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1. Introduction
This course is designed for graduate students to comprehend the scientific foundation governing the functions and fabrication of nanostructures, and to get familiar with several prototypical nano-structural systems.  The website of this course is: 

www.physics.nus.edu.sg/~phywxs/teaching/PC5212/index.html

 

1.1 
What are nanostructures?  

 

The word "nano" means a billionth (10-9) part of a unit in general.  In our course, it refers specifically to the length scale: nanometer or nm,  

1 nm = 10-9 m = 10-3 (m = 10 Å
Nanostructures refer to materials systems with length scale in the range of ~ 1-100 nm in at least one dimension.  In a nanostructure, electrons are confined in the nanoscale dimension(s), but are free to move in other dimension(s).  One way to classify nanostructures is based on the dimensions in which electrons move freely:


Quantum well: electrons are confined in one dimension (1D), free in other 2D.  It can be realized by sandwiching a narrow-bandgap semiconductor layer between the wide-gap ones.  A quantum well is often called a 2D electronic system.    



Quantum wires: confined in two dimensions, free in 1D (so it is called a 1D electronic system).  Real quantum wires include polymer chains, nanowires and nanotubes.


Quantum dots: electrons are confined in all dimensions, as in clusters and nano-crystallites

Nanostructures are unique as compared with both individual atoms/molecules at a smaller scale and the macroscopic bulk materials.  They are also called mesoscopic structures.  Nanoscience research focuses on the unique properties of nanoscale structures and materials that do not exist (or only very weakly exist) in structures of same material composition but at other scale ranges.

1.2 
What makes nanostructures unique and interesting?

For bulk materials (e.g., a Cu wire, a cup of water), their intrinsic physical properties, such as density, conductivity and chemical reactivity, are independent of their sizes.  For example, if a one-meter Cu wire is cut into a few pieces, those intrinsic properties of the shorter wires remain the same as in the original wire.  If the dividing process is repeated again and again, this invariance cannot be kept indefinitely.  Certainly, we know that the properties are changed greatly when the wire is divided into individual Cu atoms (even more at the level of electrons, protons and neutrons).  Significant property changes often start when we get down to the nanoscales.  The following phenomena critically affect the properties of nanostructural materials:

Quantum confinement: the confinement of electrons in the nanoscale dimensions result in quantization of energy and momentum, and reduced dimensionality of electronic states

Quantum coherence: certain phase relation of wave function is preserved for electrons moving in a nanostructure, so wave interference effect must be considered.  But in nanostructures, generally the quantum coherence is not maintained perfectly as in atoms and molecules.  The coherence is often disrupted to some extent by defects in the nanostructures.  Therefore, both quantum coherent and de-coherent effects have to be considered, which often makes the description of electronic motion in a nanostructure more complicated than in the extreme cases. 

Surface/interface effects: a significant fraction (even the majority) of atoms in nanostructure is located at and near the surfaces or interfaces.  The mechanic, thermodynamic, electronic, magnetic, optical and chemical states of these atoms can be quite different than those interior atoms.   

These factors play roles to various degrees (but not 100%) of importance.  For example, the confinement and the coherent effects are not as complete as that in an atom.  Both the crystalline (bulk) states and the surface/interface states cannot be ignored in nanoscale structures.  The different mixture of atomic/molecular, mesoscopic and macroscopic characters make the properties of nanostructures vary dramatically.  Nanostructural materials are often in a metastable state.  Their detailed atomic configuration depends sensitively on the kinetic processes in which they are fabricated.  Therefore, the properties of nanostructures can be widely adjustable by changing their size, shape and processing conditions.  The situation is similar to molecular behavior in chemistry (e.g., N vs. N2) in certain aspect.  Because of the rich and often surprising outcomes, it will be extremely interesting and challenging to play with nanostructural systems.  Nanoscience and nano-engineering have been an area where many breakthroughs have been and will continue to be produced. 

