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Abstract

The present thesis is devoted to study the structural, optical, and

electrical transport properties of the synthesized p-N,N-

dimethylaminobenzylidenemalononitrile (DBM) organic dye in its bulk and

thin film forms. DBM thin films were prepared by thermal evaporation

technique. It is also devoted to investigate the J-V, C-V characteristics, as

well as the photovoltaic properties of Al/DBM/ITO Schottky diode and

Au/DBM/p-Si/Al heterojunction solar cell .

From this study, it was found that DBM compound is thermally

stable up to 445 K and has triclinic crystal system. The structure of the as-

deposited DBM thin film was found to be in the nano-crystalline (nano-

rods) form, and the crystallite size of these nano-rods was increased by

annealing this film at 423 K for one hour. However, theoretical and

experimental studies of vibrational modes of DBM compound by Hartree-

Fock (HF) and density functional theory (DFT) methods using two basis
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sets reveal that the higher level of calculations give a reasonable deviation

from the experimental data.

The optical properties of DBM were studied by the

spectrophotometric measurements of transmittance and reflectance at

normal incidence to determine the absorption spectral and dispersion

behavior, as well as, the high frequency dielectric constant, the lattice

dielectric constant and the optical energy gap.

The electrical transport properties including the dark DC and AC

electrical conductivity and space-charge-limited current have been

investigated to determine some of the electrical characterization parameters

of DBM in its bulk and thin films forms.

The dark I-V and C-V, as well as, the photovoltaic characteristics of

the prepared Al/DBM/ITO Schottky diode and Au/DBM/p-Si/Al

heterojunction solar cell were measured to determine the solar cell

parameters, such as built-in voltage, V , the diode quality factor, ξ ,

operating conduction mechanisms, short-circuit current density, J , open-

circuit voltage, V , fill factor, FF, and power conversion efficiency, η.



Table of contents

Table of contents

Acknowledgment …………………………………………………. I
List of abbreviations ……………………………………………… III
List of Figures ………………………………………………….…. IX
List of Schemes …………………………………………………… XVIII
List of Tables …………………………………………………..…. XIX
Abstract ……………………………………………………..…….. XXII
Summery …………………………………………………..……… XXIV

Chapter 1: Introduction
1.1. Overview …………………………………………………. 1
1.2. The DBM material ………………………………………. 3

1.2.1. Structure …………………………………………. 3
1.2.2. Synthesis of DBM material ………………………. 3
1.2.3. Literature review …………………………………. 4

1.3. Research objectives ……………………………………… 7
1.4. Organization ……………………………………………… 8

Chapter 2: Theoretical background on organic semiconductors
2.1. Computational chemical methods ………………………… 10

2.1.1. Hartree-Fock (HF) methods ……………………….. 11
2.1.2. Density functional theory (DFT) methods ……….. 12
2.1.3. Semi-empirical methods …………………………… 12

2.2. Basis sets …………………………………………………. 12
2.3. Procedures used for calculations …………………………. 15

2.3.1. Steps for the HF calculations ……………………… 15
2.3.2. Steps for the semi-empirical calculations …………. 15
2.3.3. Steps for geometry optimization ………………….. 16

2.3.3.1. Convergence criteria ……………………… 17
2.3.3.2. Characterizing stationary points ………….. 18



Table of contents

2.4. Single point energy calculation ………………………….. 18
2.5. Theory of infrared absorption …………………………… 18

2.5.1. Transition probability ……………………………… 18
2.5.2. Dipole moment ……………………………………. 20
2.5.3. Molecular vibrations-classical mechanics ………… 20
2.5.4. Vibration of polyatomic molecule ………………… 21
2.5.5. Normal modes of vibrations ………………………. 22
2.5.6. Types of vibrational transitions …………………… 22
2.5.7. Molecular symmetry ……………………………… 23
2.5.8. Point groups ……………………………………….. 25
2.5.9. Symmetric and antisymmetric vibrations …………. 25
2.5.10. A notation for symmetry types ……………………. 26

2.6. Theory of light absorption ……………………………….. 27
2.6.1. The shape of absorption curves; Franck-Condon

principle ………………………………………………
27

2.6.2. Singlet and triplet states …………………………... 29
2.6.3. Measurement of light absorption ………………….. 30
2.6.4. Absorption intensity; oscillator strength ………… 30
2.6.5. Allowed and forbidden transitions ………………… 31
2.6.6. Classification of electronic transitions …………….. 32
2.6.7. Electron states ……………………………………… 33
2.6.8. Electron transfer …………………………………… 38

2.7. UV/Vis spectroscopy ……………………………………... 40
2.8. Theory of charge transport process in organic semicond-

uctor ……………………………………………………….
41

2.8.1. Steps of charge transport ………………………….. 41
2.8.1.1. Charge injection …………………………… 42
2.8.1.2. Charge transport …………………………… 42
2.8.1.3. Charge recombination …………………….. 43

