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Electron-Hole Pair Recombination Rate

All the processes occur at the same time in a material but at different rates.

 If we have device with low field and non-degenerate semiconductor then the
recombination-generation mechanism at room temperature that dominates is-

1. Band-to- Band Transition

2. R-G Center Transition

 For example,
• In a direct band gap semiconductor, band-to-band transitions dominate.
• In indirect band gap semiconductors, R-G center transitions dominate.



Electron-Hole Pair Recombination Rate

 In general, the total recombination rate is given by the sum of recombination
rate due to all the processes-

𝟏 𝟐 𝟑

 Not all of them will dominate so one can simplify the expression by looking
at only the dominating recombination mechanism.

 There are two special cases in device physics-
1. Low Level Injection
2. High Level Injection or Excitation



Electron-Hole Pair Recombination Rate

Case I- Low Level Injection :

Let in equilibrium we have the equilibrium concentration of electrons and holes
is 𝟎 𝟎 and 𝒊 be the intrinsic carrier concentration then-

𝟎 𝟎 𝒊
𝟐

Now, we create excess electrons and holes such that new carrier concentration
be-

𝟎 𝟎

Where are the excess number of electrons and holes generated
respectively.

(1)

(2)



Electron-Hole Pair Recombination Rate

At t = 0, in optical and thermal generation,

𝟎 𝟎

 Low level injection means the excess carrier generated at any time must be 
much smaller than the majority carrier concentration of semiconductor.

𝟎 for n-type

𝟎 for p-type

(3)

(4)

(5)



Electron-Hole Pair Recombination Rate

Now we want to see how the carrier concentration is changing with time at any
time ‘t’-

𝒅𝒏

𝒅𝒕

𝒅𝒑

𝒅𝒕 𝒕𝒉

the carrier concentration at any time ‘t’ is-

𝟎
𝟎 𝟎 𝟎 𝟎

Recombination 
Rate

Thermal Generation  
Rate (B 𝒏𝟎𝒑𝟎)

(6)

(7)



Electron-Hole Pair Recombination Rate

𝟎
𝟎 𝟎 𝟎 𝟎

𝟎 𝟎 𝟎 𝟎 𝟎 𝟎

𝟎 𝟎

Since 

(8)

(9)



Electron-Hole Pair Recombination Rate

𝟎 𝟎

At t=0 , 𝟎 , therefore after solving above equation we get the equation
for change in excess carrier concentration at any time t-

𝟎
ି

𝒕
𝝉

Where is the ‘carrier life time’which is defined as

𝟎 𝟎

(10)

(11)

(12)



Electron-Hole Pair Recombination Rate

 From equation 10 and 12 we get, the recombination rate R is given by-

𝟎 𝟎

Since 
𝟎 𝟎

 In a n-type device majority carrier concentration is 𝟎 so,
𝟏

𝑩 𝒏𝟎

 In a p-type device majority carrier concentration is 𝟎 so,
𝟏

𝑩 𝒑𝟎

(13)

(15)

(14)



Electron-Hole Pair Recombination Rate

 For a single recombination process

 If more processes of recombination are involved then the recombination rate is
given by-

𝟏 𝟐 𝟑

• This expression of recombination is for low level injecction

(16)



Electron-Hole Pair Recombination Rate

Case I- High Level Injection :

The excess carrier generated in this case is very much larger than the total
equilibrium concentration of electrons an holes-

𝟎 𝟎

Simillar to low level injection eq (8) is given by-

𝟎 𝟎 𝟎 𝟎 𝟎 𝟎

Here, in this case ଴ ଴ is negligible as compared to other and 

(17)

(18)



Electron-Hole Pair Recombination Rate

𝟎 𝟎
𝟐

After solving this gives change in carrier concentration,

ି𝟏

Thus, the rate of recombination at high level injection is given by-

𝟎
ି𝟏 𝟐

(21)

(20)

(19)



Summary Recombination Rate

Case I- Low Level Injection Case II- High Level Injection 

𝟎
ି

𝒕
𝝉

ି𝟏

𝟎 𝟎
𝟎
ି𝟏 𝟐

𝑹 =
𝒅𝒏

𝒅𝒕
= 𝟎 𝟎

∆𝒏

𝝉



Effect of Electric Field on Absorption: FRANZ-KELDYSH 
AND STARK EFFECTS

 The change in absorption in a semiconductor in the
presence of strong electric field is the Franz-Keldysh
effect, which results in the absorption of photons with
energy less than the band gap of the semiconductor.

 The energy bands of semiconductor in the presence of
electric field E and with an incident photon of energy

௚ are shown in figure (a) and (b).

 In figure (a) shows the bending of bands due to
applied electric field and (b) shows the absorption of
photon with 𝒈 due to carrier tunneling
(Franz-Keldysh effect).



Franz-Keldysh Effect 

 The classical turning points are marked as A and B, the electron wave
functions change from oscillatory to decaying behaviour.

 Thus electron in the energy gap is described by an exponentially decaying
function 𝒌

𝒋𝒌𝒙, where k is imaginary.

 With increase of electric field, the distance AB decreases and the overlap
of the wave functions within the gap increases.

 In the absence of a photon, the valance electron has to tunnel through a
triangular barrier of height ௚ and thickness d, given by

𝒈



Franz-Keldysh Effect 

 With the assistance of an absorbed photon of energy 𝒈 it is evident
that the tunnelling barrier thickness is reduced to

ᇱ 𝒈

And the overlap of the wave function increases further and the valance electron
can easily tunnel to the conduction band.

 The net result is that a photon of energy 𝒈 is absorbed.

 In this case, the transverse component of the momentum is conserved.

 The Franz-Keldysh effect is therefore, inessence, photon assisted
tunnelling.



Franz-Keldysh Effect 

 The electric field dependent absorption coefficient is given by-

ᇱ 𝟏
𝟐ൗ ି𝟏 𝟑

𝟐ൗ

Here, ᇱ 𝒒𝟐𝑬𝟐ℏ𝟐

𝟐𝒎𝒓
∗

𝟏 𝟑⁄
𝜺𝒈ିℏ𝝎

𝑬ᇲ and K is a material dependent parameter 

and has value of 𝟒 ି𝟏 ష𝟏
𝟐ൗ in GaAs. 

 The exponential term is the tunnelling probability of an electron through a
triangular barrier of height 𝒈 and can be obtained from the well
known Wentzel-Kramers-Brillouin (WKB) approximation.



Franz-Keldysh Effect 

 The other factors are related to the upward transition of an electron due to
photon absorption.

 Substituting appropriate values for the different parameters, it is seen that in
GaAs ି𝟏 at a photon energy of 𝒈 with electric field
E ~ 𝟒 V/cm.

 This value of absorption coefficient is much smaller than the value of at
the band edge at zero field.

 Therefore, Franz-Keldysh effect will be small unless 𝟓 .



Stark Effect 

 The Stark effect refers to the change in atomic energy upon the application
of an electric field.

 The electric field affects the higher order, or outer, orbits of the precessing
electrons so that the center of gravity of the elliptical orbit and the focus are
displaced to each other and linearly aligned in the direction of the electric field.

 As a result, there is splitting of the energy of the outer 2s or 2p states, and the
energy shift is simply given by where d is the eccentricity of the
orbit. This is linear Stark effect.

 The effect of electric field on ground state orbits also leads to an energy shift
of the state, and that is the quadratic or second-order Stark effect.




