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- Optical susceptibility
- Absorption and gain in semiconductors
- Bernard-Duraffourg condition
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Work function and affinity

Metal-semiconductor junction

• Band bending
+ depletion to 
enforce Fermi 
alignment

Surface states 

• Different Schottky 
barrier heights for a 
similar affinity
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• Pinning of E0

Surface density
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Schottky barrier

Ohmic contact

Heavy doping ➜
more tunneling

Heterostructures

Δ𝑉௏஻ ൅ Δ𝑉஼஻ ൌ Δ𝐸௚

Δ𝑉௏஻ ൎ 0.3 Δ𝐸௚

Δ𝑉஼஻ ൎ 0.7 Δ𝐸௚

Absorption

• The absorption 
coefficient 
increases with
energy bandgap
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Bloch functions:
- un,k functions vary rapidly at the lattice scale
- same symmetry as  V(r), i.e.,  uk(r+T) = uk(r)

Plane wave  envelope function, 
slow spatial variations

The eigenfunctions can be written as follows:
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Bloch waves: wavefunction of a particle in a periodic potential
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Let us consider the wavefunction of an electron of wavevector k within a band n:
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If a semiconductor experiences a perturbation due to an electromagnetic (EM) wave of wavevector kop
and electric field E, the perturbation Hamiltonian can be described by: 
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This perturbation couples the states and the transition rate (expressed in s-1) from the 
first state to the second one is given by Fermi’s Golden Rule:

',', and kk nn 

', ,n nE E  k' k   energy conservation

position operator
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Dipolar approximation
 op >> a0 (because kop.r << 1)

Semiconductor physics and light-matter interaction

Absorption in direct bandgap semiconductors

Nota bene: The shape of Pn,k,n’,k’ is that obtained for transitions induced between a discrete level and a continuum state by single 
frequency excitation (cf., e.g., Optoelectronics by E. Rosencher and B. Vinter or C. Cohen-Tannoudji, B. Diu, and F. Laloë, Quantum 
Mechanics, (Wiley-VCH, Weinheim, 2020) (Eq. (C-37) of Chap. XIII))

[(E)] = Joule-1
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Interband dipole matrix element VB  CB
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During the electron-photon interaction, momentum conservation is also ensured:
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Vj << Vs

Unit cell volume
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Absorption in semiconductors

Kronecker delta  dimensionless quantity
!



kop = 2/ ≈ 104-106 cm-1 and k = 2/a ≈ 108 cm-1

kk'
Optical transitions are nearly vertical in reciprocal space

opkkk' 

E

k0

h > Eg

E

k0

h > Eg

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Absorption in semiconductors

Dipolar approximation 
holds!



One can show that:
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6 Å for GaAs (1.42 eV)
22 Å for InAs (0.35 eV)

In usual direct band gap SCs (i.e., zinc blende III-V SCs), we set xvc
2 = 2/3rvc

2   (contribution 
of HH and LH subbands only for near band edge optical transitions due to the large spin-
orbit interaction): 2
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is the interband dipolar optical matrix element between VB  CB

xvc is used in the calculation of the absorption coefficient

rvc
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Absorption in semiconductors

Cf. Lecture 3, 
slides 6-7
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Linear optical susceptibility and absorption

Some basic elements:

Polarization of a medium:



Real part of the susceptibility in phase with the EM wave: instantaneous response of the system 

 refractive index

Imaginary part of the susceptibility in quadrature with the EM wave: dissipation within the system

 absorption
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polarizability of the medium
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Absorption and susceptibility in semiconductors



Maxwell’s equations
In a polarizable non-magnetic medium without charge:
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D is the displacement vector, P is the polarization vector of the host medium far from the resonance, 
and Pres is the polarization vector close to the resonance (i.e., that of our two-level system) 

as Pres = ε0()E then D = ε(1+ε0()/ε)E
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Absorption and susceptibility in semiconductors



Maxwell’s equation solutions
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nop is the refractive index which is defined such as
0
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with D = ε(1+ε0()/ε)E

EM waves propagating in a non-magnetic and isotropic medium 
2 2 2

0 /µ t   D E  µ02 ε(1+ε0()/ε) = k2

and   µ0ε0c2 = 1

Then the dispersion relation between  and k is

Complex number!
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Absorption and susceptibility in semiconductors

Cf. section 3.4, 
Optoelectronics, 
Rosencher-Vinter

!Absolute value ≠ modulus
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Absorption and susceptibility in semiconductors
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Absorption coefficient
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with

I(z) = I0e-z

The intensity of an EM wave propagating within an absorbing medium is given by:

