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Free electrons and Confined electrons
The fact that light is made up of photons lead Louis de Broglie in 1923 
to make the radical suggestion that all “particles” having energy E 
and momentum p should have wavelike properties, too.

For photons (waves)
E=h.f
c = λ/T = λ f
Ε = h.c / λ
E = p.c
p = h / λ = h.k/(2π)

de Broglie wavelength
p=mv= (2mE)1/2

λe = h / (2meE)1/2

Free electron condition
λe << Lx, Ly, Lz

The de Broglie wavelength at the Fermi energy is called the Fermi 
wavelength, and is denoted by the symbol λF . Therefore, for a space 
to be sufficiently “large” so that the energy levels of the electron 
form an approximately continuous set, we usually require

Confinement condition

λF > Lx 1D confinement

λF >> Lx, Ly 2D confinement

λF >> Lx, Ly, Lz 3D confinement

E = 1 eV

λe = 1,23 nm

Electron movement will be confined in all three directions (i.e., 
electrons will “feel” the boundaries in the x-, y-, and z-directions), 
exhibiting energy quantization in three dimensions, and will not be free 
in any direction. This makes for an effectively zero-dimensional system 
called a quantum dot.

λF = h / (2meEF)
1/2



Fermi energy of materials
Element

Fermi Energy
eV

Fermi Temperature
x 104 K

Fermi Velocity
x 106 m/s

Li 4.74 5.51 1.29

Na 3.24 3.77 1.07

K 2.12 2.46 0.86

Rb 1.85 2.15 0.81

Cs 1.59 1.84 0.75

Cu 7.00 8.16 1.57

Ag 5.49 6.38 1.39

Au 5.53 6.42 1.40

Be 14.3 16.6 2.25

Mg 7.08 8.23 1.58

Ca 4.69 5.44 1.28

Sr 3.93 4.57 1.18

Ba 3.64 4.23 1.13

Nb 5.32 6.18 1.37

Fe 11.1 13.0 1.98

Mn 10.9 12.7 1.96

Zn 9.47 11.0 1.83

Cd 7.47 8.68 1.62

Hg 7.13 8.29 1.58

Al 11.7 13.6 2.03

Ga 10.4 12.1 1.92

In 8.63 10.0 1.74

Tl 8.15 9.46 1.69

Sn 10.2 11.8 1.90

Pb 9.47 11.0 1.83

Bi 9.90 11.5 1.87

Sb 10.9 12.7 1.96

Ashcroft, N. W. and Mermin, N. D., Solid State Physics, Saunders, 1976

n free electron density (m-3)



Energy Levels in QDs

Zero-point energy (zpe)
Lx=Ly=Lz=l

nx=ny=nz=1

Sphere

Box



QD Energy Bandgap

Band gap

QD Energy band diagram



QD measurements



Single Electron Capacitor

Electrostatic Barriers, VDS>0

Ecurrent suppression



Single Electron Transistor – SET

Electrostatic Barrier, Single electron charging



Single Electron Transistor – SET

• Conditions for observing single 
electron tunneling phenomena

• Ec > kbT

• Ec = e2/2CΣ

• Rt > Rk

• Rk = h/e2 (25.8 KOhms)



Example

Calculate the size of a sphere 

shaped quantum dot of Si that 

would produce observable 

single electron effect at room 

temperature. 

Solution. The energy change 

on charging of the quantum 

dot capacitor should be much 

larger than kT in order to 

observe the single electron 

effects.



Single Electron Transistor – SET

• Conditions for observing single 
electron tunneling phenomena

• Ec > kbT

• Ec = e2/2CΣ

• Rt > Rk

• Rk = h/e2 (25.8 KOhms)

Another requirement for observing the single electron 

effects is that the fluctuations in the number of electrons 

in the quantum dot should be negligible. The time 

constant for an R-C circuit is RC. The time taken by an 

electron to move in or out of a junction should be of this 

order. 

According to the Heisenberg uncertainty principle, the 

product of the energy change accompanying this transfer 

and the time taken should be larger than h, the Planck’s 

constant

ΔE.Δt > h

or ( e2/2C).RC >h

or R >2 h/e2 = 51.6 kΩ.



Single electron charging (II)

Electrostatic Energy, ΔN electron charging

Electrostatic Barriers, ΔN + 1 electron charging



SET Measurements

Current flows when Vg = ne/2Cg



Example
30 nm wide Si-wire channel and poly-Si gates defined by E-beam lithography

Current quantization due to single electron transfer in Si-wire charge coupled device, Applied Physics Letters, Vol 84 (8), 23 Feb 2004, 1323



The End

Lesson Kassap Hanson

1 Chap.4, 9.1, 9.2, 9.3.1

2 Chap. 7
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