than a MIM diode for the same overlap area and thickness. Also the 

Nonlinearity and Asymmetry are more pronounced in the MIIM diode. 

MIIM diodes have indicated an ability superior to MIM diodes in terms 

of rectification capability. 
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 Sana Abrar, and Muhammad Bilal et al in 2022 [27] fabricated a Metal-

Insulator-Insulator-Metal (MIIM)diode with a double bilayer of insulators 

(SnO2, NiO) with symmetric electrodes (Cr), via e-beam evaporation. 

Results show smooth dense and uniform coating was obtained with a 

small thickness of insulators. The Nonlinearity and Sensitivity reach 2.6 

and 9.0 v
-1

, respectively, at1.5 v. They showed that this nanostructured 

(Cr/SnO2/NiO/Cr) diode is useful for future rectification devices. 

 Fatima M. abdelHamied et al  in2022 [28] constructed and studied A 

rectangular spiral nano-antenna (NA) design coupled rectifier diode, using 

a double layer of insulators between asymmetric metals that have different 

work functions to enhance the performance rectifying diode. They achieved 

higher results in a MIIM diode compared with MIM, where resistance 43.6 

kΩ, Responsivity 7.73 A/W, and Asymmetry 45, all at zero bias in a MIM, 

while a MIIM diode achieved higher Responsivity and Asymmetry reached 

18.9 A/W and 100 respectively. 

 Shamil. H et al in 2023 [29] built, analyzed, and compared innovative well-

barrier QW_ASPAT diodes with the traditional Quantum-well ASPAT 

devices (QW-GaAs and QW-InGaAs) and ASPAT diodes. The results of 

the simulation show that the KV is enhanced for GaAs devices from 13v
-1

 

to 32.5v
-1

 and for In0.53Ga0.47As devices 33v
-1

. Results for this 

enhancement proved that this proposed QW-ASPAT tunneling diodes can 

be used in the high-frequency applications.  

 After reviewing the previous literature. We noted that the majority of the 

MIM diode works are fabricated. In this thesis, we simulated the MIM 

diode to study the effect of physical parameters and their impact on 

electrical characteristics. The results were discussed in chapter four. 
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1.3 AIM OF THE WORK 

The current work focuses on investigating the physical characteristics, 

such as the barrier heights, the thickness of the dielectric films, and 

tunnel diode materials and their impact on the electrical characteristics 

of the tunnel diode. These can be reached to these results by using small 

barrier heights that increase the forward current at a lower turn-on 

voltage (TOV). The thinner dielectric films increase the probability of 

quantum mechanical tunneling. Also increasing the difference in the 

work functions between metals gives a higher FOM for the MIM tunnel 

diode. 

1.4 ORGANIZATION OF THE THESIS 

There are five chapters in the thesis. The following is a summary of the 

chapter's outline: 

 Chapter one includes a general introduction for MIM tunnel diodes and 

literature review. 

 In chapter two, the principles of quantum mechanical tunneling of MIM 

diodes are covered. 

 Chapter three describes the methodology of simulation MIM diode in 

Silvaco software. 

  In chapter four, the simulation results and discussion of MIM diode are 

stated. 

 Finally, in chapter five, the conclusion and suggestions for future works 

are presented.  
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TUNNELING AND MIM TUNNELING DIODE 
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CHAPTER TWO 

Principles of Quantum Mechanical Tunneling 

And MIM Tunneling Diodes 

2.1 Introduction 

Semiconductor electronic devices have emerged as a crucial building block 

in the development and application of intelligent systems that operate at 

high speeds and high frequencies in the modern technological era. 

Development of nano-semiconductor technology is a direct result of intense 

work being put forth simultaneously in many other fields. The 

groundbreaking Esaki and Tsu's work, who investigated novel quantum 

structures while engineering band gap devices by stacking layers of various 

semiconductors, is largely responsible for the advancements in this era [30, 

31]. As a result, in the 1980s, the development of super lattice 

semiconductors and the notable impacts of resonant transport and quantum 

wells over thin barriers began to flourish [32]. The fundamental physics of 

electrons in semiconductor hetero-structures was established at that time. 

This laid the groundwork for the crucial quantum confinement principle for 

semiconductor technologies. This was swiftly followed by the appearance 

of new notions and structures that were carefully investigated. 

2.1.1 PN junction and Schottky barrier diode 

PN junctions are commonly utilized in diode, transistor, and solid-state 

circuits. A PN-junction diode is formed when a p-type semiconductor is 

fused to an n-type semiconductor creating a potential barrier voltage across 

the diode junction. So in the middle, the neutral equilibrium state breaks 

down. There are depletion regions or space charge regions that only have 

ions and do not have charge carriers (holes and electrons).The junction 

shows the rectification characteristics from the depletion region. 

Rectification is blocking the current at reverse bias and flow the current 
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across the depletion region at forward bias. A common application for PN 

junction diodes is to convert alternating current (AC) to direct current 

(DC). However, because of the wide depletion area, this mechanism is not 

appropriate for high-speed rectification [33,34]. 

 

 

 

 

A metal-semiconductor contact is known as a Schottky barrier diode. Due 

to the Schottky diode lack of accumulation effect, the current flow is due to 

the majority of carriers rather than the minority carriers. Therefore, the 

reverse recovery period of the Schottky diode is very fast. It is thus 

appropriate for high-speed switching. Low noise generation and lower 

forward resistance are two additional benefits of the Schottky diode [36]. 

The forward current operates at a modest voltage as a result. Schottky 

diodes can also be used as integrators and detectors for microwave 

receivers. But the maximum operating frequency for Schottky diodes is 5 

THz [37] .As a result, a new strategy for use with greater frequencies is 

required.  

 

 

Figure (2.1) PN Junction Diode at Zero Voltage bias [35] 
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Figure (2.2) Schematic of Schottky diode [38] 

 

 

 

2.2 Quantum Mechanical Tunneling 

In the late 19th century, quantum mechanical tunneling was discovered 

[39,40]. It was a logical progression from research on radioactivity 

disintegration. A quantum mechanical phenomenon known as quantum 

tunneling allows for the passage of electrons due to a barrier that is suitably 

thin in comparison to the wavelength of an electron [41]. Figure (2.3) a) 

illustrate the classical perspective, where Figure (2.3) b) shows a 

perspective of quantum mechanics of electron tunneling [40]. Typical 

electron morphology that effectively crosses a barrier is depicted in Figure 

(2.3) a) an electron must possess enough energy across the barrier in 

classical physics. Otherwise, it will ricochet back from the barrier. On the 

other hand, quantum mechanical tunneling, as shown in Figure (2.3) b) 

enables the possibility of an electron navigating a barrier. The thickness of 

the barrier and the probability of electrons tunneling are depicted by the 

yellow line in Figure (2.3) b). When the electron is viewed as a wave, it 



14 
 

might appear to be quite big with the thickness of the barrier. It is 

incredibly unlikely that the particle will be visible on the other side of a 

substantial barrier. Therefore, a thinner barrier considerably increases the 

probability that an electron will pass through it [40]. 

  

Figure (2.3) Tunneling of electron (a) Classical mechanical (b) Quantum mechanical [40] 

 

 

Wave function-based treatment methods for electrons moving through 

semiconductors have been around for a while. As a result, the Schrödinger 

equation, the basic physical equation (2.1), is used to describe the behavior 

of quantum mechanics in semiconductor technology .The result of an 

electron scattering when it encounters a discontinuity, such as a flaw in a 

crystal or the boundary between two semiconductors, is explained by this 

equation (2.1) using wave functions [40]. 

        
  

  
                                  

 

The mass of an electron is denoted by m, r stands for the position vector, 

the potential energy at position r is denoted by       and the total energy of 

the electron is denoted by E, and   is the reduced Planck’s constant is 

denoted by   
 

  
 .To demonstrate the phenomenon in one dimension, 
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Figure (2.4) shows the possible structure of this phenomenon. The passage 

of an electron must be taken into account in three distinct areas. 

 

Figure (2.4) Tunneling of electron waves across a potential barrier [42] 

 

Figure (2.4) illustrates how quantum particle could tunnel through a 

potential barrier. In region І, an incident wave packet (known as an incident 

particle) and a reflected wave packet (known as a reflected particle) coexist 

where x<0. In region   a part of the incident wave that has not been 

reflected and a damping will happen for amplitude at x=0 moves as a 

transmitted wave in constant potential and enters region Ⅲ at x=L. A wave 

packet (transmitted particle) in region Ⅲ for x>L travels as a free particle 

in the potential free zone after the tunneling through the potential barrier 

[42]. When the height (  ) and the length (L) regions reach infinite, this 

reduces the probability of tunneling 

 

 

Incident Wave 

Reflected Wave 

Transmitted 

Wave 

Free Particle 
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By applying equation (2.1) to the electron wave behavior in Figure (2.4), 

we get: 

 
  

   
 
       

   
                                              

 
  

    
       

   
                                    (2.3) 

  
  

   
 
       

   
                                       

Equations solving (2.2) - (2.4) 

         
        

                      
√     

 
   (2.5) 

         
       

                   
√       

 
  (2.6) 

         
                            

√     

 
  (2.7)  

A1, A2, and A3 stand for the amplitudes of the incident, reflected, and 

transmitted waves; respectively k is a wave vector .The incident wave's 

amplitude is B1, whereas the reflected wave's amplitude is B2.  

Applying the boundary conditions at x=0 and x=L to equations (2.5) - (2.7) 

and matching the first derivatives at the boundary results in the 

relationships shown below [43]: 

                       

                          (2.9) 

   
       

        
               

     
         

           
                

Solving for all the equations above gives the transmission probability 
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The tunneling probability concepts are derived from equation (2.12), which 

states that the electron has a finite probability (T) of tunneling through the 

potential barrier. 

 

2.3 Metal-Insulator-Metal tunnel diode 

The metal-insulator-metal (MIM) diodes structurally consist of a thin 

insulator layer placed between two identical or differing metal electrodes. 

