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Introduction 



What is Nano 

•  What it is 
•  Why Nano – what’s driving it 
•  The need for Quantum Mechanics 

•  Nano – “Nanos” – Greek for dwarf 



“There’s plenty of room at the bottom” 
Richard P. Feynman (1969) 

Feynman was a Nobel laureate in Physics, and was one of the most versatile 
Scientists of the 20th century.  He gave a talk in 1969, when microtechnology was 
taking off, where he challenged experimentalists to explore the nanoworld.  He made 
it clear of the possibilities if data bits could be the size of a single atom, and also 
made people think about trying to build devices an atom or a molecule at a time 
(bottom-up approach), as compared to the standard “top-down” methods.  
This is how it all began…  
 

e.g. ring made using atoms 

Quick question: 
What is an electron?  i.e. is it a 
particle or a wave…….? 



        Nanotechnology :  

 

The ability to both fabricate and study structures with 
critical dimensions of the order 1-100 nm. 
1 nm = 10-9 m, ~ 4.5x atomic spacing in metals. 
 
• Multi-disciplinary endeavour, involving Physics, Chemistry & 
Biology 
• Highly relevant for both Science and Engineering 
• Made possible by tools for lateral & vertical nanostructuring 

• What Nanotechnology isn’t:  self-replicating molecular 
robots repairing our cells……: science fiction 



What Nanotechnology isn’t:  

Or is it?.... 

Artists rendition of a 
blood vessel, in which 
there is a nano-robot that 
is carrying out repairs on 
faulty blood cells 

Dreyfus et al, Nature 437, 862 (2005) 



How big is a nanometre? 

Take a hair 

50  m 

How do we see this?: Electron microscopes & Scanning-probe microscopes 

5  m 

Chromosome 

µ

0.005    m 
 = 5 nm 

Atoms 

µ

X 20,000,000 times 

Modern  
processor 

µ



The	  most	  famous	  nanostructure…….DNA	  



Optical properties of nanostructures 

Colour depends on size 
because of: 
(i)  Scattering 
(ii)  Band-gap (Quantum) effects 

i.e. just by changing shape or size of a 
nanoparticle, we can change its colour.  Artists 
have used this for centuries with colloidal gold 
particles being used in stained glass windows 
(of course they didn’t realise the gold was 
nanometre-sized) 

Stained-glass window, Chartres, France 



(Why) is Nanotechnology important?  

• Technologically, more powerful computers, new device 

 structures.  Moore’s Law. 

• Scientifically, fundamental interest in properties of nm  

  sized structures.  Multi-disciplinary.   
Physical properties (optical, electrical, magnetic, mechanical) of  

structures depend on their size (due to quantum effects).   

By patterning at the nm scale, we can tailor these properties.   



Common Nanotech products 

Plasters impregnated 
with Silver 
nanoparticles – act 
as a very efficient 
antibiotic.   

Self-cleaning glass – 
invented by 
Pilkington.  Uses a 
25nm thick layer of 
TiO2 to convert UV 
light into electrons & 
holes which oxidise 
& reduce organic dirt 

Cosmetics…… 



Moore’s law (More of a trend than a 

law, named after George Moore, the co-founder of 
Intel) 

Multiple layers of interconnects 
in conventional processor 

• Transistors are getting smaller! 
• ~ 90% of chip area is interconnect – they must shrink 
• What are consequences? Surface effects, discrete nature of atoms… 
• Electromigration (process whereby electron current displaces material – reason why all wires fail)  
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What are transistors like now? 
Remember what a transistor looks like? 

Material: Silicon 
Why: cost, abundance, ease of processing,  
          excellent oxide properties 
Some devices from SiGe - faster 

Problems: 
• Fluctuations (no. of atoms & dopants) increase 
• Quantum effects 



What will happen when transistors shrink? 
Lengthscales  

0.1 1 10 100 1000 

Scanning Probe Microscopes 

Electron Beam Lithography 

Mean Free Path of conduction electron 

nanometres 

Molecules 

Magnetic domain 

Fabrication 

Imaging, measurement  
& fabrication 

1.  When dimensions shrink below mean free 
path, resistivity starts to change – it’s not 
a material constant 

2.  Dimensions below ~ 5nm, Quantum 
effects start to come to the fore 

 
 
 
 

Eg, point 
contact: how 
does 
resistance 
change as it 
gets smaller? 
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Quantum effects: 
• Fundamental (i.e. we can’t 
get rid of them) 
• Discrete – properties no 
longer change smoothly, 
but occur in jumps 
 

Other major factor  
Making nanostructures so 
novel is to do with 
surfaces: they have 
different properties than 
bulk.  Nanostructures 
have alot of surface! e: electron 

l: mean free path 



What is Quantum Mechanics all about, why 
do we need it, and when should we use it? 

 
• We shall soon see that for nm-sized objects, the concepts of “particles” and “waves” become mixed – 
light, being an electromagnetic wave, has wave-like properties, as we know, but it also behaves like it is 
made of particles in certain situations.  The same is true for what we traditionally think of as particles – 
electrons, protons, etc – they sometimes behave like waves!  Quantum mechanics is a way of describing 
this strange behaviour, and is a very powerful tool. 
• We need it because otherwise we would not understand many fundamental things, such as why are 
some materials metallic and others insulating; where does magnetism come from; how are molecules 
formed, why are different substances different colours; to name a few.   
• We should use the ideas of quantum mechanics whenever we are trying to understand the behaviour of 
small objects – e.g. why can’t transistors just keep on getting smaller?  
• In this course, we will focus on a number of standard quantum-mechanical problems, to get some 
insight into how different the quantum world is from the “classical” one. 
• We will often refer to something as being “classical” – that just means it follows Newton’s laws. 
• Quantum mechanics is more fundamental than Newton’s laws – they are a limiting form of QM 



Cracks appearing in classical mechanics 
•  Orbits of planets – don’t exactly fit Newton’s laws 
•  Light can be bent by massive objects – gravitational lensing – as light is massless, 

must be due to space being curved… 
 

Simulation of gravitational lensing of 
a galaxy (seen side-on) due to a 
black hole between galaxy and 
observer 

Large-scale effects – relativity.  What about smaller scales? 



