Taught Modules

Module GRM1:

Science of Graphene, Related Layered Materials and Hybrid Systems

Module leader: A.C. Ferrari
Timing: Michaelmas
Assessment: 100% written exam

Prerequisites:
Preparatory Workshops on Semiconductor Physics, Electronics and Basic Properties and
Characterization of Graphene and Related materials

Aims:

This module provides the concepts necessary to understand the fundamental properties of graphene,
related layered materials and hybrid systems. It will show how dimensionality affects their optical,
electronic and mechanical properties, as well as the potential applications and limitations of these novel
materials.

Objectives:
» Understand the fundamental properties of graphene and related materials
» |dentify and relate the fundamental properties to observed phenomena in electronics, optics
and mechanics

Syllabus:

Introduction
= General overview of graphene and related materials, key physical concepts and properties.

Physical properties

=  Phonons
= Massless Dirac Fermions
= Optics

= Minimal conductivity

» Electron-electron interactions
» Topological Insulators

= Plasmons

Optoelectronic properties
» Band structure
= Ambipolar field effect transistors
= Optical absorption
» Landau levels
= Anomalous Quantum Hall effect




=  Plasmonic detectors

Optoelectronic devices
» Photo-detectors
= Photovoltaic devices
= Modulators

Photonics
= Geometric optics and diffraction
» Waveguides, fibres and modes
= Attenuation and dispersion
» Optical amplification and lasing
» Saturable absorbers
» Fundamentals of ultrafast lasers

Example Class:
An example class will cover worked out examples of application of the physics of two dimensional
materials

Workshop:
A workshop will cover the theory and application of Raman spectroscopy to graphene and related
materials

Module GRM2:
Technology of Graphene, Related Layered Materials and Hybrid Systems

Module leader: T. Hasan
Timing: Lent
Assessment: 100% written exam

Prerequisites:
Preparatory Workshops on Semiconductor Physics, Electronics and Basic Properties and
Characterization of Graphene and Related materials, GRM1 module useful.

Aims:
This module covers the technological applications of graphene, related layered materials and hybrid
systems: production, processing, integration in electronics, energy and biomedical devices.

Objectives:

Understand a variety of production techniques for graphene and related materials

Appreciate the key properties of the majority of graphene and related materials

Recognize the limitations of materials, processes

Identify and execute specific material, processing and placement strategies for target applications
Understand how to control materials properties, functionalization and microstructure for specific
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applications
Syllabus:

Introduction
Basic electrical and optical properties of GRMs
Characterization techniques for GRMs

Layered Materials other than graphene

2D materials other than graphene (TMDs, Phosphorene)
Atomic and electronic structure

Basic applications in electronics and electrochemistry

Production and Growth

Solution phase processing and deposition
Chemical synthesis

Transfer

Vacuum Technology

Chemical Vapour Deposition

Integration into devices

Displays

Overview of display technologies
Passive and active matrix
Manufacturing processes
Materials requirements

Sensors

Introduction to sensors, types and performance metrics

Transduction mechanisms and materials (with emphasis on graphene and 2D)
Examples of applications

Case studies from literature

Biomedical Applications
Overview of nanomaterials for biomedical applications

Covalent and non-covalent chemistry

Imaging and diagnosis

therapeutic applications
» Tissue engineering and regenerative medicine
= Antimicrobial applications
» Biodegradation of graphene

Batteries and Super-capacitors

Structure, working principle and electrochemistry

Material properties

State of the art of batteries and supercapacitors based on graphene and related materials



Module GRM3:
Flexible Electronics

Module Leader: L.G. Occhipinti

Structure: 16 Lectures (including example classes)
Timing: Lent
Assessment: Exam (100%)

Other courses recommended:
4B5 Nanotechnology, 4B14 Solar-electronic power: Generation and distribution,
3B5 Semiconductor Engineering

Syllabus: 16 Lectures (including example classes)

Introduction (2 lectures)
= Overview of Flexible and Stretchable Electronics Technology and beyond.
» Thin-film electronic devices on flexible substrate. Example: from MOSFET to Thin Film
Transistor.

Materials production, processing and properties (3 Lectures)
= Revision of electronic structure of solids and introduction of electronic structure in polymers.
» Metals, amorphous/polycrystalline silicon materials for flexible TFTs, Flexible conducting and
semiconducting oxides.
» Polymers and nanomaterials for flexible electronics and sensors.

Mechanics of flexible and stretchable thin-films (2 Lectures)
= Mechanics of a thin-film on flexible substrate. Case study: ITO on flexible Substrates, failure
mechanisms.
= Emerging 1D, 2D nanomaterials and polymers for highly flexible and stretchable thin films.

Flexible components and heterogeneous integration (4 Lectures)
» Flexible device case studies: TFTs, Sensors and Actuators, Energy harvesting and storage.
» Processes for large-area flexible electronics: Roll-to-roll vs batch-to-batch, printing vs
transferring.
= Heterogeneous integration: Chip-on-flex, flex on flex, foil on foil, printed wiring of ultrathin chip.
Chemical, mechanical and environmental stability of devices.
» Materials and processes for stretchable and transformative electronics.

Applications (3 Lectures)
= Flexible displays and textile electronics.
= Wearable electronic devices.
» Large-Area electronics.