With a narrow barrier, the probability of electron tunneling increases. The 

fact that tunneling occurs at a lower working voltage(low threshold 

voltage) than it does for Schottky barrier diodes and p-n junction diodes 

demonstrates that MIM tunnel diodes are better suited for high-speed 

operation. There are many essential requirements that must be taken into 

consideration while designing MIM diodes for them to work effectively 

[44]. These requirements are: 1) for the tunneling effect to occur, the 

insulator layer needs to be very thin a few nanometers .2) The (I-V) 

characteristics' behavior ought to be asymmetric. This can be achieved by 

utilizing different metals with significant changes in their work functions 

on either side of the insulator layer. 3) Low resistance to effectively match 

the diode and antenna's impedance. MIM can be used in radiation detectors 

and combine optical and infrared photons [45]. A conventional point-

contact diode was used to construct the first MIM tunnel diode. A cat-

whisker diode was the name given to the MIM diode. The Cat-whisker 

diode was a tungsten wire that, by squeezing a metal plate created a tunnel 

junction. Due to certain dust that formed barrier layers that accumulated on 

the surface or some naturally occurring oxide layers, this type of diode 

proved to be challenging to manufacture. Cat-whisker diodes have been 

developed and utilized in communications for more than 20 years for high-

frequency rectification, despite these obstacles. Thin-film transistor liquid 
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crystal displays (TFT-LCD) systems have also utilized MIM diodes as 

switching components and for image display [46]. In a MIM diode, free 

electrons at metal 1 (M1) can tunnel to metal 2 (M2) when the insulator 

layer is several nanometers thick. In the same way, free electrons at M2 can 

tunnel to M1. Currents flow from M2 to M1 and from M1 to M2, 

respectively, as a result of tunneling from M1 to M2 and from M2 to M1. 

Equations (2.13) and (2.14) are used to get the two current densities (J) 

[47]. 
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Where m is the electron's mass, q is charge of the electron, Planck's 

constant is h, and the probability of tunneling is T(Ex) 

=exp, 
 

 
∑ ∫ √   [     ]  

    

  
 
   -       and f1 and f2 are the Fermi 

distribution functions that are depicted in the following equations: 
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   (
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Where V denotes applied bias, T denotes temperature, k denotes Boltzmann 

constant, and Ef denotes the Fermi level of the metal. The tunneling 

probability and Fermi distribution functions are the only factors that can 

change the current density, according to equations (2.13) and (2.14). 

Tunneling is more likely to occur in a MIM diode when the insulator layer 

thickness is decreased. The barrier height value (ɸ), which represents the 
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potential difference between the two materials, alters the Fermi distribution 

functions. The difference between the work function (φ) of the metal and 

the electron affinity (𝜒) of the insulator at the metal-insulator contacts 

yields the barrier height value. As a result, with MIM diodes, the kind of 

material and insulator thickness is crucial. Figure (2.5) shows the energy 

band diagrams of MIM tunnel diodes made of the different metals with 

zero bias, and with a negative bias. 

 

Figure (2.5) Energy bands schematic of a MIM diode when (a) different 

metals under zero bias (b) metal 2 is exposed to a negative voltage [49] 

 

The current density in positive direction becomes greater when M2 has 

higher work function value than M1 (Figure 2.5(b)). In this case the energy 

band diagram of the insulator in this instance has a triangular form. This 

triangle form sharpens Figure 2.5(b) when a negative bias is applied to 

metal2, and the tunneling distance decreases as the energy increases. This 

increases the probability of tunneling at certain energy levels. As a result, 

in the case of Figure 2.5(b), the positive current density is substantially 

higher than the negative current density. Comparing (Figure 2.5 (a)) with 

(Figure 2.5 (b)), because metal 2 has more energy in (Figure 2.5(b)) this led 

the positive current density is higher in it. 
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2.4 Dielectric Film Conduction Mechanisms: 

For dielectric materials to be used effectively, the dielectric films' 

conduction processes are crucial. In dielectric films, there are two kinds of 

conduction mechanisms: electrode-limited and bulk-limited conduction 

mechanisms. The electrode-dielectric interface's electrical characteristics 

are crucial to the electrode-limited conduction mechanism. The effective 

mass of conduction carriers in dielectric films and the barrier height at the 

electrode-dielectric interface can be determined using this kind of 

conduction mechanism. The bulk-limited conduction mechanism is 

determined by the electrical characteristics of the dielectric. This type of 

conduction interested by the density of states in the conduction band, the 

dielectric relaxation time, the trap level, the trap spacing, and the trap 

density; the carrier drift mobility. The traps can all be determined from 

analyses of bulk-limited conduction mechanisms in the dielectric films. 

This dissertation discusses analytical methods for electrode-limited 

conduction mechanisms in dielectric films. The success of integrated 

circuits depends heavily on the investigation of various dielectric film 

conduction mechanisms. To quantify the conduction flow through the 

dielectric film, we should set up an example gadget for testing of some 

type. In general, sample testing employs two distinct types of device 

structures. The MIM capacitor or MIM diode is one such structure, which 

consists of metal-insulator-metal. The possibility of asymmetry in the 

electrical properties between the top and bottom electrodes is a concern in 

MIM capacitors constructed from various metals. Metal-dielectric interface 

barriers are different for different metals because they typically have 

different work functions. The barrier height of the metal-dielectric interface 

and the effective mass of the conduction carriers are the primary 

parameters in this type of measurement. Measurement of the temperature-

dependent conduction currents may provide us with a useful technique to 

understand the makeup of the conduction currents because numerous 
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conduction processes depend on the temperature in different ways [50-59]. 

The classification of conduction modes in dielectric films is shown in 

Figure (2.6). 

 

Figure (2.6) Dielectric films conduction mechanisms [60] 

 

 

 

 

2.4.1 Electrode-limited conduction mechanisms 

The electrical properties of the electrode-dielectric contact affect the 

mechanisms of electrode-limited conduction. For this kind of conduction 

process, the barrier height at the electrode-dielectric interface is essential. 

Fowler-Nordheim emission, direct emission, Schottky or thermionic 

emission, and thermionic-field outflow are among the anode-restricted 

conduction components. Although the burrowing current is virtually 

temperature independent, the current caused by thermionic outflow is 

severely temperature dependent. The effective mass of the conduction 

carriers in dielectric films, in addition to the barrier height at the electrode-

dielectric interface, is a key element of the electrode-limited conduction 

mechanism [60]. 
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2.4.1.1 Thermionic Emission: 

If the metal's electrons can get enough energy from thermal activation, the 

energy barrier at the metal-dielectric interface can be overcome by them 

and move to the dielectric by Schottky emission. Figure (2.7) displays the 

MIS energy band diagram, when the metal electrode is under a negative 

bias for the dielectric and semiconductor substrate. At the metal-dielectric 

interface, the image force can reduce the height of the energy barrier. The 

lowering of barriers caused by the image force is known as the Schottky 

effect. The term "thermionic emission" refers to this particular sort of 

conduction process caused by electron emission from the metal to the 

dielectric.  

 

Figure (2.7) Schottky emission energy band diagram [60] 

 

2.4.1.2 Tunneling through Fowler-Nordheim: 

The electrons will be reflected when their energy is less than the potential 

barrier, according to classical physics. However, when the barrier is thin 

enough, quantum mechanics predicts that the electron wave function will 

pass through it. Consequently, the likelihood of electrons existing at the 

opposite side of the potential is not zero due to the tunneling impact. Figure 

(2.8) shows a schematic representation of the energy band diagram for 

Fowler-Nordheim (F-N) tunneling. When the applied electric field is 
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sufficiently strong, the electron wave function can pass past the triangular 

potential barrier and into the dielectric's conduction band, resulting in F-N 

tunneling equation (2.16) describe this relation [60].  

 

         
 
                             

 

 

 

Figure (2.8) Schematic of Fowler-Nordheim Tunneling energy bands [60] 

 

2.4.1.3 Direct Tunneling: 

In SiO2 films, there are two key approaches for conducting gate currents. 

The gate current is caused by F-N tunneling if the triangle barrier can be 

seen by the electrons due to a high enough voltage across the SiO2. The 

gate current, on the other hand, is caused by directed tunneling if there is a 

small voltage applied across SiO2 and the electrons can see the entire oxide 

layer. For the SiO2-Si contact, the driving oxide voltage varies between the 

two mechanisms at about 3.1V. F-N tunneling predominates for SiO2 

thicknesses of 4-5 nm and above, while directed tunneling takes over for 

SiO2 thicknesses of less than about 3.5 nm. Figure (2.9) depicts the 
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schematic energy band diagram for direct tunneling. The direct tunneling 

current is expressed as based on Lee and Hu's discoveries on a polysilicon-

SiO2-silicon structure as follows [61]: 
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Where t is the dielectric's thickness, V is the voltage applied across it, the 

barrier height is denoted by 𝞥B, and q is the charge of an electron. 

 

Figure (2.9) direct tunneling energy band diagram [60] 

 

2.4.1.4 Thermionic-Field Emission: 

Thermionic-field emission happens transitionally between field emission 

and Schottky emission. The tunneling electrons should have the energy   

between the Fermi level of the metal and the conduction band edge of the 

dielectric. Figure (2.10) a) depicts the thermionic-field emission schematic 

energy band diagram. Figure (2.10) b) depicts the distinction between field 

emission, thermionic-field emission. The thermionic-field emission current 

density can roughly be expressed as (2.18) [60]: 
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Figure (2.10) (a) Thermionic -field emission in a system of metal, insulators, and 

semiconductors is shown schematically in the energy band diagram. (b) A comparison 

of thermionic-field emission, thermionic emission, and field emission [60]. 

 

2.4.2 Bulk-Limited Conduction Mechanisms 

The bulk-limited conduction mechanisms depend on the electrical 

characteristics of the dielectric itself. The trap energy level in the insulator 

layers is the most crucial parameter in this kind of conduction mechanism. 

Poole-Frenkel emission, hopping conduction, ohmic conduction, space-

charge-limited conduction, ionic conduction, and grain-boundary-limited 

conduction are types of the bulk-limited conduction mechanisms. Some 

crucial electrical characteristics of the dielectric films, such as the trap 

energy level, the trap spacing, the trap density, the electronic drift mobility, 

the dielectric relaxation time, and the density of states in the conduction 

band, can be determined based on the bulk-limited conduction mechanisms 

[60]. 
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2.4.2.1 Poole-Frenkel Emission 

Similar to Schottky emission, Poole-Frenkel(PF) emission is caused by the 

thermal excitation of electrons that may emit from traps into the dielectric's 

conduction band. As a result, P-F emission is also known as internal 

Schottky emission. 

 

Figure (2.11) Poole-Frenkel emission energy band diagram in MIS structure [60] 

 

2.4.2.2 Hopping Conduction  

The tunneling effect caused by trapped electrons "hopping" from one trap 

site to another in dielectric films is what causes the hopping conduction. 

 

2.4.2.3 Ohmic Conduction 

Ohmic conduction happened by the motion of mobile electrons in the 

conduction band and holes in the valence band. This conduction 

mechanism, can represent the relation between the electrical filed and the 

current density   as a linear relation. 
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2.4.2.4 Space-Charge-Limited Conduction  

If an electron-injecting contact is applied to the insulator, electrons will 

move from the metal into the insulator's conduction band and create a space 

charge resembling that of a vacuum diode. A space charge is an 

accumulation of charges in a specific region. 

