Transport and Dielectric Properties of Thin Fullerene (C_{60}) Films by Boris Pevzner

Submitted to the Department of Electrical Engineering and Computer Science in partial fulfillment of the requirements for the degrees of Bachelor of Science in Electrical Engineering and Master of Science in Electrical Engineering at the MASSACHUSETTS INSTITUTE OF TECHNOLOGY December 1995 © Boris Pevzner, MCMXCV. All rights reserved.

The author hereby grants to MIT permission to reproduce and distribute publicly paper and electronic copies of this thesis document in whole or in part, and to grant others the right to do so.

Author . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Department of Electrical Engineering and Computer Science December 12, 1995 Certified by . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Mildred S. Dresselhaus Institute Professor of Physics and Electrical Engineering and Computer Science Thesis Supervisor Certified by . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Arthur F. Hebard Member of Technical Staff, AT&T Bell Laboratories Thesis Supervisor Accepted by . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Frederic R. Morgenthaler Chairman, Departmental Committee on Graduate Students

Transport and Dielectric Properties

of Thin Fullerene (C_{60}) Films by Boris Pevzner

Submitted to the Department of Electrical Engineering and Computer Science on December 12, 1995, in partial fulfillment of the requirements for the degrees of Bachelor of Science in Electrical Engineering and Master of Science in Electrical Engineering

Abstract

Dielectric behavior of pristine and modified fullerene (C_{60}) films was investigated over the frequency range of 0.5 mHz to 100 kHz. The presence of mobile ions in the large interstitial spaces of the C_{60} lattice compromises the breakdown voltage and makes pure C_{60} unsuitable for applications requiring high-quality dielectric films (such as microelectronic applications). However, various immobile ions or neutral species (e.g., oxygen) can be made to fill the interstitial volume, changing the characteristics of the C_{60} films and, in some cases, improving their dielectric properties. Based on the lowfrequency behavior of the dielectric constant, a model is developed for the mechanism for diffusion of oxygen and other impurities into the interstitial spaces of fullerene materials. It is concluded that dielectric and, especially, microdielectric spectroscopy can be used to assess the content of oxygen or other impurities in the interstitial spaces of solid C_{60}. Using this technique, both tracer and chemical diffusion coefficients can be determined, and the effect of various intercalants on the dielectric properties of C_{60} films can be ascertained.

Thesis Supervisor: Mildred S. Dresselhaus Title: Institute Professor of Physics and Electrical Engineering and Computer Science

Thesis Supervisor: Arthur F. Hebard Title: Member of Technical Staff, AT&T Bell Laboratories

Transport and Dielectric Properties

of Thin Fullerene (C_{60}) Films by Boris Pevzner

Submitted to the Department of Electrical Engineering and Computer Science on December 12, 1995, in partial fulfillment of the requirements for the degrees of Bachelor of Science in Electrical Engineering and Master of Science in Electrical Engineering

Abstract

Dielectric behavior of pristine and modified fullerene (C_{60}) films was investigated over the frequency range of 0.5 mHz to 100 kHz. The presence of mobile ions in the large interstitial spaces of the C_{60} lattice compromises the breakdown voltage and makes pure C_{60} unsuitable for applications requiring high-quality dielectric films (such as microelectronic applications). However, various immobile ions or neutral species (e.g., oxygen) can be made to fill the interstitial volume, changing the characteristics of the C_{60} films and, in some cases, improving their dielectric properties. Based on the lowfrequency behavior of the dielectric constant, a model is developed for the mechanism for diffusion of oxygen and other impurities into the interstitial spaces of fullerene materials. It is concluded that dielectric and, especially, microdielectric spectroscopy can be used to assess the content of oxygen or other impurities in the interstitial spaces of solid C_{60}. Using this technique, both tracer and chemical diffusion coefficients can be determined, and the effect of various intercalants on the dielectric properties of C_{60} films can be ascertained.

Thesis Supervisor: Mildred S. Dresselhaus Title: Institute Professor of Physics and Electrical Engineering and Computer Science

Thesis Supervisor: Arthur F. Hebard Title: Member of Technical Staff, AT&T Bell Laboratories

Acknowledgements

I would like to thank Professor M. S. Dresselhaus for her invaluable professional help and guidance in conducting my research on fullerenes, as well as for her almost infinite patience while waiting for this project to be completed.

