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MSE 215

Introduction to functional materials: From macro to nanoscale

SPRING 2007  Tues/Thurs 3:00, LRSM Auditorium

Instructors:  R. Agarwal,   308 LRSM, riteshag@seas.upenn.edu,   573-3037
The purposes of this course are 1) to introduce key concepts underlying the design, properties and processing of functional materials and their  applications, and 2) to apply these concepts in the rapidly growing field of nanomaterials and nanotechnology.   Fundamental  chemical and physical principles underlying  electronic, dielectric, optical and magnetic properties will be developed in the context of metals, semiconductors, insulators, crystals, glasses, polymers and ceramics.  Miniaturization and the nanotechnology revolution confronts materials science with challenges and opportunities.  Examples in which nanoscale materials exhibit qualitatively different properties compared to bulk will be emphasized.

Prerequisites: MSE220, MSE221 recommended
Text: Callister, Fundamentals of Materials Science and Engineering : An Integrated Approach (Second edition) – same as MSE220 text.

Supplemental reading, on reserve in Towne Library

Chemical World,  Phil Ball


Solid State Electronic Devices, Ben Streetman


Nanoelectronics and Information Technology, edited by R. Waiser



Chemical Principles, Zumdahl (CHEM 101/102)

           Electronic Properties of Engineering Materials, Livingston
Specific sources for in-depth topics:

Physics of Amorphous Solids, Dick Zallen 

Disordered solids: radial distribution function, variable range hopping and diffusive conduction, xerographic materials, “granular metals”.           

Solid State Simulations, R. Silsbee 

CD-ROM for Brownian motion, drift of charge carriers in electric field, Lorentz force in crossed E/H fields

Electronic Materials Science for IC’s in Si and GaAs, Mayer and Lau

Selected examples of current IC fab methods: implantation, diffusion, oxidation.

CLASS COMPONENTS AND GRADING
25 
1.5 hr. lectures – participation:


5%  

2 
midterms + noncumulative final:


