Problems for Year 4 Nanophysics
Spring Term
(consolidated version for revision)
Week 3-4:

Question 1: Scaling Laws
a) Ohm’s law is based on electron undergoing diffuse scattering.  Now consider a copper interconnect inside a computer chip and write down the scaling relationship for its resistance and the current density.  Do research on the meaning of electromigration and mean free path for electron scattering and explain why they will cause the breakdown of the scaling relationship for resistance and the implication for Moors’ law.
b)   Using the electron in an infinite square potential well model or otherwise to show that electronic energy levels in a finite sized system are always quantized.  If there are only two electrons in such a system, estimate the temperature required to observe quantization of energy levels in a system with well sizes of 1mm, 1m and 1nm respectively.  
Question 2: Nanotechnology (not required until Friday, week 9)
Do research on following listed nanofabrication techniques:

Focused ion beam lithography
Supramolecular chemistry

Dip-pen nanolithography

Nanosphere lithography

and classify them in terms of top-down or bottom-up approaches and discuss distinct advantages and disadvantages of each method for making nanostructure.
Question 3: Surface energy calculation
For a simple cubic structure with a unit cell length a, calculate the coordination number Z of each interior atom, that of the atoms at the surfaces, edges and corners.  If the cohesive energy of the system is due to the summation of bonding energies b between pairs of nearest neighbour atoms, calculate the total energy of a nanocube of size 10a and the associated surface energy.
Question 4: Magic number effects
Assuming conduction electrons in an alkali metal cubic nanocluster are confined by an infinite potential wall at the cluster surfaces; calculate the expected electronic and geometric magic numbers.  How the magic numbers sequences will change if one side of the cube is elongated to a double of its original length?
Week 5-6:

Question 1: Density-of-states in low dimensional systems

For a gold nanorod of 10nm by 10nm in cross section, by treating the total wavefunction as a product of the wavefunction in the x, y and z (the axial direction) directions only and potential inside the rod is effectively zero everywhere except at the surface which is infinite, derive the wavefunction and energy for the valence electrons.  Plot the energy dispersion for the three lowest subbands.  

Question 2: Blue shift of the band-to-band absorption 

For a GaAs nanowire of a2 in cross-section, assume electrons and holes are at the band edges are described by an effective mass approximation with m*e=0.067me and m*h=0.2me in the bulk material, derive the corresponding energies of electrons in the conduction band and of holes near the top of the valence band.  Illustrate your answers using energy-wave-vector dispersion diagrams.    Hence or otherwise calculate the joint density-of-states relevant to band-to-band transition.  Derive the scaling law for the shift in the threshold energy for band-to-band transition in such a nanowire.    Determine the cross-sectional size a of the nanowire so that the band-to-band transition is at 400nm wavelength.  Also calculate the energy of the light emission as a result of intraband transitions between 1st and 2nd sublevels in the conduction band.

Given that the macroscopic dielectric function constant for GaAs is 12.8, calculate the energy and Bohr radius of excitons in GaAs.  Estimate the number of the unit cells lie within the Bohr radius for the exciton and hence justify the use of macroscopic dielectric function constant in calculating the electrostatic interaction between electrons and holes.    Discuss the meaning of intermediate and strong confinement regions for excitons in a quantum system and the characteristic lengths involved.

(GaAs has a zincbland cubic structure with lattice constant 0.56nm and a bandgap of 1.41 eV)

Week 7:

Question 1: Envelope Wave function and selection rule for optical transition

The wave functions for electrons at the bottom of the conduction band and for holes at the top of the valence band in a simple two band semiconductor quantum well structure can be written as:
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 (for electrons)

and 
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 (for holes)

Where N’s are normalization constants for the wave functions and z is the growth direction of the quantum well and 
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is the space-coordinates in the plane of the quantum well and k’s are the wave-vectors in the quantum well plane; u’s are the unit-cell periodic functions which can be considered the same for these electrons or holes; F’s are the slowly varying envelope wave functions in the z-direction which can be approximated by wave functions of particles in an infinite square potential of quantum well dimension.  Show that the selection rules for interband dipole transition ((v, m) to (c, n)) is
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and for the inter-subband ((c, n), (c, n’)) dipole transitions is

n-n’ is odd

Given that the matrix elements for optical dipole transition are proportional to
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  for light whose electric field is in the plane of the quantum well

and 
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 for light whose electric field has components is in the growth direction

respectively.

(Hint’s, integral involving u’s can be factored out separately as it is only over the unit cell dimension due to its periodic properties and
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Week 8:

Question 1: Dielectric function of real solids and plasmons

Ag is a monovalent metal with a FCC lattice structure of lattice constant 0.509nm.  Calculate the volume plasmon energy due to valence electron contribution and plot both the real and imaginary part of the dielectric function of the Drude form over the energy range between 0 and 10eV.
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Where 
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Use the general condition for volume plasmon (Re
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) to determine the resonance energy.  

In real Ag, a strong s-p interband transition occurs at 3.3 eV. The dielectric function due to this interband contribution can be approximated by the dielectric function:
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Where 
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.  By plot the real and imaginary parts of the dielectric function, show that it corresponds to a resonance at the interband transition energy of 3.3 eV.

The dielectric function model taking into account both the intraband and interband transitions of the electrons in Ag would be given by:
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Plot the real and imaginary parts of this dielectric function and calculating the bulk plasmon energy by apply the condition 
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Week 9:

Question 1: Characteristics of critical dimensions for charge transport
The density of Brass is 8.4x103kg/m3 and mean atomic mass of the atoms is 64 atomic units.  Calculate the following:

1) The distance between the atoms if Brass can form an simple cubic structure 

2) The electron density assuming each atom contributes one electron to the valence band.

3) The drift velocity corresponding to the room temperature current density =107A/m2
4) Given the average scattering time is order of 10-14 s, estimate the mean free path and hence the range of the validity of the Ohm’s law.
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