I am equally grateful to Dr. Arthur Hebard of AT&T Bell Labs who provided support and inspiration throughout each stage of my work both at Bell and at M.I.T. The expertise that I have acquired at Bell Labs under Art’s supervision will undoubtedly serve me for years to come.

In the course of this work, I had the benefit of getting advice from a number of M.I.T. faculty. First and foremost, I would like to thank Professor Stephen Senturia for sharing his insights and ideas with me, as well as for lending me his microdielectrometer and lots of other measurement equipment. Professor Markus Zahn has also been of very considerable help by providing valuable advice, and by putting me in touch with his current and former students working on projects whose technical aspects are similar to mine. Professor Gerbrand Ceder assisted in supplying me with access to molecular visualization and computer simulation hardware and software. Thanks goes also to Dr. Gene Dresselhaus for helpful discussions.

I am also thankful to Dr. Huan Lee, David Sheppard, and other good folks at Micromet Instruments (Newton, MA) who let me use their equipment, and generously donated hours of their time to help me with my experiments.

I would also like to acknowledge the other members of Professor Dresselhaus’s group whose company I have enjoyed in the past two years: Siegfried (our pastmidnight coffee breaks were a lot of fun), Lyndon, Ibo, James, Sun, Nathan and Joe, as well as Dr. Ching-Hwa Kiang, our current postdoc. Dr. Gillian Reynolds has been a pleasure to work with as well, and I wish her luck at her new job at DuPont. Dr. Xiang-Xin (Sean) Bi and his enthusiastic attitude toward life opportunities contributed considerably to my quality of life during the year when Sean was my officemate. My particularly heartfelt thanks goes to Dr. Alex Fung who generously let me make use of his apartment during my frequent visits to New Jersey. Alex, your friendship and advice are greatly appreciated. Thanks also to Ona Wu of MIT AI Lab for her companionship, support, and technical help.

On the Bell Labs side, I would like to thank Dr. Robert Haddon for helping with obtaining the material for the samples, and to R. H. Eick for technical assistance. Janet Konopka, Mike Milner, Marty and Frances Kaplan, Jeannie Moskowitz, and Mike Yang — all of AT&T — have, each in his or her own way, made my New Jersey experience livelier than it otherwise would have been.

I am grateful to AT&T Bell Laboratories for their financial support that made this project possible. A lot has changed at Bell since I first went there four years ago. Witnessing (from inside) this “national treasure” transforming itself into two separate streamlined industrial laboratories has been a very educational experience indeed.

Most importantly, I would like to thank my parents for their unmitigated support.

Contents

1 Introduction to Fullerenes 18 1.1 Overview . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18 1.2 Synthesis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25 1.3 Structure of Fullerenes . . . . . . . . . . . . . . . . . . . . . . . . . . 28 1.3.1 Molecular Structure of C_{60} . . . . . . . . . . . . . . . . . . . . 28 1.3.2 Crystalline Structure . . . . . . . . . . . . . . . . . . . . . . . 30 1.4 Electronic Structure . . . . . . . . . . . . . . . . . . . . . . . . . . . 40 1.5 Doping . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 43 1.6 Vibrational Properties . . . . . . . . . . . . . . . . . . . . . . . . . . 49 1.7 Applications† . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51 1.7.1 Overview . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 54 1.7.2 C_{60} Transistors . . . . . . . . . . . . . . . . . . . . . . . . . . 55 1.7.3 C_{60}-Based Heterojunction Diodes . . . . . . . . . . . . . . . . 57 1.7.4 C_{60}–Polymer Composite Heterojunction Rectifying Diode . . . 58 1.7.5 C_{60}–Polymer Composite Heterojunction Photovoltaic Devices 61 1.7.6 Microelectronic Fabrication and Photoresists . . . . . . . . . . 62 1.7.7 Silicon Wafer Bonding . . . . . . . . . . . . . . . . . . . . . . 65 1.7.8 Fullerenes Used for Uniform Electric Potential Surfaces . . . . 66 1.7.9 Sensors . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 66 1.7.10 Nanotechnology . . . . . . . . . . . . . . . . . . . . . . . . . . 67 1.7.11 Commercialization and Patents . . . . . . . . . . . . . . . . . 71