2.4.2.5 Ionic Conduction 

Ions move as a result of an applied electric field, which causes ionic 

conduction. Lattice flaws in the dielectric layers could be the cause of the 

ions' motion. The ions may cross a potential barrier from one defect site to 

another due to the effect of the external electric field on the defect energy 

level. 

2.4.2.6 Grain-Boundary-Limited Conduction 

The resistivity of the grain boundaries in a polycrystalline dielectric 

material may be significantly higher than that of the grains. Therefore, the 

electrical characteristics of the grain boundaries might be used to limit the 

conduction current. Grain-boundary-limited conduction is the term used to 

describe this conduction mechanism. 

 

 

2.5 Conduction mechanism of MIM diode: 

The simple structure of MIM diode comprised a thin insulator film between 

two different metal plates. Figure (2.12) depicts the MIM diode's operation 

theory. The electron affinity of the insulators 𝜒 and the work functions of 

metals are φ1 and φ2. The insulator's barrier thickness is dt .The asymmetric 

diodes shown here are made of different metals, but symmetric diodes can 

be made of the same metal for each electrode. 
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Figure (2.12) Energy band diagram of an asymmetric metal MIM diode at zero, 

forward, and reverse bias [62]  

  

 

As shown in Figure (2.12) a) the metals' Fermi level is aligned at zero bias. 

A built-in field is created when the insulator's energy band is bent. Figure 

(2.12)  b) illustrated that the direct tunneling can be confirmed if a metal is 

subjected to negative bias(also known as metal 1 subjected to reverse bias). 

The effective distance of the tunneling barrier can be expressed at dt, the 

thickness of the dielectric film. In Figure (2.12) c) there will be a greater 

disparity between the Fermi level of the two metals if a larger reverse bias 

is used. Additionally, The effective thickness dt is less than the thickness of 

the dielectric material. Fowler-Nordheim(FN) tunneling begins in this 

instance. When a metal 1 subjected forward bias, the band shift occurs as 

shown in Figure (2.12) d); this make FN tunneling principle occurs at low 

voltage. When a greater forward bias is used, the probability of FN 

tunneling increases because the effective thickness dt decreases as shown 

in figure (2.12) e) [63]. 
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2.6 Characteristics of the MIM Diode 

The IV curves represent the relationship between the electric current and 

the corresponding voltage in the circuit. The (I-V) curve of an ideal diode 

should have a high breakdown voltage and a turn-on voltage near zero 

volts. The (I-V) curve of a MIM diode is different on the I-V curve in the 

conventional diode .The turn-on voltage of MIM diodes with extremely 

low threshold voltages should be near to zero volts as shown in figure 

(2.13). The curve of I-V characteristics shows the details about the 

behavior of MIM tunnel diode. Main parameters extracted from this curve 

are asymmetry, nonlinearity, responsivity, and resistivity. These parameters 

affected by many factors such as changing the barrier heights and other 

factors such as the thicknesses of the dielectric films, change the electron 

affinity for insulators and the material types for electrodes. Each of these 

parameters will be discussed in the following section.  

 

 

  

 

 

 

 

Threshold 

Voltage 

(For MIM diode VTh ~0.1v) 

 

Figure (2.13) (a) Conventional Diode Characteristics Curve (b) MIM Diode 

Characteristics Curve 

(a) (b) 
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2.6.1 Asymmetry 

The asymmetry is a factor to show the ratio of the forward current to 

reverse current. It is a simple measure of how well a diode can perform in a 

rectenna. The semi classical responsivity also depends on how asymmetric 

the (I-V) curve is around a particular bias point. To get efficient 

rectification, a diode’s   asymmetry value   ought to be higher than 1. 

  |
  
  
|                    

At a specific voltage IF stands for forward current and IR for reverse 

current. 

 

 

2.6.2 Nonlinearity 

The nonlinearity is defined as the degree of the sharp turn-on voltage. We 

can investigate higher current densities by high nonlinear diodes at smaller 

voltage. The nonlinearity is calculated by equation (2.20) [64]. 
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2.6.3 Responsivity 

The responsivity of a diode is a scale of how efficiently the diode can 

rectify. It is the curvature divided by the slope along any point on the (I-V) 

curve. The responsivity is calculated by equation (2.21):  

 

             

   

   
  
  

⁄                        

 



31 
 

2.6.4 Resistivity 

Classically, resistance or differential resistance (rd) is obtained by 

differentiating the dark I(V) curve. A low rd is typically needed to 

impedance-match the diode to the antenna. This last feature makes it 

superior in high speed devices. The resistivity is calculated by the equation 

(2.22) 

 

Resistivity= 
   

  
                 

 

 

 

2.7 Electrical Modeling of MIM Diode 

Figure (2.14) shows that the equivalent circuit of MIM diode is composed 

of junction resistor (Rj) and junction capacitance (Cj) are connected 

parallel. Both are connected in series with internal or series resistor (Rs). 

 

Figure (2.14) equivalent circuit of a MIM diode [65] 
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The equation (2.23) indicates the cut-off frequency: 

   
 

      
                    

Where Rj is the overall resistance, Cj is the diode's capacitance, and fc is the 

diode's cut-off frequency. One of the key elements for high-speed operation 

is the cut-off frequency, which represents the diode's maximum operating 

frequency. According to the equation above, Cj and Rj should be modest to 

raise the cut-off frequency of the MIM diode. 

   
     

 
    (2.24) 

 

This equation expresses the capacitance, where A is the contact area, d is 

the thickness of the insulator,  r is the relative dielectric constant, and  0 is 

the vacuum permittivity. According to the equation above, the contact area 

and insulator layer thicknesses, which may be changed by reducing the 

contact area A or increasing the thickness d, have a significant impact on 

the capacitance.  Transmission probability (D) represented by equation 

(2.25) 
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However, If the insulator layer's thickness is extended to 5 nm or higher 

and the diode's I-V curve becomes nonlinear, as indicated by the tunneling 

probability equation above, the chance of tunneling decreases significantly. 

Here, D stands for transmission probability, d for insulator layer thickness, 

m for electron mass, V for barrier height, and E for electron energy. This 

equation states that the thin insulator layer is what causes the high 

transmission probability. Therefore, the contact area A should be reduced 

to get a lower capacitance. Resistance has an impact on high-speed 

functioning as well; therefore it must be taken into account. 
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       (2.26) 

L stands for length, A is contact area, the resistivity of material is   = 
  

 
 . 

We can create a small capacitance by lowering the contact area. However, 

the resistance shows that the high resistance is caused by the small contact 

area.  
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CHAPTER THREE 

SIMULATION SOFTWARE 
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CHAPTER THREE 

SIMULATION SOFTWARE 

3.1 Introduction  

The SILVACO TCAD software is a simulation package for semiconductor 

devices, which enables the simulation of the electrical characteristics of a 

specific structure. A semiconductor device's accuracy in simulation by the 

ATLAS is a very important feature for industry and research applications. 

The ATLAS simulation tool was created specifically for modeling in 2D 

and 3D based on the physics of semiconductor components, which include 

their electrical, thermal, and optical properties. After specifying size and 

dimension, ATLAS offers a library of materials that are preconfigured for 

creating any semiconductor device [66]. 

3.2 ATLAS Inputs and Outputs  

The sorts of data that go into and out of ATLAS are depicted in Figure 

(3.1). Two input files are used by most ATLAS simulations. A text file 

serving as the first input file gives instructions for ATLAS to follow. A 

structure file that describes the structure that will be simulated is the second 

input file. Three different file types are produced by ATLAS. The run-time 

output is the first form of output file and it shows the simulation's progress 

along with any errors or warnings that may have occurred. The second type 

of output file is the log file, which contains all terminal voltages and 

currents from the device examination. The solution file, which contains 

values' 2D and 3D data, is the third type of output file. 
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Figure (3.1) Atlas Inputs and Outputs [67] 

3.3 Deck Build 

The ".in" extension designates DeckBuild, the run-time environment used 

to enter a command file or deck. The user must first launch the ATLAS 

simulator using the following command to execute ATLAS in the 

DeckBuild environment: 

<go atlas> 

Other simulation tools like ATHENA and DevEdit may be utilized with 

DeckBuild, but ATLAS is the most suitable environment setting for this 

thesis. The main groupings of statements are shown in Figure (3.2) .The 

disordering of this statements sequence will cause a program termination or 

produce erroneous results.  

 

 

Figure (3.2) ATLAS Command Groups, each of which contains a primary 

statement 
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3.4 STRUCTURE SPECIFICATION 

3.4.1 Mesh 

The mesh declaration specifies the structure of an inverted 2D or 3D 

Cartesian grid. The x-axis is positive from left to right, the y-axis is 

negative from top to bottom, and the z-axis is positive from the plane of the 

x-y axis into the workspace. The y-axis is inverted because the 

manufacturing coordinates are often given as depth below the surface. The 

sharpness and precision at a particular place are adjusted using the spacing, 

and all coordinates are supplied in microns. Based on the user-input 

parameters, ATLAS generates a series of intersections to create the mesh. 

Figure (3.3) displays the parameters entered in ATLAS along with the 

mesh of a tunnel junction [68]. 

The first statement is defined as follows: 

Mesh width=<Value> 

This is followed by a series of x. mesh and y. mesh statements: 

x. mesh    location=<value>   spacing=<value> 

y. mesh    location=<value>   spacing=<value> 

 

   Figure (3.3) Mesh Creation using ATLAS Syntax 
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3.4.2 Region 

The region statement establishes the primary material characteristics that 

may subsequently be identified by a region number and are utilized to 

divide the initial mesh statement into discrete blocks. A structure must 

allocate a region to every mesh area, in addition to the need that the regions 

are ordered from lowest to highest. Region 5 cannot be defined before 

Region4. The region lines and Deck Build instructions in Figure (3.4) 

together describe the tunnel junction. 

These Regions are defined as the following statements: 

   Region number=<integer> <material_ type> <position 
parameters> 

Region num=1 material=Al2O3 x. min=0.0 y. min=0.0   

x. max=10  y.max=0.002   thick=0.002 

   

  Region num=2 material=silicon x. min=0.0 y. min=0.002  

x. max=10   y.max=1.0    thick=0.998 

 

 

 

   

 

 

        Figure (3.4) Tunnel Junction Region 
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3.4.3 Electrodes 

 

Even though the Silvaco program allows for the specification of up to 50 

electrodes, in this MIM diode configuration only the anode and cathode are 

needed [69]. These electrodes are defined as the following statements: 

 

 

 

 

 

 

    Figure (3.5) Electrodes of MIM diode 

 

 

electrode name=cathode  material=Al  top 

electrode name=anode    material=Au  bottom 
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3.4.4 QUANTUM TUNNELING MESH 

The resolution of the junction is required to determine a hypothetical 

barrier's quantum tunneling by defining the qtx.mesh and qty.mesh 

commands, ATLAS achieves this. Additionally, a separate parameter must 

be used in the model's statement to specify the tunneling direction. The 

superior precise qty. mesh and the input parameters used to reach this 

level of precision are shown in Figure (3.6). Although the fact that the 

qtx.mesh has been specified, the slices are only very finely tuned in the 

y direction because this is where tunneling occurs. The old triangular mesh 

is placed over the new rectangular mesh, and the tunneling current will 

evaluate and take into account both mesh assertions. The qty. mesh 

spacing is specified like the other ATLAS spacing parameters. 

