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ABSTRACT: The Auger recombinations occurring in semiconductors have been studied in this work. The theoretical 
and analytical data of Auger recombination processes in semiconductors with straight and complex bands are 
highlighted. The relationship between the rate of recombination and the structure of the bands of semiconductors has 
been studied. Expressions of the laws of conservation of energy and momenta are given for the processes of 
recombination of semiconductors with straight bands.  
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INTRODUCTION 

The study of recombination processes is important for understanding the processes occurring in semiconductors and 
semiconductor devices. To date, three types of recombination have been widely studied [1-6]. These are radiative 
recombination, Auger recombination or impact recombination and Shockley-Reed-Hall recombination through deep 
surfaces. 

Radiative recombination is the process of annihilation of an electron-hole pair, in which the released energy is emitted 
in the form of a photon. 

Auger or shock recombination is a three-particle process in which the energy released during the annihilation of an 
electron-hole pair is transferred to a third particle. 

In Shockley-Reed-Hall recombination, the processes of recombination in semiconductors occur through impurity 
centers. 

The main mechanisms of Auger recombination are considered in this work [6]. On the basis of the Beatty-Landsberg-
Blackmore model, the author investigated the dependence of the rate and lifetime of generation-recombination on the 
composition and temperature of the HgCdTe material of the n- and p- types. 

In this work [7], we calculated the dependence of the concentration of charge carriers participating in radiative 
recombination on the pump intensity. 

In the work of the author [8], the dependence of the recombination processes occurring in semiconductors on the 
structure of the semiconductor bands has been studied. The advantages of using indirect zonal semiconductors in the 
creation of solar cells are substantiated. 

This article presents theoretical and analytical data on Auger recombination processes in semiconductors and the 
conclusions that follow from them. 

Auger recombination in n-type semiconductors involves two electrons and one hole, while p-type semiconductors 
involve two holes and one electron. The Auger recombination rate is equal to 

𝑟 = 𝑐𝑛ଶ𝑝,     𝑟 = 𝑐𝑝ଶ𝑛      (1) 

This expression shows that the recombination rate depends on the concentration of electrons and holes. Along with this, 
the rate of recombination in semiconductors also depends on the structure of the semiconductor bands. 

Let us first consider the recombination processes occurring in direct-gap semiconductors (Figure 1a). 
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Figure 1a Figure 1b 

Auger recombination processes in direct-gap semiconductors 

It is known that the laws of conservation of energy and momentum are valid for all processes occurring in 
semiconductors. The laws of conservation of energy and momentum for this process are as follows. 

The electron 𝑘ሬ⃗ ଶ, giving its energy to a neighboring electron, recombines (𝑘ଶ
` ) with a hole in the valence band.  

Before the recombination process, the electron energy has the following form: 

𝐸(𝑘ଵ) = 𝐸 +
ℏమభ

మ

ଶ
,  𝐸(𝑘ଶ) = 𝐸 +

ℏమమ
మ

ଶ
       (2) 

After the recombination process, the electron energy looks like this: 

𝐸൫𝑘ଵ
` ൯ = 𝐸 +

ℏమభ
`మ

ଶ
,     𝐸൫𝑘ଶ

` ൯ = −
ℏమమ

`మ

ଶ
                  (3) 

In this case, the law of conservation of energy is written as follows: 

2𝐸 +
ℏమభ

మ

ଶ
+

ℏమమ
మ

ଶ
= 𝐸 +

ℏమభ
`మ

ଶ
−

ℏమమ
`మ

ଶ
                (4) 

The momentum conservation law is written as follows: 

𝑘ଵ + 𝑘ଶ = 𝑘ଵ
` + 𝑘ଶ

`                   (5) 