Example Class (2 Lectures) (TH, LGO)
» Study of the Strain in the Substrate and in the flexible Film as function of the induced stress.
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= Design and modelling of thin-film transistors.
» Design of flexible transparent and conducting films for display applications.

Module 4B26:
Advanced Devices for High Frequency Electronics and Biosensing

Module Leader: A. Lombardo

Structure: 16 Lectures (including example classes)
Timing: Lent
Assessment: Exam (100%)

Introduction to high frequency electronics (1h)
= RF, microwave, mm-wave and THz
= Brief history of high frequency electronics
» Advantages and challenged of increasing frequency
= Enabling technologies: planar (monolithic and hybrid) and waveguide circuits
» The role of active devices in high frequency circuits and systems

Semiconductor micro and mm-wave transistors (4h)
» High frequency field effect transistors (FETSs)
» High electron mobility transistors (HEMTs)
» Heterojunction bipolar transistors (HBT)
= High frequency passive components

Novel devices based on 2D/layered materials (4h)
= 2D/layered materials and heterostructures
» Graphene FETs
» Gate-modulated Schottky barrier transistors
= Tunnel transistors based on graphene
= Band to band tunnelling devices based on transition metal dichalcogenide
* Hot electron transistors

mm-wave and THz electronics (3h)
» Introduction to mm-wave and THz
= Applications
» Time domain and CW
» Sources: electronic (GUNN diodes, etc.) and QCL
» Detectors: thermal (bolometers, etc.) and integrated (Schottky, FET)
= Applications: communication, spectroscopy, imaging
» THz applications based on 2D/layered materials

Microwave and mm-wave biosensing (2h)
» Interaction between microwaves and biological materials
* Impedance spectroscopy



» Sensors types: waveguide, resonators, etc.
» Miniaturized devices and systems

Technology and integration (1h)
» Planar technology and MMIC fabrication
» New materials: advantages and challenges
= Heterostructures assembly
= |ntegration: hybrid, monolithic, etc.

Example class (1h)

Module NE.01: Characterization techniques

Lecturers: C. Ducati, R.A. Oliver, M.E. Vickers
Structure: 16 hours of lectures

Timing: Michaelmas

Assessment: Written exam

The characterisation of nanometre-sized structures represents an enormous technical challenge in
many areas of science. This lecture course gives an overview of the methods available for structural,
chemical and physical characterisation of nano-structures, with a strong focus on approaches that
combine atomic resolution with analytic capability; specifically scanning and transmission electron
microscopy (SEM and TEM), scanning tunnelling microscopy (STM), atomic force microscopy (AFM)
and x-ray diffraction (XRD). Demonstration classes for the main microscopy techniques will illustrate
the practical aspects of these techniques and allow some hands-on experience.

Scanning probe microscopy techniques such as AFM and STM have become ubiquitous in the study
of surface topography at the nanoscale. In order to fully exploit their capabilities, however, one needs
an understanding of the required instrumentation and the underlying mechanism of image formation.
This course will introduce the basic principles of scanning probe techniques and their strengths and
weaknesses, before going on to examine how these flexible methods have been exploited for the
nanoscale imaging of the electrical, magnetic and mechanical properties of materials, and for
nanolithography.

The transmission electron microscope has the unique ability to acquire both atomic-scale images and
diffraction patterns. In addition, the chemical composition can be analysed by electron energy loss
and x-ray spectroscopy. The lectures introduce electron diffraction and various imaging techniques
including high resolution imaging as well as chemical analysis as performed both by transmission and
scanning electron microscopy (SEM).

X-ray diffraction provides structural information on a scale less than 1nm but averaged over several
mms. The two lectures aim to describe the types of structural information that can be obtained from
X-ray scattering: crystallinity, phase identification, crystallite size, orientation, cell parameters for
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strain and/or chemical information, thickness of films and multilayers etc. These will be illustrated by
recent work in the X-ray lab. Experimental methods and background theory as well as the equipment,
data bases and software available in the Materials Science Department will be covered briefly.
Websites, other lectures and books where these subjects are covered in more detail will be given.

At the end of the course, students should know the underlying principles of electron and scanning
probe microscopy, and X-ray scattering and their application to nanoscale devices structures.
Students should understand the power and limitations of these techniques for analysis at the
nanometre scale. They should thus be able to assign a logical sequence of techniques to solve
particular problems in the characterisation of nanomaterials.

Module NE.04:
Nanofabrication Techniques

Lecturers: Z. Barber, M. Blamire
Structure: 16 hours of lectures
Timing: Lent

Assessment: Written exam

This course introduces the techniques employed in the fabrication of nanoscale devices. After an
overview of past, present and future areas of device application from the microscale to the nanoscale,
the first half of the course deals with basic patterning techniques (lithography, and etching), thin film
deposition processes, growth and microstructure, , while the second half of the course goes into more
detail on conventional patterning techniques (photolithography, electron beam lithography) and their
limitations, and how these may be overcome by emerging technologies such as focussed ion beam
lithography, scanning probe lithography, soft lithography and biomolecular patterning. Specific
examples of device fabrication and their requirements provide an insight into the selection criteria for
different fabrication methods.