 

 

 

       Figure (3.6) Quantum tunneling Mesh of MIM 
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3.5 MATERIAL MODELS SPECIFICATIONS 

3.5.1 Material 

When the structure of the devices has been fully completed, the statement 

of the material utilized to create the device must be described. The material 

statement permits the identification of several factors essential parameters, 

such as the type of the material and its characteristics (EG and Electron 

affinity). 

The material is defined as the following statement: 

Material material=Al2O3 EG300=8.7 affinity=1.35 

Where (EG300) is the room temperature band-gap, 𝜒: electron affinity of 

the insulator. 

3.5.2 Models 

The model's statement sets flags for ATLAS to signal the inclusion of 

several mathematical models, physical mechanisms, and other global 

characteristics like substrate temperature, which is crucial for the accurate 

modeling of a specific phenomenon [66]. The following is a list of the 

sample thesis and its criteria: 

 

Models print conmob fldmob consrh qtnlsc.el qtnl.derivs 

Where, conmob: standard-concentration dependent mobility model, 

Consrh: Concentration Dependent, fldmob: Parallel Electric Field 

Dependence, qtnsc.el: self-consistent of the quantum electron tunneling, 

qtnl.derivs: non local derivatives into the system matrix to achieve a 

converged solution.  

 

3.5.3 Contact 

Contact sets the features of the electrode. The statement of contact is as 

follows: 

Contact number=<value> work function=<value> 
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The statement of contact in this thesis is: 

Contact name=cathode work function=4.06 

 

3.6 Numerical Method Selection: 

Problems of semiconductor devices can be solved numerically using a 

variety of techniques. The METHOD statements of the input file contain 

numerical methods such as Gummel, Newton, and Block. The Gummel 

method solves for every unknown and retaining all other variables constant. 

The Newton method solves all unknowns concurrently. The Block method 

solves some of the equations by the Gummel method and solves others by 

using the Newton method [66]. 

This statement is defined as the following: 

Method newton clim.dd=1e8 dvmax=0.1 

climit or clim.dd specify minimal values of concentrations. dvmax: controls 

the maximum update of potential per iteration of Newton’s method. 

 

3.7 Solution Specification 

Atlas simulations employ the log/solve/save instructions to produce data 

files. 

 

3.7.1 Log 

Using the log statement, all terminal characteristics generated by a solution 

statement can be stored in a file. 

 

3.7.2 Solve 

The bias points that should be used to generate output are specified in the 

solution statement. Depending on the desired stimulus, there are numerous 

ways to specify the bias points, including step, initial. 
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3.7.3 Save 

All node point data is saved into an output file using the save statement. 

Below is an example of how the log/solve/save commands are frequently 

used for the tunnel junction under study. 

Solve init 

Solve prev 

log outfile=MIM.log j. hole j. electron j. tun 

solve name=anode Vanode=-0.4 Vstep=0.01 Vfinal=0.5 

solve name=anode Vanode=0.2 Vstep=0.05 Vfinal=0.4 

 

 

3.8 Results Analysis 

The data can be extracted and displayed graphically by Tonyplot, in 

addition devices parameters could be extracted. 

Output band. param val. band con. band 

Save outf=band. str 

tonyplot band. str 

tonyplot MIM.log -set MIM. Set 
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3.9 Introduction to the Advanced Design System (ADS) Software 

 

The Path Wave Design branch of Keysight Technologies creates the 

Advanced Design System (ADS), a software program for electronic design 

automation. Its initial release surfaced in 1985 named-Microwave Design 

System (MDS). It was introduced in 2016 with improvement in its speed, 

performance and design flexibility. It gives designers of RF electronic 

products including mobile phones, pagers, wireless networks, satellite 

communication, radar systems, and high-speed data links access to an 

integrated design environment [70]. Keysight ADS support all design 

process, schematic capture, layout, design rule checking, frequency-domain 

and time-domain circuit, and electromagnetic field simulation. 

 

3.9.1 MIM Diode Representation in ADS 

Figure (3.7) illustrates the equivalent circuit of MIM diode. The MIM 

equivalent circuit is consisting of voltage dependent and independent 

components. Rj (Vj) represents the voltage dependent nonlinear junction 

resistance of the diode, Rs denotes the series resistance, and Cj denotes the 

diode shunt junction capacitance. ADS topology was used to measured s-

parameter data from the equivalent circuit model for data extracted from 

the Silvaco software. 
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Figure (3.7) equivalent circuit of MIM diode in ADS software 
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CHAPTER FOUR 

SIMULATION RESULTS AND DISCUSSION 
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CHAPTER FOUR 

Simulation Results and Discussion 

4.1 Introduction 

According to classical mechanics, if a particle's energy is lower than the 

potential barrier, it cannot pass through it. A particle in quantum mechanics 

has a probability of tunneling through the potential barrier. This chance is 

known as the tunneling probability. The operation of MIM diodes can be 

explained in terms of quantum physics. The probability of tunneling is 

determined by the thickness of the insulators and the work functions of the 

metals [71]. As we mentioned previously in Chapter 2, the current is 

greatly reliant on the tunneling probability. In this dissertation, the 

parameters that should be taken into consideration before simulating a 

MIM diode and their influence on the performance are studied, such as the 

material type of the electrodes, the thickness of the insulator layer, 

considering the effects of altering barrier heights through the disparity 

between the work function (φ)eV of metals and the insulator's electron 

affinity(𝜒) eV, (  =  𝜒 . In this chapter, we studied the impact of 

physical parameters by using different structures, such as the use of metals 

with different working functions to achieve variation in barrier heights, the 

effect of using different thicknesses of insulators, and the use of different 

insulators to study the effect of band gap variation. 

4.2 Influence of Using Symmetric and Asymmetric Electrodes: 

The MIM diode is simulated with different structures at standard 

conditions. The first structure involved setting a fixed material where 

Aluminum is used as a metal on both sides as (cathode and anode) with 

work function (4.26 eV) for the MIM structure. Aluminum oxide (Al2O3) 

with an electron affinity of 1.35 eV is used as an insulator layer [72]. The 

thickness of this layer is fixed at 2 nm. To achieve the electrodes 

dissimilarity in the second structure used the metal aluminum with a work 
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function of (4.02eV) as the reference cathode on the left side of MIM 

structure, while the gold is used as the reference anode on the right side of 

MIM structure with the same thickness of insulator also the same type of 

insulator used in the first structure. These two structures (Al-Al2O3-Al and 

Al-Al2O3-Au) have been fabricated by Su Jin Heo (2018) [73] and their 

results are compared with simulation results carried out by Silvaco in this 

thesis. Table (4.1) summarized the parameters of these structures. 

Table (4.1) The Structures of Symmetric and Asymmetric MIM diode [74,75]: 

Structures             EA eV               

Al-Al2O3-Al 4.26 4.26 1.35 111 111 

Al-Al2O3-Au 4.02 5.31 1.35 110 111 

 

 
Figure (4.1) proposed Structures of the MIM diode with  

(a) Symmetric electrodes, (b) Asymmetric electrodes 

 

 

 

Simulated I-V characteristics are plotted in the voltage range -0.4V to 

0.4V. The crucial parameters extracted from the IV simulated data, such as 

asymmetry (fAsym), nonlinearity (fNL), responsivity (fRes), and resistivity. In 

order to check the impact of each of these parameters on the overall 

performance, it is suggested to adopt a figure of merit (FOM) formula as 
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represented in equation (4.1). These parameters are extracted from I-V 

curve for studying the impact of the barrier height by using similar and 

dissimilar electrodes on the MIM diode performance. Figure (4.2) shows a 

set of I-V for the structures that are summarized in Table (4.1), where it 

seems that the I-V curve strongly depends on the work function difference 

of the metals of the MIM structure, since the structures that have a 

difference between the left and right work functions produce a large 

forward current with lower turn-on voltage (TOV). The value (TOV) 

represents the forward voltage of a semiconductor diode. It acts as the 

required voltage across the diode before it starts to conduct current in the 

forward direction. It can be noticed in Figure (4.2) that the asymmetric 

structure produces a large forward current, to introduce a forward bias. The 

tunneling distance decreases as the energy increases. According to the FN 

tunneling mechanism, the barrier is thinner, allowing electrons to more 

readily pass through the triangular barrier and produce the tunneling effect. 

Conversely, the reversed biased current increases for symmetric structure, 

with low forward current. This result indicated that symmetric MIM diode 

behaves as an open circuit not as a rectifier diode.  These results agree with 

the results represented by the researcher Su Jin Heo (2018)[73], which 

clearly show that the rectification increases when using asymmetric 

electrodes at MIM diode design. 
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Table (4.2) Parameters Extracted at Zero Bias of MIM diodes: 

Parameters Symmetric 

Electrodes 

Asymmetric 

Electrodes 

Asymmetry (η= 
  

  
) 0.9 8.7 

Nonlinearity (
  

  ⁄

 
 ⁄
  

0.9 1.3 

        20 2.3 

Responsivity [A/W] 5.5 10.5 

Figures of Merit(FOM)  0.22275 47.502 

 

 

 

 

Figure (4.2) I-V characteristics curve for symmetric (Al-Al2O3-Al) 

and asymmetric (Al-Al2O3-Au) MIM diode 

 

 

Linear 

response 
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For rectification, a diode's asymmetry value needs to be higher than 1. The 

asymmetry value of the Al-Al2O3-Al structure is dropped steadily from 1 to 

approach 0 at biasing voltage equal to 0.25 V, which is undesirable for a 

diode, as shown in Figure 4.3(a). The asymmetry value of the Al-Al2O3-Au 

structure does, however, approach 9 at +0.25 V. Thus, it is demonstrated 

that the varied work functions of the metals have a significant impact on 

the asymmetry of MIM diodes. Figures 4.3(b) shows the fNL for MIM 

structures that are summarized in Table (4.1). This Figure exhibits the 

nonlinearity. It can be seen that the nonlinearity values decrease for the two 

structures reach to 0.4 at 0.25 V for Al-Al2O3-Au while reaching 0 for Al-

Al2O3-Al respectively. It can be seen that the MIM structure both of similar 

and dissimilar structures produces a weak nonlinearity. Since the 

nonlinearity of the diode defines the sensitivity of the MIM diode. The 

sensitivity of the MIM structure with electrodes' dissimilarity and similarity 

under the condition shown in Figure 4.3 (b) is weak, which decreased when 

the bias voltage increased. Figures 4.3 (c) and (d) show, respectively, the 

resistivity, and responsivity, for the symmetric and asymmetric structures. 