1.3 
Historical perspectives of nanoscience and nanotechnology

Richard Feynman’s 1959 lecture “There is plenty of room at the bottom” has often been quoted when people talk about nanoscience and nanotechnology.  He predicted that “we will get an enormously greater range of properties that substances can have, and of different things that we can do” if atoms and molecules can be arranged in the way we want.  However, the real take-off of nano-related research and technological exploitation started at about 15 years ago.  This is a logical consequence of the developments of science and technology.

The 20th Century has been called the Century of Physics because of the revolutionary development of physics and its tremendous impacts.  A solid foundation has been laid to describe the Nature at the elementary particle level at one end to the evolution of the Universe at the other.  Of close relevance to our life (and economy), quantum mechanics has helped us to reveal the nature of atoms, molecules and solids.  Solid state physics led to the creation and great success of semiconductor science and engineering.  Integrated circuits, laser and magnetic disks are indispensable to the Information Technology and our daily life.  

Our understanding and exploitation of material world around us have been pushing forward in two opposite directions: from the bottom up and from the top down.  In the bottom-up approach, we start with electrons and nucleons as the building blocks.  The properties of atoms and most of relatively simple molecules (this can be called the sub-nm world) have been well understood.  At increasing complexity levels, we are dealing with macro-molecules, polymers, clusters and bio-molecules (These are relatively small nanostructures we will deal with).   On the other hand, we have been reducing the sizes of solid state devices (e.g., transistors, date storage bits) from macroscopic scales to deep sub-micron (~ 0.1-0.2 (m), as shown in the 1999 International Technology Roadmap for Semiconductors (ITRS) in Table 1, and into deep sub-0.1-(m scale in ten years.  So far, the physical principle of device operation has not changed dramatically in the scaling-down process.  But this will not likely be the case for the next decade.  
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The top-down and bottom-up approaches have largely developed independently in the past.  Today, these two meet at the nanoscale territory.  This means that people along the top-down line have to consider the behavior of nature at the atomic scales, while those taking the bottom-up approach are ready to fabricate novel devices and materials with numerable atoms and molecules as the building blocks.  More importantly, these atomic or molecular devices will not just be toys played by researchers for fun or writing academic papers and thesis, but really work with indispensable functions in our PCs, mobile phones, cars, home appliances, and in health products and services.  Nanoscience and nanotechnology should not be considered as a fashionable hot subject.  Rather, they are a logic development stage of research and development that is built on previous achievements. 

Take a typical electronic device, the metal-oxide-semiconductor field effect transistor (MOSFET) sketched in Figure 1 as an example.  As shown in Table 1, the channel length is ~ 0.1(m and the gate oxide thickness is 2-3 nm today, about 10 times smaller than that shown in Fig. 1.  Further decreasing in the thickness of gate oxide would result in large leakage current, easy electric breakdown and texture degradation during device operation.  Further shrinking in channel length would induce a significant direct tunneling current between source and drain, which is not effectively controlled by the gate voltage.  Now, microelectronic engineers have to analyze the behavior of devices on nm-scales.  In addition, increases in integration density and operation speed will meet obstacles such as heat dissipation, electromigration, resistive voltage drop and RC delay.   These difficulties can be resolved with devices functioning based on different physical principles.  For example, controlled manipulation of a few (or just one) electrons on a nanostructure or a molecule can be exploited to making devices which can run faster and at a much lower power than the classical MOSFET.  
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www.sematech.org ‘99 ‘03 ‘05 ‘08 ‘1 ‘14
General lithography (m) 180 130 100 70 50 35
DRAM
memory size (GB) 1 4 8 24 68 194
Chip size (mm?) 130 160 170 199 229 262
LOGIC
Gate length (nm) 140 80 65 45 30 20
Equiv. oxide thick. (nm) 2.5 1.9 15> 1.2 0.8% 0.6%
gate delay metric (ps) 11 6.9 57 3.7 26 24
Transistors/chip (105) 24 95 190 530 1500 4300
VDD: high performance (V) 1.8 1.5 12 0.9 0.6 0.6
low power 1.5 1.2 0.9 0.6 0.5 0.3
Power: high performance (W) 9 140 160 170 170 180
low power 14 2.1 2.4 2.0 2.2 2.4
Wiring levels # 6 7 8 9 9 9

*Unobtainable with known solutions.