2.8.2. Electronic traps ……………………………………. 43
2.8.2.1. Traps detection technique …………………. 43
2.8.2.2. Traps distribution …………………………. 44

2.8.3. Space-charge-limited current (SCLC) …………….. 45
2.8.3.1. Region I …………………………………… 47
2.8.3.2. Region II ………………………………….. 47
2.8.3.3. Region III ………………………………… 48

2.9. Theory of alternating current (AC) conductivity and
dielectric properties ……………………………………….

49

2.9.1. Quantum mechanical tunneling (QMT) model ……. 50
2.9.2. Small-polaron tunneling (SPT) model …………...... 51
2.9.3. Large-polaron tunneling  (LPT) model ……………. 51
2.9.4. Correlated barrier hopping (CBH) model 52



Table of contents

2.10. Theory of organic photovoltaic (OPV) solar cell ……….. 53
2.10.1. Fundamentals of OPV solar cell …………………… 53
2.10.2. Formulation ……………………………………….. 57
2.10.3. Equivalent circuit …………………………………. 59
2.10.4. Device characterization …………………………… 59

Chapter 3: Experimental techniques
3.1. Conventional thermal evaporation technique …………….. 62

3.1.1. Transport of vaporized material (masks) ………….. 64
3.1.2. Chemical etching ………………………………….. 64
3.1.3. Advantages and disadvantages of vacuum

deposition …………………………………………….
66

3.2. Material under investigation ……………………………… 67
3.3. Thin films preparation ……………………………………. 67

3.3.1. Evaporation system ……………………………….. 69
3.3.1.1. Vacuum chamber …………………………. 69
3.3.1.2. Vacuum pumping system …………………. 69
3.3.1.3. Pressure measurement …………………….. 69
3.3.1.4. Evaporation sources ………………………. 69
3.3.1.5. Substrate holders and heaters ……………... 71
3.3.1.6. Deposition rate monitor …………………… 71

3.3.2. Evaporation process ………………………………. 71
3.4. Methods for film thickness measurements ……………….. 73

3.4.1. Quartz crystal thickness monitor ………………….. 73
3.4.2. Interferometric method ……………………………. 74
3.4.3. Spectrophotometric method ……………………….. 76

3.5. Heat treatment …………………………………………….. 76
3.6. Structural investigation of DBM material ………………... 77

3.6.1. Thermal measurements …………………………… 77
3.6.1.1. Differential scanning calorimetry (DSC) ….. 77

3.6.1.1.1. Principle of operation ……………… 77
3.6.1.1.2. Interpretation of DSC curve ……….. 77

3.6.1.2. Thermogravimetric analysis (TGA) ……….. 79
3.6.1.2.1. Principle of operation ……………… 79
3.6.1.2.2. Interpretation of TGA curve ………. 80

3.6.2. Proton nuclear magnetic resonance (1H-NMR)
measurements ………………………………………..

81

3.6.3. Surface analysis techniques ………………………. 82
3.6.3.1. Fourier transform infrared (FT-IR)

spectroscopy ……………………………………
82

3.6.3.1.1. Infrared spectrometer ……………… 83
3.6.3.1.2. Dispersion …………………………. 84



Table of contents

3.6.3.1.3. Recording of an infrared spectrum …....... 84
3.6.3.2. Incident electron methods …………………. 85

3.6.3.2.1. Scanning electron microscopy (SEM) … 85
3.6.3.2.2. Transmission electron microscopy (TEM) 87

3.6.3.3. X-Ray Diffraction (XRD) …………………. 91
3.6.3.4. Cyclic voltammetery (CV) measurement …. 93

3.7. Optical measurements ……………………………………. 96
3.7.1. Film transmittance and reflectance ……………….. 96
3.7.2. The optical constants determination ……………… 99

3.8. Electrical measurements ………………………………… 101
3.8.1. Sample preparation ………………………………. 101

3.8.1.1. Planar configuration ……………………… 101
3.8.1.2. Sandwich configuration ………………….. 102

3.8.2. Dark DC electrical conductivity measurements ….. 103
3.8.3. Space-charge-limited current (SCLC) measurements 104

3.9. Preparation and electrical measurements for Au/DBM/p-
Si/Al  heterojunction ……………………………………...

104

3.9.1. Devices preparation ……………………………….. 104
3.9.2. Current-voltage (I-V) characteristics measurements 105
3.9.3. Capacitance-voltage (C-V) characteristics

measurements ………………………………………..
106

Chapter 4: Structural properties of DBM compound
4.1. Experimental measurements ……………………………… 108

4.1.1. 1H-NMR measurements …………………………… 108
4.1.2. DSC measurements ……………………………….. 109
4.1.3. TGA measurements ……………………………….. 110
4.1.4. XRD pattern of DBM compound …………………. 111
4.1.5. TEM measurements ………………………………. 113
4.1.6. SEM measurements ………………………………. 114
4.1.7. Fourier-transform infrared  (FT-IR)  spectroscopy 115

