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Ask students.

- Behavior can be changed either more metallic or more insulating material

- Ability to do electronics coupled with optical properties
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- Visible light: red 1.65 eV – violet 3.26 eV, silicon 1.1 eV, GaAs 1.4, GaN, 3.4 

eV, band gap tends to decrease with increasing principal quantum number

(going down the column in periodic table)

- CuInSe2 is used in thin-film solar cells.

- MoS2 is 2D material with band gap ~2 eV.

- Carbon nanotubes are metallic or semiconducting depending on the chilarity

of the tube.

- Many oxides tend to be easy to n-dope, but difficult to p-dope. Band gaps 2-

3 eV. TCOs (ZnO, SnO2, In2O3) used e.g. in touch screens.
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- Wave vector conservation k+q=k’, where k is the state in the valence band, 

k’ in the conduction band, and q for the photon. Also energy conservation.

- Indirect process, goes through virtual state or virtual transitions: off-

resonance transition to intermediate state and then immediately another

transition to final state.

- Total probability is the product of the probabilities of the two processes (and 

scaled by the amount of off-resonance), and thus unlikely

- Numbers: q = 2pi/lambda = 2pi*c/f = c/omega = c*hbar/E, for E = 1 eV => 

lambda = 1.24 mum => q = 5e6 1/m. For a = 3.14 Å, Brillouin zone 

boundary is at pi/a = 1e10 1/m
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- Absorption of all photons with energy > gap. Thermalization/relaxation of 

electrons to lowest unoccupied states. Can’t get to valence band via single 

scattering events. Needs to emit photon with energy ~ gap.

- Direct gap is good if light emission is wanted.

- Indirect gap can be good in solar cells to avoid recombination (de-

excitation), or perhaps also in transistors.

- Parabolic shape of band structure at valence band maximum and 

conduction band minimum.
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- Growth is difficult (requires high T,p), but also difficult to achieve p-type 

doping
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- Density of states of parabolic band, Elliott eq. (6.193)

- In semiconductor physics Fermi-level and chemical potential are used

interchangeably

- Thermal excitations over the gap
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- Description appropriate when considering distance (much) larger than 

interatomic spacing.

- Effect of atomic scale details on the electron dynamics are built into the 

effective mass.
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- Non-degenerate: not metallic, occupation of states much smaller than one 

(determined by the ”Boltzmann tail”), ~independent particles

- |E-EF| > 2kT or 3kT is usually enough for non-degeneracy

- I don’t like the hole-band formalism used in Elliott sometimes (it’s also never 

used in semiconductor physics books)

- Use exp(-(E-EF)/kT)=exp(-(E-Ec)/kT)*exp(-(Ec-EF)/kT) to get to the result in 

next slide

13



- We are usually interested in calculating n,p as a function of Fermi-energy

- One interpretation: replaces the band by a delta-function distribution at 

VBM/CBM with an effective density of states

- n,p depend exponentially on Fermi-energy
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- Naturally depends on the curvature of the band (m*) = ok

- Depends on temperature = not so nice

- Does not depend on Fermi-level = nice!

- Compare, number of number of atoms or number of unit cells per volume is 

10^22-10^23 1/cm^3, that is, there is less than one electron per 1000 unit

cells.
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- Always charge neutrality holds, the macroscopic sample is neutral, number

of electrons = number of protons.

- Starting from 0K and then adding excitations, electrons and holes are 

always created as pairs, thus their numbers also need to match n=p=n_i 

(intrinsic carrier concentration)

- HW2: similar to how chemical potential depends on T…
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- Balance in generation (electrons in VB and holes in CB are the ”reactants” 

and Eg is the activation energy) and recombination (free electrons in CB 

and holes in VB are the ”products” and no activation energy). 

- n*p is independent of Fermi-level, and n*p=n_i^2 holds also for doped (non-

degenerate) systems

- n_i confirmed to be much less than N_eff

- The shift is usually fairly small, i.e., the Fermi-level remains quite close to 

midgap in intrinsic semiconductors

- Note, Eg is energy difference. EF, Ec, and Ev are energies with respect to 

arbitrary (unknown) reference, thus only their difference has a ”meaning”, 

not their absolute values.
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- P->Si, one extra proton and one extra electron. The positive potential

perturbs the VB and CB states. In CB, one state drops down from CBM 

which then holds the extra electron. It is localized due to being inside the

gap. In VB, these ”defect states” are within VB states and uninteresting. 

States are also ”resonant”, i.e., poorly localized due to mixing with host

states.

- Electron going to acceptor = hole going to VBM 

- Even fairly small concentration of dopants is enough to move Fermi-level

close to VBM/CBM, e.g. in parts-per-million
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- Extra electron would go to conduction band, but it is then attracted by the

extra proton

- Semiclassical dynamics and effective mass valid when distances larger than 

lattice constant

- Coulomb potential 1/r -> 1/(eps*r)
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- Works less well when the band edges are located outside the Gamma-point, 

VBM (or CBM) are degenerate, and/or effective mass is anisotropic
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- Shallow means that it is easy to excite electron from defect to band edge. 

Easy means ”by thermal excitation”.

- Shallow ~= hydrogenic solution and effective mass description applies

- Hydrogenic impurities in large band gap semiconductors can become deep 

when mass increases and dielectric constant decreases. Effective mass

description not valid any more. Level positions more dependent on 

electronegativity.

- => ZnO, O-2p derived VBM states so deep in energy that there is no 

hydrogenic acceptor (e.g. N leads to deep state), p-doping so far 

impossible. Growth of p-type Mg-doped GaN, Nobel prize
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- Shallow state, being perturbation on the host, can be written as the periodic

part of the CBM/VBM Bloch wave functions times the hydrogenic envelope
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- Only the number of free electrons/holes matter for conductivity.

- Intrinsic when n_i > N_d

- The T->0 limit is the same independent of the defect concentration… as is 

T->infinity
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- Donor can donate away the electron to CB and leave behind a positively 

charged ion

- Acceptor can accept an electron from VB and become a negatively charged 

ion
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- d-: defect cannot bind another electron. Allternatively, consider just that the 

energy is much higher than E0 or E1
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- To see why the first term is larger than the second term, plug in 

n=Neff*exp(…) to both
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- Saturation: only valid when Fermi-level is below defect level. To keep defect

level occupation (and n) low upon increasing width of the FD distribution, 

Fermi-level needs to move further down.

- Can all be obtained from charge neutrality
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- I.e., where will Fermi-level lie so that the total system remains charge

neutral (number of electrons is conserved)

- Degeneracy factors depend on the defect and on the band edge (i.e. 

Material)
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- We saw in last exercise that for free electron gas we get Drude-like

expression. Here we have quite similar case with parabolic bands near band

extrema.

- Scattering mechanisms go into mobility. Expression for mobility looks

exactly like in Drude model.

- Electron-electron scattering ignored (also) due to low concentration of 

electrons
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- Assuming relaxation time is same as scattering time, as they should roughly

be for phonon- and defect-scattering.

- We could just take tau~1/T from the previous lecture…

- MB statistics: independentish particles with MB energy distribution and 

parabolic energy dispersion

- Many semiconductors have Debye temperature closish to RT, after which

quantum effects can be ignored = each degree of freedom has energy of kT
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- Rutherford, Elliott eqn. 6.40

- Lecture 3: R_def = 1/tau_def = N_def*Sigma_def*v
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- Notice T vs 1/T

- Total temperature dependence comes from both carrier concentration and 

mobility: with different regimes in both
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