Beer-Lambert law (cf. Lecture 11, slide 18)
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Absorption and susceptibility in semiconductors
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Optical susceptibility associated with an interband transition in a bulk direct bandgap 
semiconductor (within the 2-band approximation)
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See Chapters 3 & 7 Rosencher-Vinter
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To account for a single type of valence band 
(factor overlooked by Rosencher & Vinter)

Optical susceptibility for transitions between 
quasi-discrete levels
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Semiconductor physics and light-matter interaction

Total susceptibility in semiconductors (2-band approximation)

Important mathematical step! (See, e.g., Appendix 2 in C. Cohen-
Tannoudji et al., Quantum Mechanics, (Wiley-VCH, Weinheim, 2020))
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fv, fc Fermi-Dirac distributions (using quasi-Fermi levels since the system is driven out of equilibrium)
xvc Dipole matrix element
j() Joint density of states (3D case)  the number of transition pairs within k is equal to the 

number of states in either the conduction or valence band

3/2
1/2r

g2
21( ) ( / )

2j
m E  


   
 




and mr is the 
reduced mass

Absorption coefficient calculation

 
opcn
   

𝜒ℑ

15

1 1 1
m m m

 
r e h

with 

Semiconductor physics and light-matter interaction

Absorption and susceptibility in semiconductors



         0
                v c
op

f f
cn

   

   

   

2 2

2 2

2 2

2

2

2

E E E
m

m
E E E E

m m

m
E E

m m







   

    

    

kk k

kk

kk



 

 

c v g
r

r
c g g g

e e

r
v g

h h

with

Finally

with
3/22 2

0
0

2( ) /
4

vc r
g

op

q x m
E

n c
  


   
 


 

Absorption coefficient 
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carriers in the bands

semiconductor medium gain
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Absorption in semiconductors

Gradual increase of 0() with increasing 
SC bandgap

Zero of energy taken at the top of the VB as usual!
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Bernard-Duraffourg condition1

Expression also valid out of thermal equilibrium
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quasi-Fermi levels

Light gets amplified only once the Bernard-Duraffourg condition is fulfilled, i.e., when the 
semiconducting medium exhibits optical gain! 

 Necessary condition for the achievement of lasing in a semiconducting medium

3/22

0
0

2( ) /
4

2
vc r

g
op

with 
q x m

E
n c
  


   
 


 

Absorption coefficient without carriers in the bands

Semiconductor physics and light-matter interaction

Bernard-Duraffourg condition

1M. G. A. Bernard and G. Duraffourg, Phys. Status Solidi 1, 699 (1961) (> 220 citations)
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Fc Fv gE E E  

Gain region
 Light amplification

Eg

• Weak or moderate 
excitation
 None of the bands are 

degenerate, i.e., n < NC and 
p < NV  use of Boltzmann 
approximation

  photon absorption is still 
at play since there are 
available states in the CB 
where e- from the VB can 
be promoted

• Strong excitation
 At least one of the two 

bands is degenerate
 All the states satisfying 

the B-D inequality are 
“fully occupied”, i.e., the 
SC is transparent for 
those !

System driven out of equilibrium

Semiconductor physics and light-matter interaction

Absorption in semiconductors

CB

VB

Gain

Absorption

0
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Example: quasi-Fermi levels in bulk GaAs
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Absorption and gain in semiconductors

EFn-EFp > Eg, i.e., Bernard-Duraffourg condition is fulfilled!
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• In bulk semiconductors, there is a continuum of absorbing states for photons fulfilling the 
condition ħ  Eg (inherited from the joint-DOS)  to be clearly separated from the case 
of dilute media (e.g., gases) where absorption occurs between quasi-discrete states 
(hence the use of a Lorentzian lineshape) 

• Light emission will mostly occur in the vicinity of the bandgap because intraband
relaxation processes via phonon emission are more efficient than the spontaneous 
emission process (to be discussed and validated in Lecture 14)

• Do not mix up between the extent of the gain region and the emission linewidth of a laser! 
At this stage we can only say that lasing will occur in the gain region…

Semiconductor physics and light-matter interaction

General comments on absorption in semiconductors
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http://en.wikipedia.org/wiki/Wavelength-division_multiplexing

Light amplification via stimulated emission occurs while 
it propagates inside the waveguide

Gain up to 30 dBSingle-pass device (i.e., 
no optical feedback)

Semiconductor physics and light-matter interaction

Semiconductor optical amplifier (SOA)
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Absorption and gain in semiconductors

Gain in bulk 
GaAs