4.1.7.1. Computational details ……………………. 115
4.1.7.2. Molecular geometry ……………………… 116
4.1.7.3. Vibrational assignments …………………. 118

4.1.7.3.1. C-H vibrations …………………… 124
4.1.7.3.2. Methyl group vibrations …………. 126
4.1.7.3.3. C-N vibrations …………………… 127
4.1.7.3.4. C≡N vibrations …………………... 128
4.1.7.3.5. N-(CH3)2 group vibrations ………. 128
4.1.7.3.6. Ring vibrations …………………… 129

4.2. Structural modeling ……………………………… 131
4.2.1. Semi-empirical (PM3) calculation ………. 132



Table of contents

4.2.2. Density functional theory (DFT) calculation 133
4.3. Frontier molecular orbitals ……………………….. 136

4.3.1. Theoretical calculation …………………… 136
4.3.2. Experimental calculation ………………… 139

4.4. Other molecular properties ………………………. 141
4.4.1. Spin multiplicity …………………………… 141
4.4.2. Total energy ………………………………. 142
4.4.3. Entropy …………………………………… 142
4.4.4. Dipole moment …………………………… 142

Chapter 5: Optical properties of DBM thin films
5.1. Transmittance, T, and reflectance, R, spectra of nano-

crystalline DBM thin film ………………………………..
145

5.2. Light scattering in nano-crystalline DBM thin film ……... 146
5.2.1. Light scattering model …………………………… 147
5.2.2. Light transmittance in nano-crystalline DBM thin

film ………………………………………………….
148

5.2.3. Light scattering coefficient of nano-crystalline
DBM thin film ……………………………………….

149

5.3. Optical constants of nano-crystalline DBM thin film …… 151
5.4. Energy gap determination of nano-crystalline DBM thin

film ……………………………………………………….
156

5.5. Dispersion analysis ……………………………………… 159
5.5.1. Single-oscillator model ………………………….... 159
5.5.2. Drude model ……………………………………… 160

Chapter 6: Transport properties of DBM compound
6.1. Type of conduction ……………………………………… 162
6.2. Dark direct current (DC) conductivity investigation ……. 163

6.2.1. DC conductivity of DBM thin film form ...………. 163
6.2.1.1. Film thickness dependence ………………. 163
6.2.1.2. Temperature dependence ………………… 166

6.2.2. DC conductivity of DBM bulk form ......................... 168
6.3. Ohmic and space-charge-limited current measurements … 169

6.3.1. DBM thin film form ………………………………. 169
6.3.1.1. Current density-voltage characteristics …… 169
6.3.1.2. Temperature dependence of current density 173

6.3.2. DBM bulk form ………………………………….. 177
6.4. Dark alternating current (AC) conductivity investigation 179

6.4.1. Frequency and temperature dependence of dielectric
properties ……………………………………………

180

6.4.2. Frequency and temperature dependence of AC 186



Table of contents

conductivity ………………………………………….

Chapter 7: Transport and photovoltaic properties of organic solar
cells

Part I: Characterization of Al/DBM/ITO Schottky diode
7.1. Dark J-V characteristics …………………………………. 192

7.1.1. Forward biased voltage ……………………….…... 193
7.1.2. Reverse biased voltage ………………………….... 199

7.2. Capacitance-voltage characteristics …………………….... 200
7.3. Photovoltaic properties ………………………………..…. 202

Part II: Characterization of Au/DBM/p-Si/Al heterojunction
solar cell

7.4. Dark J-V characteristics ……………..........................……. 205
7.4.1. Forward biased voltage …………………………… 206
7.4.2. Reverse biased voltage ……………………………. 212

7.5. Capacitance-Voltage Characteristics …………………….. 212
7.6. Photovoltaic Properties …………………………………… 213

Conclusions
1. Conclusions from structural properties study …………….. 218
2. Conclusions from optical properties study ……………….. 220
3. Conclusions from transport properties study ……………... 220
4. Conclusions from transport and photovoltaic properties of

organic solar cells study ………………………
221

References

Arabic summary



Chapter 1 Introduction

1

Chapter 111

Introduction

1.1. Overview

The organic semiconducting materials are grouped as polymer,

monomer, and organic compounds. Charge carrier transport properties in

organic semiconducting compounds have received considerable attention

within the last few decades. Organic semiconductors are used extensively in

the fabrication of active and passive solid state devices [1,2].

Research on the properties of organic semiconductors has witnessed

a revival in recent years due to emerging technological applications of these

materials. They possess specific physical properties (significant

electroluminescence, bandgap in infrared-visible (IR-Vis) domain), which

are very attractive for the technology of electronic devices such as field-

effect transistors (FETs) [3,4], organic light-emitting diodes (OLEDs) [5,6],

photovoltaic devices [7-9], optoelectronic devices [10], as well as for other

technological applications, such as optical pH, a measure of the acidity or