2 Theory of Dielectric Relaxation in Solids 75 2.1 Introduction and Motivation: Technological importance of dielectrics in modern industry . . . . . . . . . . . . . . . . . . . . . . . . . . . . 75 2.2 Dielectrics in Static Fields . . . . . . . . . . . . . . . . . . . . . . . . 79 2.2.1 Electric susceptibility and permittivity . . . . . . . . . . . . . 79 2.2.2 Mechanisms of electric polarization . . . . . . . . . . . . . . . 79 2.2.3 Static polarization . . . . . . . . . . . . . . . . . . . . . . . . 82 2.3 Dielectrics in Time-Dependent Fields: Dielectric Relaxation . . . . . 91 2.3.1 Maxwell’s Equations . . . . . . . . . . . . . . . . . . . . . . . 91 2.3.2 Complex Permittivity . . . . . . . . . . . . . . . . . . . . . . . 93 2.3.3 Microscopic Models of Dielectric Relaxation . . . . . . . . . . 100 2.3.4 Effect of Residual DC Conductivity . . . . . . . . . . . . . . . 116

3 Low frequency dielectric measurements 118 3.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 118 3.2 Parallel-plate measurements . . . . . . . . . . . . . . . . . . . . . . . 119 3.2.1 Overview . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 119 3.2.2 Special considerations . . . . . . . . . . . . . . . . . . . . . . 121 3.2.3 Measurement equipment . . . . . . . . . . . . . . . . . . . . . 124 3.3 Microdielectrometry . . . . . . . . . . . . . . . . . . . . . . . . . . . 127 3.4 Transport Measurements . . . . . . . . . . . . . . . . . . . . . . . . . 134

4 Dielectric Properties of Pristine and Modified C_{60} Films 142 4.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 142 4.2 Optical dielectric function of C_{60} . . . . . . . . . . . . . . . . . . . . 143 4.3 Experimental difficulties in obtaining intrinsic electrical characteristics of C_{60} solids . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 147 4.4 Film modification: Motivation and justification . . . . . . . . . . . . 149 4.4.1 NMR and ESR evidence for oxygen diffusion . . . . . . . . . . 151 4.4.2 Transport Evidence of Oxygen Diffusion . . . . . . . . . . . . 156 4.5 Sample preparation and characterization . . . . . . . . . . . . . . . . 161

4.6 Measurement of the intrinsic dielectric constant of C_{60} . . . . . . . . 170 4.7 Dielectric properties as a function of oxygen diffusion . . . . . . . . . 172 4.7.1 Low-frequency nonlinearities in the dielectric data . . . . . . . 172 4.7.2 Development of the dielectric loss peaks as a result of oxygen diffusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 173 4.7.3 Calculation of added polarization . . . . . . . . . . . . . . . . 176 4.7.4 Dynamics of the dielectric loss peaks as a function of oxygen diffusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 179 4.7.5 Obtaining the chemical and tracer diffusion constants from the dielectric loss data . . . . . . . . . . . . . . . . . . . . . . . . 184 4.7.6 Alternative dipole-forming mechanisms . . . . . . . . . . . . . 191 4.8 Temperature dependence of the dielectric function in oxygenated C_{60} 196 4.8.1 Dielectric behavior at T > T_{01} . . . . . . . . . . . . . . . . . . 196 4.8.2 Dielectric behavior at T < T_{01} . . . . . . . . . . . . . . . . . . 201 4.9 Effect of humidity . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 206 4.10 Effect of other film treatments . . . . . . . . . . . . . . . . . . . . . . 210

5 Conclusions and Future Work 216 5.1 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 216 5.2 Possible Applications . . . . . . . . . . . . . . . . . . . . . . . . . . . 217 5.3 Future Work . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 218 A LabView Software Listings 220 A.1 HP 4274A Impedance Bridge . . . . . . . . . . . . . . . . . . . . . . . 220 A.2 SI 1254 Frequency Response Analyzer . . . . . . . . . . . . . . . . . . 220 A.3 Microdielectrometer . . . . . . . . . . . . . . . . . . . . . . . . . . . . 220