It can be noticed that the resistivity is almost stable and has a low value for 

the asymmetric MIM diode, whereas it increases in the symmetric MIM 

diode. In contrast, the responsivity is increased for Al-Al2O3-Au MIM 

diode reaching to 10 A/W at zero volts, and decreases in Al-Al2O3-Al and 

show negative response. From these results it can be conclude that the 

figures of merit (FOM) reveals a higher performance of the (Al-Al2O3-Au) 

MIM diode structure compared with the (Al-Al2O3-Al) MIM diode as 

summarized in Table (4.2). These results indicated that the structure (Al-

Al2O3-Au) may be useful in the rectification purposes. 
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(b) 

(M
o

h
m

)
 

Figure (4.3) a) Asymmetry, b) Nonlinearity, c) Resistivity and 

d) Responsivity of symmetric and asymmetric MIM diode 

(c) 
(d) 



53 
 

4.3 Influence the Barrier Heights on the Performance of MIM diode 

for Dissimilar Electrodes: 

In this section, the asymmetric MIM diode was simulated, at standard 

conditions, with different structures to investigate the impact of barrier 

height on the electrical properties of the MIM diode. These structures are 

categorized as follows: 

4.3.1 Impact the Barrier Heights variation from the anode side: 

 The structure involved setting a fixed insulator material and a metal on one 

side cathode of the MIM structure. Aluminum oxide (Al2O3) with an 

electron affinity of 1.35 eV was used as an insulator layer. The thickness of 

this layer was fixed at 2 nm. To achieve the electrode's dissimilarity, one 

metal (aluminum with a work function of (4.06 eV) was used as a reference 

cathode on the left side of the MIM structure. This metal will produce a 

constant barrier height with an insulator with   =2.71 eV. At the right side 

of the MIM structure, different metals were employed individually as 

anodes with diverse work functions. These metals are Cd, Ag, Co, Au, and 

Pt with work functions 4.08, 4.65, 5.0, 5.31, and 5.65 eV, respectively. As 

shown in figure (4.4), the asymmetric barrier heights between the metals at 

the sides of the MIM structure allow tuning electrode dissimilarity. Table 

(4.3) summarizes the parameters of the aforementioned structures. 
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Table (4.3) The structures of MIM diodes with fixed cathode metal [74,75] 

 

 

 

 

 

 

 

 

 

 

Figure (4.4) Energy band diagram for fixed cathode metal MIM diode 

 

 

 

 

Structures    eV    eV    eV 

Al-Al2O3-Cd 4.06 4.08 0.02 

Al-Al2O3-Ag 4.06 4.65 0.59 

Al-Al2O3-Co 4.06 5.0 0.94 

Al-Al2O3-Au 4.06 5.31 1.25 

Al-Al2O3-Pt 4.06 5.65 1.59 
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Figure (4.5) presents a set of I-V curves for the structures that produce 

electrode dissimilarity with a fixed cathode metal and different anode 

metals. The electrodes dissimilarity varied from 0.02 eV to 1.59 eV as 

illustrated in Table (4.3). Figure (4.5) reveals the asymmetric in the diode 

current due to the asymmetry in the MIM potential. It can be seen that the 

change in the work function of the anode by using different metals does not 

produce much difference in the tunneling current. This can be attributed to 

the fact that in the case of dissimilar metals, the current-voltage 

characteristics depend not only on the bias voltage but also on the polarity 

of the voltage. Conventionally, if the metal with the lower work function is 

positively biased and the metal with the higher work function is negatively 

biased, the MIM junction is said to be forward-biased. When the lower 

work function metal is negatively biased it is reverse biased [76]. Figure 

(4.5) also reveals that all the devices have a low turn-on voltage of around 

<0.1 V with a noteworthy asymmetric and nonlinear response under 

positive bias. 
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Figure (4.5) I-V characteristics curve for fixed cathode metal MIM diode 

 

 

 

Table (4.4) Parameters Extracted at Zero Bias of MIM diode: 

Parameters Higher Difference for 

electrodes (Al-Al2O3-Pt) 

Lower Difference for 

electrodes(Al-Al2O3-Cd) 

Asymmetry (η=IF/IR) 2 2 

Nonlinearity (
  

  ⁄

 
 ⁄
  

1.3 1.3 

       2 2 

Responsivity (A/W) 10 10 

Figures of Merit (FOM) 13 13 
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Figure (4.6) (a) and (b) show respectively the fASYM and fNL for MIM 

structures that are summarized in Table (4.3). These figures exhibit 

asymmetry and nonlinearity values of ∼8 A/W and ∼1.5, respectively. It 

can be seen that the MIM structure with electrodes dissimilar and fixed 

cathode produces a good asymmetry with poor nonlinearity. Since the 

nonlinearity of the diode defines the sensitivity of the MIM diode, the 

sensitivity of the MIM structure with electrodes' dissimilarity under the 

condition shown in Figure 4.6(b) is weak. Whereas the responsivity and the 

resistivity reach 10A/W, and 2 MΩ respectively at zero volts, as shown in 

Figure 4.6 (c) and (d), after theoretical calculations for Figures of merit 

(FOM) have been illustrated, reached 13 for all structures as shown in 

Table (4.4). 
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Figure (4.6) a) Asymmetry, b) Nonlinearity c) Resistivity, and, 

 d) Responsivity for fixed cathode metal MIM diode 
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4.3.2 Impact the Barrier Heights variation from the cathode side: 

The following structures of the MIM diode which are shown in figure (4.7) 

comprised setting a fixed insulator material of the previous case and metal 

on one side (anode) of the MIM structure. In contrast, the metal on the 

other side (cathode) was individually changed to achieve the electrode's 

dissimilarity. In this case, Ni with a work function of 5.22 eV was used as 

the anode while the cathode materials were Ba, Ta, La, Zn, and Nb with a 

work function of 2.52, 3, 3.5, 3.63, and 3.95 eV respectively. The Ni 

produces a constant barrier height with an insulator with   =3.87 eV. 

Table (4.5) summarizes the parameters of these structures. 

 

Table (4.5) The structures of MIM diodes with fixed anode metal [74,75] 

Structures                    

Ba-Al2O3-Ni 2.52 5.22 2.7 

Ta-Al2O3-Ni 3.0 5.22 2.22 

La-Al2O3-Ni 3.5 5.22 1.72 

Zn-Al2O3-Ni 3.63 5.22 1.59 

Nb-Al2O3-Ni 3.95 5.22 1.27 
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Figure (4.7) energy band diagram for fixed anode metal MIM diode 

 

Figure (4.8) shows a set of I-V curves for the structures that are 

summarized in Table (4.5). At first glance, it seems that the I-V curve 

depends strongly on the work function difference of the meals of the MIM 

structure, i.e, ∆φ= (  -  ), where the structures that have a large 

difference between the left and right work functions produce a large 

forward current with a lower low turn-on voltage. It can be noticed in 

Figure (4.8) that the forward current increases ~20 times when ∆φ 

increases from 1.27 to 2.7 eV while the reversed biased current is almost 

unaffected with ∆φ variation. By comparing these results with the results of 

the previous case it can be deduced that the MIM diode forward current is 

strongly dependent on the barrier height at the interface between the 

cathode and insulator. The Nb/Al2O3 and Al2O3/Ni interfaces have high 

barrier heights that limit electron transit until a bias voltage on the order of 

the barrier height is applied. Such bias voltage resulting an electric field 

across the insulator enough to breakdown the insulator as reported in [77]. 
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Figure (4.8) I-V characteristics for fixed anode metal MIM diode 

 

 

 

 

Table (4.6) Parameters Extracted at Zero Bias of MIM diode: 

Parameters Ba-Al2O3-Ni Ta-Al2O3-Ni La-Al2O3-Ni Zn-Al2O3-Ni Nb-Al2O3-Ni 

Asymmetry (  
  

  
  1.39 1.37 1.36 1.35 1.2 

Nonlinearity (
  

  ⁄

 
 ⁄
  

1.5 1.4 1.35 1.33 1.25 

       1.7 1.7 1.8 1.8 2.1 

Responsivity (A/W) 19.6 19.1 17.4 17 13 

Figures of 

Merit(FOM) 

24.03 21.54 17.7 16.9 9.3 
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Figures (4.9) (a), (b),(c), and (d) show, respectively the responses of the 

MIM diode structure that are given in Table (4.5). It can be seen that the 

Ba-Al2O3-Ni diode exhibits maximum asymmetry and non-linearity. These 

findings agree with the hypothesis that states the minimum turn-on voltage 

and maximum asymmetry and non-linearity are achieved when the electron 

affinity of the insulator would be close to one of the metal work function 

values to produce a low barrier height [78]. It can also be noticed that the 

nonlinearity has been enhanced for the Ba-Al2O3-Ni MIM diode, where this 

structure gives higher responsivity with lower resistivity, since these 

features, made it suitable more than other structures for MIM diode design. 

To compare the figures of merit for two structures (Ba-Al2O3-Ni) and (Nb-

Al2O3-Ni) that have higher and lower difference in work functions between 

anode and cathode metals as shown in Table (4.6), results of the figures of 

merit indicated that the structure(Ba-Al2O3-Ni) have large difference 

between the anode and cathode metals gives higher figures of merit. Since 

this structure has efficient performance, it can be more suitable for MIM 

diode design than other structures. 
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Figure (4.9) a) Asymmetry, b) Nonlinearity,c) Resistivity, and d) 

Responsivity  for fixed anode metal MIM diode 
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 Impact the difference in work functions on the Performance of MIM 

diode 

This section shows the simulation results for the impact of the work 

function difference on the MIM diode performance, as shown in Figure 

(4.10) (a), (b), (c) , and (d) ; Hashem et al [79] demonstrated that metal 

work function difference has a positive influence on the diode FOM. 