75%

10
homeworks 





20% 








Total
         100%


PART I – ELECTRONIC MATERIALS 
1. Introduction to course.  Kinetic theory of gases and electron transport.  Energy distributions, heat, collisions.   Dynamics of free electron gas with and without applied fields (computer demo).  Drift velocity and mobility, Ohm’s law, collisions and mean free path, Brownian motion.  Dissipative transport of free electron gas. Ballistic transport in nanoscale systems and the conductance quantum.  Diffusive transport via localized states in disordered conductors and photoconductors (xerography).  What’s special about nano? 
2. Review molecular orbital theory. Energy bands, bandgaps and the Pauli principle in extended systems.  Metal/insulator/semiconductor; density of states and dimensionality.  
3. Intrinsic and extrinsic semiconductors, chemical doping.  Electrons and holes, resistivity and Hall effect.  Band gap, inelastic and elastic carrier scattering, resistivity vs. temperature.  
4. p-n junctions and junction potential. Generalized switching and gating phenomena and field effect transistor  characteristics: inversion layer (macro) vs. electrostatic doping (nano).  Connection between performance and material parameters.  Switching speed, heat dissipatiation and materials design/selection.  Generalized switching and gating phenomena. 
5.   Bandgap engineering via chemistry: semiconductor alloys and the periodic table. Binary and pseudobinary phase diagrams. Bandgap engineering via nanoscale size control: emiconductor heterostructures and artificial superlattices; the high electron mobility transistor (HEMT).  Inorganic optoelectronic materials – LED’s and solid state lasers, solid state lighting.
6.  Crystalline vs. amorphous semiconductors: chemistry + structure + morphology = function.  Doping, diffusion, ion implantation. Defects, crystal growth.  Application of binary and pseudobinary phase diagrams.  
7.   Quantum wells, wires and dots; the quantum of electrical resistance and single electron transistor.  
8.   Nano-electronics – carbon nanotubes and inorganic semiconductor nanowires, tubeFET  etc.,  Coulomb blockade, single-electron charging  and quantum oscillations.
PART II – DIELECTRIC and OPTICAL MATERIALS 
9.   Concept of light: Wave equation, electromagnetic nature of light, speed of light. Interaction of light with matter. General principles of light-matter interaction. Concepts of transparency, opacity, polarizations, electronic transitions in a variety of material systems ranging from molecular to solid-state. Relationship between electronic and optical properties.
10  Interaction of light with metals/conductors. Concept of plasma frequency, skin depth, cyclotron resonance. Wave-particle duality, photoelectric effect. CCD camera. Relationship between conductivity and optical properties. Transparent electrodes and applications. Optical properties of metals/conductors. Why are most metals lustrous? Why does gold have color?
11.  Properties of dielectric materials – absorption, dispersion, scattering, polarization. Permanent and induced dipoles.   Capacitance, dipole moment, electronic polarizability,  electric susceptibility, relative permittivity. Speed of light and light propagation in dielectric materials. 
12.  Interaction of light with dielectric materials. Frequency-dependent dielectric function.   Polarization mechanisms - electronic, ionic, molecular, rotational, interfacial.  Dielectric constant, dielectric loss, power loss, dielectric strength.  Heating of water in microwave ovens. Ceramic and polymeric dielectrics,  high-k (ferro-FET) and low-k (propagation delay) materials. 
13. Concepts of reflection, refraction, transmission. Dispersion of light through a prism. Design of anti-reflection coatings based on propagation of light in dielectric medium. Total-internal reflection. Application of total internal reflection in design of fiber-optics. Concept of photonic confinement (wave-guiding) in fiber optics. Different types of fiber-optics design. Photonic crystals and manipulating light at sub-micron length scales. 
14. Optoelectronics: Light emission from direct bandgap semiconductors and pn junctions (LEDs), photodetectors, photovoltaics, solar cells. Review of light absorption, spontaneous emission and stimulated emission. Population inversion, Fabry-Perot cavities and lasers. Lasing in different materials (gas, liquid and solid state lasers). Design of efficient lasers. Application of semiconductor lasers in modern devices.
15.  Nanophotonics: Review of density of states of bulk and quantum confined systems (3D, 2D, 1D and 0D systems). Optical properties of quantum wells, quantum wires and dots. Quantum confined lasers. Optical properties of metallic quantum dots (size and shape dependent properties). Organic and Polymer LEDs:  properties, processing and applications in displays and electronics.
16. Design of Optical Materials. Materials considerations in optical communications: source, amplifier.  Absorption vs. frequency, signal attenuation, refractive index vs. frequency and modal dispersion in fiber-optics. Applications in cellphones, microwave technology. Integrated photonics, optics on a chip. Integration of optics with electronics. Silicon modulators and lasers. New and novel optical materials. 
PART III  – MAGNETIC MATERIALS 
17. Magnetism; types of magnetic materials-permanent, soft, basic magnetism theory.  Diamagnetism, paramagnetism, ferro- and antiferromagnetism.  Hard and soft ferromagnets
18. Domains, domain walls & wall motion, Curie temperature, hysteresis (computer simulation of magnetic order and domain wall motion) 
19.  Magnetic materials: transition metals, glasses, organic and carbon-based magnets. Magnetic storage, disk drives and high density CD/DVD; blue/UV diode lasers to read high-density magnetic storage media.

20.  Nano-magnetics – synthesis of magnetic nanoparticles, domain vs. particle size, GMR materials, magnetic materials for digital data storage. Magnetization curves, hysteresis loops. Recording tape, superparamagnetic effect, magnetic disk storage, motors and earphones, piezoelectricity.
21.  Applications of nanomaterials in energy: batteries, fuel cells, hydrogen storage


PART IV  – BIOMATERIALS 
22. Drug delivery, types, responsive, biodegradable polymers, Tissue engineering, proteins, cells, assays, artificial organs, stem cells
23.  Bioimaging and Biosensing with nanotechnology. 
24.  Nano-Bio electronics and Biophotonics. Materials for nano-sensors: force and pressure (MEMS/NEMS), chemical, biological, nano-fluidics. Sensitivity, specificity, response and recovery, hysteresis.

25.  Final Lecture: catching up+review