List of Figures

1-1 Icosahedral symmetry of C_{60}. . . . . . . . . . . . . . . . . . . . . . . 19 1-2 Relationship between the crystal structure of the three forms of carbon (graphite, diamond, and C_{60}) and their relative binding energies per carbon atom. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20 1-3 Time of flight mass spectrum of carbon clusters produced in a supersonic beam by laser vaporization of graphite. . . . . . . . . . . . . . . 22 1-4 Higher fullerenes. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23 1-5 Formation of carbon nanotubules from graphene sheets. . . . . . . . . 24 1-6 Schematic view of a simple contact-arc apparatus for the production of fullerene-rich soot. . . . . . . . . . . . . . . . . . . . . . . . . . . . 26 1-7 Golden ratio, golden rectangle, and icosahedral symmetry. . . . . . . 31 1-8 Unit cell of C_{60} crystalline solid and the structural phase transition. . 34 1-9 Correlated orientations of a pair of C_{60} molecules. . . . . . . . . . . . 35 1-10 Specific heat of solid C_{60} as a function of temperature. . . . . . . . . 36 1-11 Temperature variation of the cubic lattice constant a_0 for solid C_{60}. . 36 1-12 Phototransformation of C_{60} films under laser irradiation. . . . . . . . 38 1-13 Mechanism of photopolymerization in solid C_{60}. . . . . . . . . . . . . 39 1-14 High resolution transmission electron microscopy (HRTEM) photograph of a C_{60} crystallite before and after photopolymerization in a 488 nm Argon-ion laser. . . . . . . . . . . . . . . . . . . . . . . . . . 41 1-15 Electronic structure calculations of an isolated C_{60} molecule and of fcc solid C_{60}. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 42 1-16 Endohedral and radial-exohedral doping of fullerenes. . . . . . . . . . 45

1-17 Structures for solid C_{60}, M_3C_{60}, and M_6C_{60} (M=K,Rb). . . . . . . . . 46 1-18 Dependence of the resistivity of a K_xC_{60} film on exposure to K vapor, and superconducting transition at T_c=18 K and temperature dependence of the resistivity ρ of single crystal K_3C_{60}. . . . . . . . . . . . . 47 1-19 Dependence of T_c on the lattice constant a for various M_3C_{60} compounds (M=Li,Na,K,Rb,Cs). . . . . . . . . . . . . . . . . . . . . . . . 48 1-20 Overview of vibrations in the M_3C_{60} compounds. . . . . . . . . . . . 50 1-21 Infrared and Raman spectra for C_{60} before and after photopolymeriza- tion. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 53 1-22 Conventional MOSFET. . . . . . . . . . . . . . . . . . . . . . . . . . 55 1-23 C_{60} field effect transistor (FET). . . . . . . . . . . . . . . . . . . . . . 56 1-24 Schematic cross section of a Nb/C_{60}/p-Si structure. . . . . . . . . . . 58 1-25 Room temperature current–voltage characteristics of a C_{60}/p-Si and C_{60}/n-Si junctions. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 59 1-26 (a) ITO/polymer/C_{60}/metal heterojunctions. . . . . . . . . . . . . . . 60 1-27 Electrical and optical characteristics of an ITO/MEH-PPV/C_{60}/Au photovoltaic device. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 61 1-28 Sequence of steps used in fullerene photolithography. . . . . . . . . . 64 1-29 The principle of moving C_{60} molecules by a rotating external electric field. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 68 1-30 Schematic presentation of several proposed electronic device applications for carbon nanotubes. . . . . . . . . . . . . . . . . . . . . . . . 70

2-1 Mechanisms of polarization. . . . . . . . . . . . . . . . . . . . . . . . 80 2-2 Electric dipole. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 81 2-3 “Dipole chains” forming under the influence of an applied electric field. 82 2-4 Dielectric in the electric field of a capacitor. . . . . . . . . . . . . . . 83 2-5 Model for calculation of Clausius-Mossotti internal field. . . . . . . . 85 2-6 The Clausius-Mossotti and the Onsager cavities. . . . . . . . . . . . . 89