Deposited structures as shown in Table (4.5) with respect to work functions 

were simulated, effectively sweeping the work function difference between 

the two contacts       , from 1.27 eV to 2.7 eV.  The results of the 

simulation illustrate that the asymmetry is unaffected with increasing the 

work functions difference, whereas the nonlinearity increased when the 

work functions difference increase as shown in the Figure (4.10) (a) and 

(b). Same parameters as shown in Table (4.5), the differential resistance 

shows the decreases as the (       is work functions difference 

increased. This is strongly required to make the matching possible. The 

responsivity will also be increased when the work function difference 

increased as shown in Figure (4.10) (c). This led to concluded enhancing 

the figures of merit by increasing the work functions difference between 

anode and cathode metals for MIM diodes design. It is worth mentioning 

here that it is recommended to use metals that have large work functions 

difference to lead to an enhancement of the MIM diode performance. 
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Figure (4.10) a) Asymmetry b) Nonlinearity c) Resistivity and d) 

Responsivity as a function of increasing work functions difference (φc -

φA) 
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h
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4.3.3 Impact the Barrier Heights variation with a fixed barrier 

difference: 

To investigate the impact of the barrier height variation on the MIM 

performance using Al2O3 as an insulator, different metals, with constant 

work function differences ∆φ, were chosen on the both sides of the MIM 

diode as shown in Figure (4.11). In this case, the individual metal pairs 

used on both sides of the Al2O3 insulator material are (Ba and Ag), (Ta and 

Cu), (La and Pt), (Zn and Ir), and (Nb and Pt). These metals provide a 

constant barrier potential ∆φm=2.1 eV with different barrier heights. Table 

(4.7) summarized the parameters of these structures. 

 

 

 

Table (4.7) The structures of MIM diodes with constant barrier potential [74,75] 

Structures                    

Ba-Al2O3-Ag 2.5 4.6 2.1 

Ta-Al2O3-Cu 3.0 5.1 2.1 

La-Al2O3-Pt 3.5 5.6 2.1 

Zn-Al2O3-Ir 3.6 5.7 2.1 

Nb-Al2O3-Pt 3.9 5.99 2.1 
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Figure (4.11) energy band diagram for constant barrier potential MIM diode 

 

The set of the chosen metals produces a work function difference between 

each metal pairs of 2.1 eV. The used metals as cathode, individually, are 

Ba, Ta, La, Zn, and Nb which produce barrier heights of 1.15, 1.65, 2.15, 

2.25, and 2.55 eV, respectively. At the same time, the corresponding anode 

metals are Ag, Cu, Pt, Ir, and Pt, producing barrier height from the anode 

interface side of 3.25, 3.75, 4.25, 4.35, and 4.64 eV respectively. Band 

diagrams of these MIM structures are shown in Figure (4.11) and are based 

on the properties of the materials tabulated in Table (4.7). Figure (4.12) 

shows the I-V curves of the aforementioned MIM structures. Although 

these structures produce a fixed work function difference but Figure (4.12) 

reveals that the I-V responses of the diodes are qualitatively related to the 

barrier height. The smaller barrier height, the larger the current response 

and the lower turn on voltage. This can be explained by the fact that the 

electrodes' low energy barriers enable thermally activated conduction 
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mechanisms such as Schottky emission (SE) to be effective at room 

temperature [80]. 

 

 

 
Figure (4.12) I-V characteristics curve for constant barrier potential MIM diode 

 

 

Figure (4.13) (a) and (b) show, respectively the Asymmetry and the 

Nonlinearity of the MIM diode structures that are given in Table (4.7). The 

Ba-Al2O3-Ag diode which has a minimum barrier potential exhibits the 

maximum asymmetry and non-linearity. These results support the concept 

that a low barrier height is produced when the electron affinity of the 
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insulator approaches one of the metal work function values, resulting in 

highest levels of asymmetry and nonlinearity [81]. Figure (4.13) (c) and (d) 

show Resistivity and Responsivity, at zero bias. It can be noticed that the 

responsivity for Ba-Al2O3-Ag reached 20A/W, and resistivity decreases for 

this structure. This result makes Ba-Al2O3-Ag MIM diode superior over 

other structures.   

 

 

  

Figure (4.13) a) Asymmetry, b) Nonlinearity c) Resistivity, and d) Responsivity for 

constant barrier potential MIM diode 
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4.4 Influence of insulator thickness on the performance of MIM diode: 

The physical properties of the insulator layer govern the performance of the 

MIM diode. Hence, the thickness of the insulator layer plays a vital role in 

controlling the characteristics of the I-V curves where the tunneling 

probability is affected by insulator thickness. Decreasing the thickness of 

the insulator layer makes higher tunneling probability possible at lower 

voltages. The turn-on voltage can be close to zero volts in MIM diodes 

with a very thin insulator layer [82,83]. From the previous paragraph 

(4.3.3), it can be seen that the (Ba-Al2O3-Ag) gives the highest levels of 

asymmetry and nonlinearity. So, in this section, this structure is selected to 

study the impact of the thicknesses of the insulator layer on the MIM diode 

performance. Simulations are launched from 1.0 nm insulator thickness to 

3.0 nm insulator thickness with steps of 0.5 nm. The simulation results in 

Figure (4.15) reveal that the increase in the insulator thickness reduces the 

forward current, thus it can be noted that the asymmetrical in (I-V) curves 

decrease with the increase of the thickness. Asymmetrical current-voltage 

characteristics lead to enhancing extracted Figures of merit (fASYM and fNL). 

The results of simulated (asymmetry and nonlinearity) at low voltage reach 

25 A/W and 4 respectively at 1nm thickness of insulator as shown in Figure 

(4.16). These results proved tunneling phenomena happening at the lowest 

thickness of insulators. 
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Figure (4.14) energy band diagram of MIM diode 

 with different thicknesses of insulator 
 

 

 

 

 

 

 

 

Figure (4.15) I-V characteristics curve with various  

Thicknesses for MIM diode 
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The differential resistance and responsiveness of the diode are the 

properties that often need to be adjusted . As previously mentioned, 

maintaining low barrier heights allows for the efficient coupling of the 

diode to the antenna, which requires a low resistance. Effective square-law 

(small signal) rectification requires high responsiveness. Here, these 

qualities at zero bias were examined, which simplifies the comparison of 

the resistance and responsiveness of various diodes. The resistance and 

responsiveness against the bias voltage for a single type of insulator with 

various thicknesses were plotted in Figure (4.16) (c), (d). It is observed that 

the resistivity increased as the insulator's thickness increased, which is 

undesirable order for designing the MIM diode, as indicated in the figure. 

On the other hand, the responsivity gave a stronger response at a lower 

thickness of the insulator 1nm reaching ~20 at 0.01 V. These results of 

simulator show a reasonable matching with the results represented by the 

researcher hashim et al [79]. 
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Figure (4.16) a) Asymmetry b) Nonlinearityc) Resistivity and, d) 

Responsivity for various thicknesses MIM diode 
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4.5 Impact of the insulator Electron Affinity on the Performance of 

MIM Diode: 

The Metal-Insulator-Metal (MIM) diode was simulated at standard 

conditions to investigate the effect of using different insulators on the 

electrical properties of the MIM diode. Different insulators oxides are used 

including: silicon oxide (SiO2) with an electron affinity of 0.9 eV, 

Aluminum oxide (Al2O3) with electron affinity of 1.35 eV, Hafnium oxide 

(HfO2) with electron affinity of 2.25 eV, and Zirconium oxide (ZrO2) with 

electron affinity 2.75 eV. The band gap EG of the aforementioned 

insulators are 8.8eV, 6.4eV, 5.6eV and, 5.4 eV respectively. The thickness 

of each insulator layers was fixed at 2 nm for each structure. Table (4.8) 

summarized the parameters of each structure under investigation. 

 

 

 

Table (4.8) The structures of MIM diodes with different insulators [74,75] 

Structures          Ev EA eV EG Ev 

Al-SiO2-Zr 4.2 4.8 0.9 8.8 

Al-Al2O3-Zr 4.2 4.8 1.35 6.4 

Al-HfO2-Zr 4.2 4.8 2.25 5.6 

Al-ZrO2-Zr 4.2 4.8 2.75 5.4 
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Figure (4.17) barrier heights of MIM diodes with different insulators 
 

 

 

In the MIM diode, the height of the barrier potential is affected by the 

insulator electron affinity. Therefore, decreasing the barrier is anticipated to 

stimulate greater electron flow and subsequently reduce the diode 

resistance [84-89]. Aluminum was chosen as the cathode electrode, and 

Zirconium was chosen as the anode electrode. These electrodes are fixed in 

the design of all MIM structures with different insulators individually to 

achieve barrier heights asymmetrically. As illustrated in Figure (4.18), the 

simulation results demonstrate that the insulator Al2O3 with a band-gap of 

6.4 eV produces larger asymmetry in the (I-V) curves. These results are 

consistent with the results obtained by Nasir Alimardani et al 2014[72]. 

SiO2 is an insulator with a higher band gap (8.8eV), yet it exhibits less (I-

V) curve asymmetry than Al2O3. It is found that Al2O3 and SiO2 based on 

Fowler-Nordheim tunneling when the thermal energy delivered to the 

electrons was sufficient. They were able to cross the energy barrier at the 

metal-dielectric interface and transition to the dielectric through a very thin 

insulator layer [72]. The image force may reduce the height of the energy 

barrier at the metal-dielectric interaction. The Schottky effect is the name 
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for the barrier-lowering result of the image force, which caused the forward 

current to increase at low voltage bias. At high biases, it is revealed that 

Frenkel-Poole emission dominates ZrO2-based diodes, which also have the 

lowest asymmetry when compared to other structures. The faults that pre 

dominate Frenkel-Poole conduction's predicted trap energy levels 

electrically. It is discovered that conduction in HfO2 involves a 

combination of Frenkel-Poole emission and trap-assisted tunneling. 

According to classical physics, when the energy of the incident electrons is 

less than the barrier potential, part of these electrons is reflected .This 

makes the reverse current increase, while in contrast the forward current 

will decrease. 