Spectrum of fluorescent 
lamp 

Classical optics from 
electromagnetic theory can 
describe things such as why the 
sky is blue, and how particles 
scatter light, but cannot explain 
discrete spectra 



   Why do we have quantum mechanics? 
 Particles sometimes behave like waves and vice-versa.  This duality is something that is 

contrary to conventional classical mechanics.  Quite often, physical phenomena cannot be 
explained by “classical mechanics”, e.g. 
1.     The existence of spectral lines 
2.     Photoelectric effect 
3.      Particle-wave duality 
4.      Double-slit experiment 
5.      Solid-state Physics & the failure of the classical (Drude) model 

 
           

What does this tell us? – atoms emit light of definite wavelengths, i.e. energy is discrete….. 

 
Spectra showing  
wavelengths which  
are present 

 

Helium 
Iron 
Neon 
 
Hydrogen 

Balmer came up with a simple formula 
describing the Hydrogen spectrum: 
λ = 364.5n2/(n2-4)………..n = 3,4,5,6 

 Spectral lines 



  The Photoelectric effect 
 

This is a process whereby electromagnetic radiation (light) impinging on a 

surface can cause ejection of electrons.  Electrons are bound to the solid 

with an average binding energy known as the work function, usually 

denoted by φ.  If energy of radiation is E, then from energy conservation, 

expect K.E. (Kinetic energy) of ejected electron to be: 

   K.E. = E - φ    (1) 
Classical electrodynamics => E     Intensity (I).   

Classically, expect Photoelectric effect to be characterised by: 
Electron’s K.E.     Intensity 
No reason for frequency dependence 
In reality, no relationship between K.E. and I, but there is one  
between K.E. and frequency, ν. 
  
Experimentally,  

 
 

          
 
       

 K.E. = hν – φ      (2) 
 
h = Planck’s constant 
 

Photoelectric effect: ejected electron’s  
energy Vs frequency of incident light 

Photon  
in 

electron  
out 

K.E. 
∝

∝



The only effect of increasing I is to increase number of ejected electrons, and not  
their energy.  Einstein was the first to explain this in 1905 (Nobel prize in 1918). 

Reason:  Light is not only a wave, but it has particle-like properties,  

and each particle (quantum) of light is called a photon.  The energy of a photon is hν. 

--Quantum mechanics!!  

The particle-wave duality   

Already, we have seen that light sometimes behaves as particles, and other times as waves. 

  Louis de Broglie therefore postulated the converse, i.e. that  

particles will sometimes behave as waves.   

A particle of momentum p and energy E will have wave-like characteristics such as  

wavelength (λ) and frequency (ν) given by: 
 

  λ = h/p and ν = E/h                         (3) 

E.g. for 1 keV electrons, E = ½ mv2 => v = 1.9x107 m.s-1 (5 % of  c, so non-relativistic)  
=> λ ~  4x10-11 m.  (compare to inter-atomic spacing in a crystal ~ 2x10-10 m). 

If  indeed particles sometimes behave as waves, then should be able to observe diffraction and interference.  Short 

wavelength means very fine diffraction grating needed: crystal.  Electron diffraction is a standard tool for observing crystal 

structures.  



Examples of electron diffraction: 

Electron diffraction patterns from two different samples showing 
clear spots 
If electrons were purely particles, we would not see anything 
like this! 
 

polycrystalline Pd  
single-crystal Vd 

 

The other property of waves:  Interference.  The net disturbance due to a number of waves 
which overlap shows constructive & destructive interference.  The classic interference 
experiment is the double-slit experiment. 



Remember our question - what is an electron? 
 
i.e. particle or wave, both, or neither? 

Answer – we don’t know for sure, but if we assume it is a wave (actually a wave-packet), 
we will always predict the correct behavior.   
If we assume it is a particle, we will sometimes be right, but most of the time we will be 
wrong…… 

Examples: Scanning tunneling microscope images of Iron atoms on a copper 
Surface.  These structures are confining electron waves on the surface. 

N.B. These are real images, not simulations! 



  Solid-State Physics 
  Why are some materials conductors and others insulators? 

•   What is the origin of the band-gap in semiconductors? 
•   Why is the specific heat of solids not constant? (Classically, energy per degree of  

freedom is ½ kBT, and Specific heat, Cv = |dE/dT|v) 

•   & many more examples….. 

 
End of introdction                   

Course outline: 
Wave-packets, how to describe particles by using waves – wave-functions 
Quantum equation of motion – Schrödinger’s equation 
Effect of spatial confinement on quantum systems: energy levels 
The origin of band structure – why materials are/are not conductors 
The origins of electrical resistance 
Perturbation theory – field emission 
Nanotechnology in more detail – how to play with atoms and molecules 
Coursework- using a web-based program (hyperphysics), will be given  
assignment half way through course, to hand in at end of term.  Takes around  
half a day on computer, and a day to write up. 