2-7 Mathcad worksheet illustrating the difference between Debye and Onsager results for the dipole moment μ. . . . . . . . . . . . . . . . . . 90 2-8 Mathcad worksheet showing the response of the polarization of a dielectric to the step-up and step-down excitations. . . . . . . . . . . . 95 2-9 An illustration of the manner in which the static dielectric permittivity ε(0) is made up of contributions of all loss processes. . . . . . . . . . 98 2-10 Dispersion of polarization in dielectric measurements. . . . . . . . . . 99 2-11 Idealized view of the polarization due to dipole orientation in the presence of an applied electric filed. . . . . . . . . . . . . . . . . . . . . . 101 2-12 Mathcad worksheet showing the frequency dependence of the Debye single relaxation time model for dipole orientation. . . . . . . . . . . 103 2-13 A schematic representation of the significance of the existence of a distribution of relaxation times in the application to the interpretation of a “non-Debye” loss peak in a dielectric material. . . . . . . . . . . 104 2-14 Mathcad worksheet showing a Cole-Cole plot of the Debye single relaxation time model for dipole orientation. . . . . . . . . . . . . . . . 105 2-15 Mathcad worksheet calculating and displaying the Williams-Watts relaxation time distribution function for different values of the β_{ww} pa- rameter. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 108 2-16 Mathcad worksheet calculating and displaying Cole-Cole plots of the Debye single relaxation time model (”_{DEBYE}), Cole-Cole model (”_{CC}), Davidson-Cole model (”_{CD}), and Williams-Watts model (”_{WW}). . . . 109 2-17 Mathcad worksheet calculating and displaying relaxation time distribution functions for Cole-Cole G_{CC} (τ /τ_{CC}), Davidson-Cole G_{CD}(τ /τ_{CD}), and Williams-Watts G_{WW}(τ /τ_{WW} ) models. . . . . . . . . . . . . . . . 110 2-18 The potential energy diagram of a many-body two-level system representing the energy of a large number of interacting systems. . . . . . 113 2-19 The effect of temperature on the shape of the loss peak of a dipolar material. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 115

2-20 Mathcad worksheet illustrating the effective dielectric loss of a Debye dielectric having DC conductivity σ_0, for different values of σ_0. . . . . 117

3-1 Parallel plate electrodes. . . . . . . . . . . . . . . . . . . . . . . . . . 120 3-2 Equivalent circuits for the material under test with and without taking the interfacial capacitance into account. . . . . . . . . . . . . . . . . . 122 3-3 Idealized view of the polarization due to ions. . . . . . . . . . . . . . 122 3-4 Schematic diagram of a measurement system illustrating the effect of cable capacitance and shielding. . . . . . . . . . . . . . . . . . . . . . 124 3-5 A schematic of the working principle of the SI 1254 Frequency Response Analyzer. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 125 3-6 Schematic view of active portion of microdielectrometer sensor chip. . 128 3-7 Cross section of microdielectrometer sensor. . . . . . . . . . . . . . . 129 3-8 Calibration of the microdielectric sensor. . . . . . . . . . . . . . . . . 130 3-9 Schematic of “ribbon cable” packaging of the integrated microdielec- trometer sensor. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 131 3-10 The Micron Sensor geometry. . . . . . . . . . . . . . . . . . . . . . . 132 3-11 Functional block diagram of sampled data system used in microdielectrometry measurements. . . . . . . . . . . . . . . . . . . . . . . . . . 133 3-12 Current measurement circuits. . . . . . . . . . . . . . . . . . . . . . . 137 3-13 A block diagram of the SR570 Low Noise Current Amplifier. . . . . . 138

4-1 Summary of real ε^0(ω) and imaginary ε^{00}(ω) parts of the dielectric function for C_{60} vacuum-sublimed solid films over all optical frequencies. . 144 4-2 C_{60} molecules arranged in a face-centered cubic lattice, with oxygen molecules occupying octahedral interstitial sites of the C_{60} solid. . . . 152 4-3 NMR evidence for pressure-assisted oxygen diffusion into C_{60} films. . 153 4-4 Resonant alpha particle backscattering evidence for UV-assisted oxygen diffusion into C_{60} films. . . . . . . . . . . . . . . . . . . . . . . . 154 4-5 ESR evidence for UV-assisted oxygen diffusion into a C_{60} film. . . . . 156 4-6 Transport measurements of a C_{60} film. . . . . . . . . . . . . . . . . . 159