 

 

 

Figure (4.18) I-V characteristics curve with different insulators for MIM diode 
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Figures (4.19) (a),(b),(c), and (d) show the asymmetry, resistivity, 

nonlinearity, and responsivity respectively versus the bias voltage of the 

MIM diode structures shown in Table(4.8). Experimentally, this can be 

achieved by changing the insulator materials between the metals while 

keeping the metal on the left fixed and the metal on the right fixed. The 

results of the simulation show that the insulator Al2O3 has large 

Asymmetry, Nonlinearity, and Responsivity, asymmetry increases with 

small increases in the turn-on voltage (TOV) to reach ~2. This indicates 

that insulator Al2O3 with electron affinity 1.35eV can be a promising 

candidate used for rectification performance in energy harvesting 

applications [72]. The insulator SiO2 showed that asymmetry decreases 

gradually down to 0.2. On the other hand, we noted that the insulators 

(HfO2 and ZrO2) started to collapse and reach 0 at 0.2 v as shown in Figure 

(4.19) which also gives the worst case for nonlinearity as shown in Figure 

(4.19) (b) decreasing gradually to 0. It can be attributed to having lower 

band-gaps compared with Al2O3 and SiO2. Also it gave higher resistivity as 

a result of the worst case in the asymmetrical (I-V) curve. An improvement 

in responsivity is obtained for Al-Al2O3-Zr MIM, and Al-SiO2-Zr MIM, 

while the worst response in Al-ZrO2-Zr and Al-HfO2-Zr respectively in 

contrast to the resistivity increasing for the last two structures (Al-ZrO2- Zr 

and Al-HfO2-Zr) this makes these structures undesirable for matching with 

antenna and using for rectification purposes. When the responsivity, 

asymmetry, and nonlinearity increases with a small voltage bias, the 

resistance decreases. In a rectenna, when the impedance match between the 

antenna and the diode becomes worse, this means structures have higher 

resistivity. It can be proved that the structure (Al-Al2O3-Zr) with the 

insulator layer Al2O3 has a better FOM than other structures. 
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Figure (4.19) a) Asymmetry, b) Nonlinearity, c)Resistivity, and 

d) Responsivity  for different insulators MIM diode 
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4.6 RF Characterization 

The rectenna consists of an antenna and a rectifying circuitry to transform 

RF energy into dc power and it is a crucial part of RF technology. The dc 

power required for dependable device functioning is often generated using 

a number of rectenna devices. To convert the entering RF signal into a 

usable dc signal, a rectifier made of a diode is necessary. These 

seemingly low ambient RF power levels indicate the need for a rectifier 

with a low or zero operating bias for RF energy harvesting. Zero bias 

operation is the common name for a diode's operation when it requires no 

power. The tunnel rectifier diode needs to meet a number of requirements 

to be more efficient. These are: low resistance at zero bias and significant 

asymmetries in the current-voltage curve. Based on observed RF 

performance between 10 MHz and 1 THz.  

 

Figure (4.20) Equivalent circuit of MIM diode [89] 
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The equivalent circuit of the MIM diode comprises both voltage-dependent 

and independent parts. The bias voltage can have an impact on the band 

diagram and related I-V responses. This implies that voltage affects the 

diode's junction resistance. In contrast, the diode's capacitance is 

proportional to the thickness of the insulator between its metal electrodes. 

As a result, junction capacitance remains constant and unaffected by the 

bias voltage. As already established, the equivalent circuit of the diode 

junction is depicted in Figure (4.20), where   (  ) denotes the voltage-

dependent nonlinear junction resistance of the diode,   denotes the series 

resistance, and   is the diode shunt junction capacitance. 

 

4.6.1 MIM Diode Characterization 

 Representation the MIM diodes have different insulators in ADS 

To fully comprehend the complex impedance behavior of MIM diodes, the 

DC and RF characterizations of these devices are performed as a simple 

preliminary research. Al-Al2O3-Zr and Al-SiO2-Zr MIM diodes are two 

different types of insulators that we used. More information is mentioned in 

the preceding subsection (4.5) for these insulators. The diodes' scattering 

properties (S-Parameter) are obtained. The RF characterization is 

performed using the I-V extracted from Silvaco as shown in Figure (4.21)  
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Figure (4.21) I-V characteristics curve of MIM diode have different insulators 

 

 

The procedure included: Measuring the current (I) vs. voltage (V) and 

observing the diode's first performance. The (I-V) data was also used to 

determine the diode's differential resistance at zero bias voltage:  

  = 
  

  
                          

 The diode's cutoff frequency was calculated using its RC time constant, 

which is given as:  

  = 
 

         
            (4.3)  



82 
 

where   = A/d, (A) is the junction area, (d) is the junction tunnel layer 

thickness, and      is the dielectric constant of the junction tunnel 

material.Al-Al2O3-Zr (with Al2O3 that is 2 nm thick) and Al-SiO2-Zr (with 

SiO2 that is 2 nm thick) were the MIM diodes used in the modeling 

procedure. It is assumed that the value of series resistance         As 

illustrated in Figure (4.22), parameters were retrieved and tested using an 

equivalent circuit model of MIM created in the Advanced Design System 

(ADS) tool. The antenna is replaced with an equivalent power source that 

has an internal resistance of 50 Ω. The simulation is run with frequency 

steps of 1GHz from 10MHz to 1THz and bias voltage steps of 0.1V from -

0.4 to 0.4. According to the illustration in Figure (4.23), the rectifier has 

excellent matching characteristics most effectively at 1 THz, where     for 

an Al-Al2O3-Zr diode is -27 dB, and -20 dB for the Al-SiO2-Zr MIM diode. 

The Al-Al2O3-Zr diode has better reflection characteristics because it has 

lower resistance (closer to the antenna 50Ω resistance). Furthermore, the 

delivered power from the antenna to the rectifier is very small at 0.1THz. It 

is also noticed that when the frequencies are raised, the reflection 

coefficient will be decreasing, allowing these structures to be utilized for 

terahertz frequencies applications (rectifiers and detectors). It is generally 

accepted that when the S11value goes below -10 dB the delivered power to 

the rectifier is accepted where minimum reflection is obtained. Thus, by 

looking at Figure (4.23), it can be observed that the operating frequency of 

the Al-Al2O3-Zr diode starts from 0.14 THz, whereas the operating 

frequency of the Al-SiO2-Zr MIM diode is around 0.28 THz. This makes 

the Al-Al2O3-Zr MIM diode is preferable in such applications. 
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Table (4.9) Theoretical and simulation parameters extracted at zero bias: 

Parameters Al-Al2O3-Zr Al-SiO2-Zr 

       33.63 17.7 

       5.7 139 

      50 50 

 

 

 

 

 

  
 

 

 

 

 

 

 

 

 

 

 

 

 

Figure (4.22) the equivalent circuit model of proposed MIM diodes in ADS: a) Al-

Al2O3-Zr diode b) Al-SiO2-Zr diode 
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Figure (4.23) S-Parameter of the proposed MIM diode 

(a)Al-Al2O3-Zr, (b) Al-SiO2-Zr 

 

 

 

 

 

 Representation the MIM diode that have different insulator thickness 

in ADS 

 

The physical properties of the insulator layer govern the performance of 

the MIM diode. Hence, the thickness of the insulator layer plays a vital 

role in controlling the characteristics of the I-V curves where the 

tunneling probability is affected by insulator thickness. Decreasing the 

thickness of the insulator layer makes higher tunneling probability 

possible as mentioned previously. (Ba-Al2O3-Ag) MIM diode has been 

simulated in Silvaco Atlas to represent the I-V curve. Simulations were 

launched from 1.0 nm insulator thickness to 3.0 nm insulator thickness 

with steps of 0.5 nm. The simulation results in Figure (4.24) reveal that 

the increase in the insulator thickness reduces the forward current; this 

affected the parameters dependent on the I-V curve extracted from 
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Silvaco. It is noted that the thickness of the insulator has a large impact on 

the junction capacitance (  ). Again it is assumed that the series resistance 

is 50Ω,   so the capacitance is calculated theoretically and extracted at 

zero bias. Table (4.10) shows these parameters and their values. As is 

known, increasing the diode responsivity will increase the matching 

efficiency. To improve the diode efficiency, a parametric study on the 

effect of insulator thickness on the diode performance was presented.  

From the frequency responses of the MIM diode, it is noted that 

decreasing the thickness of the insulator led to a decrease in the resistivity 

and vice versa. As a result for this, the scattering parameters will be 

increased as shown in Figure (4.25), where it reached -28dB at 500 GHz 

for a lower thickness of insulator (1nm).  When sweeping the insulator 

thickness from 1nm to 3nm, it was observed that the resistivity varied 

from 1.63 MΩ to 11.9 MΩ. It is also noted that increasing the insulator 

thickness will increase the acceptable value of operating frequency. At 

1nm thickness, the operating frequency starts from 60 GHz and above. In 

contrast, at 3nm thickness, the operating frequency of the rectifier circuit 

starts from 160 GHz, which means that the rectifier does not work at 

frequencies lower than 160 GHz due to poor matching between the 

antenna and the rectifier circuit (i.e MIM diode). This led to recommend 

using thinner thickness for insulators to get a lower resistivity to achieve 

efficient matching.  
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Figure (4.24) I-V curve of MIM diode with 

 variable thickness of insulators 

 

 

Table (4.10) Theoretical and simulation parameters extracted at zero bias  

Thickness of 

insulator[nm] 

  [fF]    [MΩ]   [Ω] 

1  79.6 1.63 50 

1.5  53.1 1.63 50 

2 39.8 1.64 50 

2.5 31.8 1.95 50 

3 26.5 11.9 50 
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Figure (4.25) S-Parameter of the MIM diode 
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CHAPTER FIVE 

CONCLUSIONS AND SUGGESTIONS FOR 

FUTURE WORK 
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CHAPTER FIVE 

CONCLUSIONS AND SUGGESTIONS for FUTURE WORKS 

5.1 CONCLUSIONS 

According to classical physics, if a particle's energy is lower than the 

potential barrier, it cannot pass behind it. A particle in quantum mechanics 

has a chance of tunneling through the potential barrier. This chance is 

known as the tunneling probability. Quantum physics mechanism has been 

explained of MIM diodes in chapter 2. The probability of tunneling is 

determined by the thickness of the insulators and the metal barrier heights .

Before creating a MIM diode, some factors including the insulator layer's 

material and thickness need to be taken into consideration. The present 

work involved the study of impact the physical parameters on the electrical 

characteristics of the metal-insulator-metal (MIM) tunnel diode. The 

proposed work included a study of several main factors, the most important 

of which are: the effect of changing the barrier heights, influence of using 

same and different materials on the both side of electrodes and thickness of 

dielectric films. 

 The simulation results reveal that using different metals in the MIM 

diode structure is necessary to obtain the tunneling diode 

phenomenon and hence the asymmetry in the (I-V) characteristic 

curve. Since the structures that have a difference between the left and 

right work functions produce a large forward current with lower 

turn-on voltage (TOV). It is demonstrated that the varied work 

functions of the metals have a significant impact on the asymmetry, 

nonlinearity, and responsivity of MIM diodes. 

 The obtained results show that using different materials electrodes 

that have large difference work functions metals on the electrodes 

sides' gives higher rectification current, at the same time we also get 

high FOM. 
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The conclusions of the parametric studies: 

 The simulation results show that decreasing in the thickness of 

insulator leads to an increase in the tunnel phenomenon. It was also 

noted that higher figures of merit are obtained at a lower thickness 

of insulator, where a higher asymmetry, nonlinearity, and 

responsivity at 1nm. And high resistivity. 

 Different insulaors have been used which are: Al2O3,SiO2,ZrO2 

and HfO2.The results of simulation show Al2O3 has best feature as 

high asymmetrical (I-V) curve, and better results in FOM for this 

insulator than other insulators  

 The equivalent circuit of the MIM tunnel diode was represented in 

ADS software based on the results of the Silvaco to study the 

scattering parameters at higher frequencies. Selected the structures 

that have different insulators thicknesses and represented it in 

ADS. The obtained results reveal a low value for S11 reaching to -

28 dB for structure that has less insulator thickness. This result 

indicated that junction capacitance has high effect on S-Parameter 

(S11). 
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5.2 SUGGESTIONS for FUTURE WORKS 

1-The possibility of using the multiple dielectric films (MI2M and MI3M) 

between the metals, and integrating them with antennas to achieve better 

efficiency than MIM single insulator layers. 