Figure 1  Schematics of a MOSFET.  The dimensions have been reduced by a factor of 10 in today’s device generation.

As demonstrated very well in the development of integrated circuits, with device scaling down, the cost of manufacturing for each device and the energy consumption of each logic operation are reduced.  Meanwhile, making devices smaller can have an electronic system working faster and with stronger functionalities.  With nanoscience/nanotechnology, in addition to smaller devices operating based on the same principle as the bigger ones, we can have devices with novel functions not available from the conventional devices.  

The invention and maturing of a variety of fabrication and characterization tools are also essential to the booming of nanoscience and nanotechnology.  In fact, the development of nanoscience and nanotechnology has been mainly experimental-driven which is often related with applications of new fabrication and characterization techniques.  Among them, scanning probe microscopy (SPM) (including scanning tunneling microscopy (STM), atomic force microscopy (AFM), and their variants), molecular beam epitaxy (MBE), various nanostructural self-assembly processes, as well as evolving microelectronic fabrication technologies have been playing particularly important roles.  

Nanoscience and nanotechnology are still in their rapid-development stage.  In some areas, although many experimental and theoretical works have been performed, clear fundamental understandings are yet to be searched.  The territory of nanoscience and nanotechnology is not well-defined, and it is still expanding.  Although some people have drawn a roadmap for the development of nanoelectronics similar to that in microelectronics, future discoveries will definitely lead to new routes.  Furthermore, nanoscience and nanotechnology are considered important pillars of the knowledge-based economy, and have been drawing great interests both in and out of the academic community.   

1.4  
Scope of this course

This course is designed for graduate students to comprehend the physical foundation of nanoscience and nanotechnology.  A proper background in undergraduate-level quantum mechanics, statistical mechanics and solid state physics is required.  More theoretical descriptions of physical processes involving advanced quantum and statistical mechanics approaches are avoided in this lecture.  Interested readers are provided with references on such advanced descriptions.  Nanoscience and nanotechnology are multi-disciplinary and rapidly evolving topics that are related to many branches of science and engineering.  An up-to-date comprehensive description is beyond both the lecturer’s capability and the time constraint.  We will focus on the basic physics, chemistry and materials science issues of nanostructures, which are long-life-time foundations of nanoscience and nanotechnology.   

We will begin with a review of quantum mechanics of reduced dimensional systems and solid state physics.  A brief coverage of surface and thin sciences will also be given.  Then, widely used nano-fabrication and characterization techniques will be introduced.  In the second half of this course, several prototypical nanostructural systems will be analyzed to demonstrate the science of nano-world.  These systems are chosen also because of their application perspectives.  Again, due to the limits of both the lecturer’s capability and available time, some important subjects, such as bio-objects and micro-electromechanical systems (MEMS), will not be covered.    

So far, I have not found a single textbook that covers all the contents of this course.  Therefore, journal articles and book chapters will be used as reference materials.  A few books have been placed at the course reservation desk in the Science Library.  Each topic will not be described in great detail in our lectures.  This leaves room for students to do projects based on literature studies or your own research work.  The project is an important part of this course since it is a required training for your future research and development activities.  Preferably two students in a group choose a topic you are interested in (and also of interest to others).  Through the search and in-depth study of literatures, in particular those reflecting the most recent research and development activities.  Near the end of the semester, each group will give a presentation (~ 15min talk + 5min Q&A) on the project topic followed with discussion in seminar-like sessions.  The project topics can be in the range covered in the lectures, but it is also highly encouraged to choose one out of the range.  It has been shown in the past years that the project study, presentations and discussion are an effective way, both for students and the lecturers, to learn some most recent advancement and real examples of nano-related research and development.     
It is unrealistic to expect that one becomes an expert in nanoscience after finishing this course.  We hope that the introduction and overview of nanoscience/nanotechnology topics (including those in the projects done by your and others) and the literatures listed in the references will be helpful in your future nano-related exploration. 
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