4-7 Thermal conductivity of a number of electrically insulating solids as a function of temperature. . . . . . . . . . . . . . . . . . . . . . . . . . 162 4-8 A schematic of the vacuum deposition system used to grow the C_{60} films.164 4-9 A Dektak 8000 profilometer measurement of a 1000 Å C_{60} film. . . . 165 4-10 Optical characterization of C_{60} films: infrared transmission and wavelength- dependent absorbance. . . . . . . . . . . . . . . . . . . . . . . . . . . 166 4-11 X-ray characterization of polycrystalline C_{60} films. . . . . . . . . . . . 167 4-12 Photopolymerization of C_{60} films studied with Raman spectroscopy. . 168 4-13 A typical trilayer (“sandwich”) structure composed of five identical Al-C_{60}-Al junctions. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 169 4-14 Plot of the reciprocal areal capacitance of Al-C_{60}-Al and Al-C_{70}-Al trilayer structures as a function of fullerene film thickness, measured at 100 kHz. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 171 4-15 Evidence of nonlinear behavior of a C_{60} film at low frequencies due to the presence of weakly bound dipoles. . . . . . . . . . . . . . . . . . . 174 4-16 Dielectric response of a C_{60} film after 16 hours of exposure to the ambient environment at room temperature. . . . . . . . . . . . . . . . 175 4-17 A schematic drawing showing oxygen molecules located in the interstitials of the C_{60} solid. . . . . . . . . . . . . . . . . . . . . . . . . . . . 178 4-18 A schematic plot of dielectric loss vs frequency for a C_{60} film, prepared initially without exposure to oxygen, showing peaks moving after various durations of oxygen exposure. . . . . . . . . . . . . . . . . . . . 180 4-19 Evolution of the dielectric peaks in an oxygenated C_{60} film with exposure to the ambient atmosphere. . . . . . . . . . . . . . . . . . . . . . 182 4-20 Enhanced polarization and anomalous dispersion effects observed in a Al-C_{60}-Ag trilayer structure. . . . . . . . . . . . . . . . . . . . . . . . 183 4-21 Illustration of the tracer and chemical diffusion processes in two di- mensions. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 184 4-22 Illustration of the approximations made in deriving the equations of diffusion. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 186

4-23 Mathcad worksheet calculating Fick’s law solutions for the concentration C(x, t) as a function of time t and coordinate x. . . . . . . . . . 188 4-24 Plot of ε^0(ω) and ε^{00}(ω) used to determine the molecular oxygen diffu- sion into a C_{60} film. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 189 4-25 Frequency dependence of the real and imaginary parts of the dielectric function of a C_{60} film plotted on the log-log scale for temperatures 215–290 K. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 197 4-26 Arrhenius plot of the position of the dielectric loss peak frequency. . . 199 4-27 Summary of the results of measurements of the second-order phase transition in C_{60} by various methods at different frequencies. . . . . . 203 4-28 Capacitance and dielectric loss tangent vs temperature, for a C_{60} film measured at 100 kHz. . . . . . . . . . . . . . . . . . . . . . . . . . . . 204 4-29 Real and imaginary parts of the dielectric function of a C_{60}/C_{70} mixture pellet plotted as a function of temperature at different frequencies. . . 205 4-30 Frequency dependence of the real and imaginary parts of the dielectric function of a C_{60} polycrystalline film plotted for different values of ambient humidity. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 209 4-31 Capacitance C and dielectric loss tangent D vs frequency on a log scale showing the effect of 10-minute exposure of a C_{60} film to chlorine. . . 211 4-32 Plot of capacitance and dielectric loss tangent vs frequency for C_{60} films grown in the absence and in the presence of UV light during deposition.213 4-33 Real and imaginary parts of the dielectric function of a C_{60} film before and after photopolymerization. . . . . . . . . . . . . . . . . . . . . . 214 4-34 Plot of the reciprocal areal capacitance vs thickness for pristine and UV-polymerized C_{60} films. . . . . . . . . . . . . . . . . . . . . . . . . 215

A-1 HP 4274A VI’s front panel. . . . . . . . . . . . . . . . . . . . . . . . . 221 A-2 HP 4274A VI’s wiring diagram. . . . . . . . . . . . . . . . . . . . . . 222 A-3 HP 4274A VI’s position in hierarchy. . . . . . . . . . . . . . . . . . . 223 A-4 SI 1254 VI’s front panel. . . . . . . . . . . . . . . . . . . . . . . . . . 224

A-5 SI 1254 VI’s wiring diagram. . . . . . . . . . . . . . . . . . . . . . . . 225 A-6 The Microdielectrometer VI’s front panel. . . . . . . . . . . . . . . . 226 A-7 The Microdielectrometer VI’s wiring diagram. . . . . . . . . . . . . . 227 A-8 The Microdielectrometer VI’s position in hierarchy. . . . . . . . . . . 228