2-The RF circuit topology discussed in Chapter4 can be easily extended to 

test all structures of MIM tunnel diode have been simulated in this thesis to 

design and characterize a rectifying antenna(i.e.,rectenna)for terahertz 

frequency applications. 

3- Study the influence of changing the temperature on the performance of 

the MIM tunnel diodes. 

4- Impact of the high K dielectrics materials on the FOM for the MIM 

diode. 
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 الخلاصت

ػٍٝ الأخٙضح الإٌىزش١ٔٚخ اٌزٟ رؼًّ ثزشدد ػبي ٌٍغب٠خ فٟ ِدبلاد الارصبلاد ٚحصبد اٌطبلخ  اٌّزضا٠ذ اٌطٍت

٘ٛ ِششح ِٕبست إٌفك رط٠ٛش أخٙضح رؼًّ ثسشػبد اسزدبثخ ػب١ٌخ. اٌصّبَ اٌثٕبئٟ  ٓ اٌٝاٌجبحث٠١ذفغ ٚاٌفعبء 

ٕفك ظشٚسٞ لإٔزبج ػ١ٍّخ ػب١ٌخ اٌسشػخ ، اٌ. ِغ ١٘ىً ِؼذٟٔ ػبصي ، ر١شا١٘شرض((ٌٍؼًّ فٟ ِٕطمخ اٌزشدد اٌؼبٌٟ

. اٌٙذف اٌشئ١سٟ ِٓ ٘زٖ الأغشٚحخ ٘ٛ اٌزحم١ك فٟ رأث١ش ثؼط ِٓ ٘زٖ الاخٙضح  ٚرٌه ثبسزخذاَ أٔٛاع ِخزٍفخ

اٌحبخض ، ٚرمبسة الإٌىزشْٚ ، ٚاٌذساسبد اٌجبساِزش٠خ الأخشٜ ِثً سّه اٌخصبئص اٌف١ض٠بئ١خ ، ِثً اسرفبػبد 

( ٚأٔٛاع اٌّٛاد ، ػٍٝ اٌخصبئص اٌىٙشثبئ١خ ٌٍصّبَ اٌثٕبئٟ ٌٍٕفك. رُ ِحبوبح ٘زٖ ٌؼبصياٌحبخض اٌّحزًّ )سّه ا

ِؼذْ( -ػبصي-)ِؼذ١ْبد رُ ِحبوبح اٌثٕبئ. الا١ٌَّٕٛ-اٚوس١ذ الا١ٌَّٕٛ -١ٌَّٕٛالا.اٌّؼٍّبد ثبسزخذاَ ثشٔبِح س١ٍفبوٛ

. ٚوشفذ ِؼذْ(-ػبصي-)ِؼذٍْصّبَ اٌثٕبئٟاٌز١بسٌ -ٌذساسخ رأث١ش اسزخذاَ ألطبة ِّبثٍخ ِٚخزٍفخ ػٍٝ ِٕحٕٝ اٌدٙذ 

اشبسد ٔزبئح ثٕبئٟ ٔفك ،  ٠سٍه سٍٛن اٌصّبَ، لا الا١ٌَّٕٛ -اٚوس١ذ الا١ٌَّٕٛ-الا١ٌَّٕٛإٌزبئح أْ اٌصّبَ اٌثٕبئٟ 

 -ٝ خٙذٌذ٠ٗ ِٕحاٌز٘ت -اٚوس١ذ الا١ٌَّٕٛ-الا١ٌَّٕٛإٌٝ أْ ٘زا ا١ٌٙىً ٠ؼًّ وذائشح ِفزٛحخ. فٟ ح١ٓ أْ ٘زا 

، ح١ث رش١ش أسلبَ اٌدذاسح إٌٝ ر١ّض اسلبَ خذاسح ػب١ٌخ ِمبسٔخ ثبٌزشو١ت الاٚيغ١ش ِزٕبظشح خذا ٌٚٙب أ٠عب ر١بس

بد اٌحبخض ٌلألطبة اٌىٙشثبئ١خ غ١ش اٌّزشبثٙخ . رّذ ِحبوبح رأث١ش اسرفبػاٌزشو١ت اٌّؼذٟٔ غ١ش اٌّزّبثًأداء

ثبسزخذاَ س١ٕبس١٘ٛ٠ٓ ؛ أحذّ٘ب ػٓ غش٠ك رغ١١ش اسرفبع اٌحبخض ِٓ خبٔت الأٔٛد ٚا٢خش ػٓ غش٠ك رغ١١ش اسرفبع 

ّؼذْ اٌىبثٛد اٌثبثزخ ٚرغ١١ش اٌّؼذْ ػٍٝ اٌدبٔت ا٢خش ، لاحظٕب أْ والأ١ٌَِٕٛٛ رُ رثج١ذ اٌحبخض ِٓ خبٔت اٌىبثٛد. 

١١ش فٟ ٚظ١فخ اٌؼًّ ِٓ الأٔٛد لا رٕزح اٌىث١ش ِٓ اٌفشق فٟ ٔفك اٌحبٌٟ. ثب١ٔب ، رّذ دساسخ رأث١ش اخزلاف اسرفبع اٌزغ

اٌدبٔت الأٔٛد ٚاٌّؼبدْ اٌّخزٍفخ ػٍٝ اٌدبٔت اٌىبثٛد. وشفذ إٌزبئح أْ ثبثذ   اٌحبخض ِٓ خبٔت اٌىبثٛد. وبْ ا١ٌٕىً

ًّ اٌّؼبدْ ، ح١ث ٠ىْٛ ١ٌٍٙىً فشق وج١ش ث١ٓ ٚظبئف اٌؼًّ ِٕحٕٝ اٌدٙذ اٌحبٌٟ ٠ؼزّذ ثشذح ػٍٝ ٚظ١فخ ػ

ا١ٌسشٜ ٚا١ٌّٕٝ ِّب ٠ٕزح ػٕٗ ر١بس أِبِٟ وج١ش ثدٙذ رشغ١ً ألً.  فٟ اٌدضء اٌثبٌث ِٓ اٌؼًّ اٌحبٌٟ ، رُ اٌزحم١ك 

ٔج١ٓ. ، ثبسزخذاَ ِؼبدْ ِخزٍفخ ػٍٝ ولا اٌدب اٌفشق ث١ٓ ٚظبئف اٌؼًّ ثجٛد فٟ رأث١ش اخزلاف اسرفبع اٌحبخض ِغ

-ِٕحٝ ر١بسػٍٝ اٌشغُ ِٓ أْ ٘زٖ ا١ٌٙبوً رٕزح فشلب ثبثزب فٟ ٚظ١فخ اٌؼًّ ، إلا أْ إٌز١دخ رىشف أْ اسزدبثبد 

-)ِؼذِْٓ اٌثٕبئ١بد ِشرجطخ ٔٛػ١ب ثبسرفبع اٌحبخض. رّذ دساسخ رأث١ش سّه اٌؼبصي ػٍٝ أداء اٌصّبَ اٌثٕبئٟ فٌٛز١خ 

ٔبِٔٛزش. رظٙش ٔزبئح  5.0ٔبِٔٛزش ثخطٛاد  3ٔبِٔٛزش إٌٝ  1 أخز ل١ّخ سّه اٌؼبصي ِٓرُ ، ح١ث ِؼذْ(-ػبصي

ٟ٘ الاػٍٝ ٌدذاسح ااٌّحبوبح أْ الأخفبض فٟ سّه اٌؼبصي ٠ؤدٞ إٌٝ ص٠بدح ظب٘شح إٌفك ، وّب ٌٛحع أْ الأسلبَ 

ٔبِٔٛزش. ٔظشا  1ػٕذ سّه ألً ٌٍؼبصي ، ح١ث ٠زُ اٌحصٛي ػٍٝ ػذَ رٕبسك أػٍٝ ، ٚػذَ خط١خ ، ٚاسزدبثخ ػٕذ 

لأْ رمبسة الإٌىزشْٚ ٘ٛ ِؼٍّخ ف١ض٠بئ١خ ِّٙخ ٌٍّٛاد ، فمذ رعّٕذ اٌذساسخ اٌحب١ٌخ رأث١شٖ ػٍٝ اٌخصبئص 

اسزخذِٕب ِدّٛػخ ِٓ اٌؼٛاصي اٌّخزٍفخ ، ِغ رمبسة ح١ث . ِؼذْ( -ػبصي-)ِؼذْاٌىٙشثبئ١خ ٌـ اٌصّبَ اٌثٕبئٟ

فٟ ١٘ىً ٚ اٚوس١ذ اٌضسو١َٔٛٛ ، س١ذ اٌٙبف١َٕٛاٚو، اٚوس١ذ اٌس١ٍىْٛ، اٚوس١ذ الا١ٌَّٕٛالإٌىزشْٚ ِخزٍفخ ، ِثً 

، رُ ثؼذ رٌه (. اٚوس١ذ الا١ٌٌٍَّٕٛؼبصي )اٌز١بس –اٌدٙذ ػذَ رّبثً فٟ ، رظٙش إٌزبئح أػٍٝ ِؼذْ(-ػبصي-)ِؼذْ

اسزٕبدا إٌٝ ِؼذْ( فٟ ثشٔبِح ٔظبَ اٌزص١ُّ اٌّزطٛس  -ػبصي -)ِؼذْرّث١ً اٌذائشح اٌّىبفئخ ِٓ اٌصّبَ اٌثٕبئٟ ٔفك 

 ٔزبئح س١ٍفبوٛ ٌذساسخ اٌّؼٍّبد رشزذ فٟ رشدداد أػٍٝ. اخزشٔب ا١ٌٙبوً اٌزٟ ٌٙب سّه ػبصي ِخزٍفخ ٚرّث١ٍٙب فٟ

د٠س١جً ١ٌٍٙبوً  42-رصً إٌٝ ِؼبًِ الأؼىبط . رىشف إٌزبئح اٌزٟ رُ اٌحصٛي ػ١ٍٙب ػٓ ل١ّخ ِٕخفعخ ٌـ اٌجشٔبِح

 رأث١ش وج١ش ػٍٝ بٌٙ اٌصّبَ اٌثٕبئٟ  زمبغغلاسزٕزبج اْ سؼخ اٌ رمٛدٔبراد سّه ػبصي ألً. ٘زٖ إٌز١دخ اٌّشبس إ١ٌٙب 

 .ِؼبًِ الأؼىبط
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