List of Tables

1.1 Physical constants for C_{60} molecules . . . . . . . . . . . . . . . . . . 32 1.2 Physical constants for C_{60} solid materials . . . . . . . . . . . . . . . . 33 1.3 Intramolecular vibrational frequencies of C_{60} . . . . . . . . . . . . . . 52 1.4 Some uses of fullerenes suggested by patents and patent applications. 73 1.4 CONTINUED: Some uses of fullerenes suggested by patents and patent applications. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 74 2.1 The average relaxation times ⟨τ ⟩ and the average relaxation frequencies ⟨ω⟩ for various dielectric relaxation models. . . . . . . . . . . . . . . . 111 2.2 A summary of various dielectric relaxation functions and their power- law exponents. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 115 3.1 Microdielectric sensor specifications. . . . . . . . . . . . . . . . . . . . 132

4.1 Intrinsic conductivity and activation energy reported for crystalline, polycrystalline, and amorphous C_{60} solids. . . . . . . . . . . . . . . . 157

Preface

Since its discovery in 1985 [1], carbon-60 (C_{60}), a newly found all-carbon molecule, has captured the attention of scientists all over the world. It has been designated the 1991 “Molecule of the Year” on the cover of Science magazine [2], while investigation of its physical and chemical properties, as well as the properties of its compounds, became one of the most popular topics of today’s research in solid state physics, material science, and chemistry.

The principal contribution of the present work has been the development of a comprehensive model for the dielectric properties of solid C_{60}, particularly explaining how the dielectric properties are affected by various dopants, impurities, and processing. The need for better dielectrics with improved properties suitable for modern integrated manufacturing needs was one of the main motivations for studying ways to enhance the dielectric properties of C_{60} thin films. And since in today’s silicon technology, the enhancement of SiO_2 by nitrogen incorporation has been shown to result in an increased dielectric constant and resistance to impurity diffusion, as well as much higher resistance to interface state generation under avalanche, high-field and hot-carrier stress, and irradiation, a similar path has been chosen for attempting to improve the dielectric properties of C_{60} thin films.

It is known that solid C_{60} has a substantial amount of interstitial volume. The presence of mobile ions in these spaces compromises the breakdown voltage and makes pure C_{60} unsuitable for applications requiring high-quality dielectric films. However, various immobile ions or neutral species (e.g. oxygen) can be made to fill the interstitial volume, changing the characteristics of the C_{60} films and, in some cases, improving the dielectric properties. In this study, dielectric measurements of pris-

PREFACE 17

tine and modified C_{60} films were performed for frequencies ranging from 0.5 mHz to 100 kHz. Based on the low-frequency behavior of the dielectric constant, a model is proposed for the mechanism of oxygen diffusion into the interstitial spaces of the C_{60} solid.

The thesis is organized into five major chapters. We start by reviewing the state of the art in the science of C_{60} and its sister materials (fullerites) in Chapter 1. While the theoretical and experimental knowledge in this area is still being accumulated and interpreted, a rather clear overall picture of the structure and properties of fullerites has already emerged. We briefly review synthesis of C_{60}; explain its molecular, crystalline, and electronic structure; discuss its vibrational properties and doping compounds (including superconductors), and then discuss in some detail the possible applications of this new material, paying particular attention to emerging electronic applications.

While Chapter 1 is laying the groundwork for the thesis by introducing the essential structure and properties of C_{60} necessary for understanding the material’s dielectric and transport properties, Chapter 2 is similarly important as it introduces the theoretical background and mathematical machinery necessary for describing dielectric properties of materials. Chapter 3 complements Chapter 2 by explaining the techniques of low frequency dielectric measurements, including the recently developed microdielectrometry technique [3], that have been used in this study. Chapter 4 builds on the preceding chapters, and presents the data on dielectric properties of C_{60} as a function of oxygen diffusion, temperature, and other material treatments. A model for the dielectric relaxation in C_{60} that takes the role of impurities into account is also developed in Chapter 4. We conclude with a summary of main results of the work in Chapter 5.

The rationalized (MKS) system of units is used throughout this work. The typesetting convention used calls for real scalar variables to be set in regular font, complex variables — in bold font, and vector variables — with a vector sign on top.