The probability of the presence of electrons in the conduction band at k1 

𝑓൫𝐸(𝑘ଵ)൯ =
𝑛

𝑁

𝑒
ି

ℏమభ
మ

ଶబ் 

𝑓 ቀ𝐸൫𝑘ଶ
` ൯ቁ =

𝑝

𝑁

𝑒
ି

ℏమమ
`మ

ଶబ் 

Using these expressions, we get the following 

𝑓(𝐸(𝑘ଵ) 𝑓(𝐸(𝑘ଶ)) ∙ (1 − 𝑓 ቀ𝐸൫𝑘ଶ
` ൯ቁ =

మ

ே
మேೇ

𝑒𝑥𝑝 ൜− 
ℏమ൫భ

మାమ
మ൯

ଶ
+

ℏమమ
`మ

ଶ
൨ /𝑘𝑇ൠ      (6) 

If  𝑚 = 𝑚 and 𝑘ଶ
` ||(𝑘ଵ + 𝑘ଶ), 𝑘ଶ

` =
భమି

ಶ

ℏమ

|భାమ|మ (𝑘ଵ
ଶ − 𝑘ଶ

ଶ)  according to the relation (6) auger recombination rate 

occurs with the highest probability. 
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 𝑘ଵ = 𝑘ଶ = 𝑘,  |𝑘| =
ଵ

ଷ
(

ா

ℏమ )ଵ/ଶ is the condition for maximizing the expression (6). Applying these relations, 

expression (6) can be written as follows. 

𝑓(𝐸(𝑘ଵ) 𝑓(𝐸(𝑘ଶ)) ∙ (1 − 𝑓 ቀ𝐸൫𝑘ଶ
` ൯ቁ =

మ

ேேೇ
exp (−

ா

ଶబ்
)      (7) 

In this case, electrons located above 𝐸/2  take part in the recombination. 

If   𝑚 ≠ 𝑚,   𝐸(𝑘ଵ) = 𝐸(𝑘ଶ) > 𝐸 , then 

Eଵ = Eଶ = Eୡ୭ +
ౝθమ

(ଵାଷθାଶθమ)
 , while θ=




 , in this situation 𝐸ை − 𝐸ଶ

` =
ாఏ

ଵାଷఏାଶఏమ electrons located above 𝐸/6 take part 

in the recombination. 

If   𝑚 = 𝑚; then 𝐸ଵ = 𝐸ଶ = 𝐸 +
ா


  , at 𝑚 ≪ 𝑚 becomes  𝐸ଵ = 𝐸ଶ = 𝐸ை.  П In this state, the electrons of the 

upper valence band and the lower conduction band participate in Auger recombination. In the position of 
thermodynamic equilibrium, 2 electrons and 1 hole take part in Auger recombination. The recombination rate is then 
expressed as 

𝑟 =
଼గమఉరℏమ|ூభூమ|మఏయ/మమ ୣ୶୮ (ିாఏ/(ଵାఏ)బ்

(ସగఌ)మ
మ (బ்)మா(ଵାఏ)ඥଶ(ଵାଶఏ)

               (8) 

Here 𝐼ଵ = ∫ 𝑢
∗ (𝑘ଵ𝑟)𝑢(𝑘ଵ

` 𝑟)𝑑ଷ𝑟 

𝐼ଶ = ∫ 𝑢
∗ (𝑘ଶ𝑟)𝑢(𝑘ଶ𝑟)𝑑ଷ𝑟   Bloch function integral. 

Evaluating the expression (8), if 𝛽 = 3, 𝜃 = 1, |𝐼ଵ ∙ 𝐼ଶ| ≈ 10ିଶ  , the recombination coefficient is 

с = 10ିଶ଼ ቀ
ଵ

ఌ
ቁ ቀ




ቁ

ଶ

൬
ଵ 

ா
൰ ቀ

ଷ

்
ቁ 𝑒

ି
ಶ

మೖబ  . 

For InSb at 𝐸 = 0,3𝑒𝑉, 𝑚 = 𝑚, and 𝑛 = 10ଵହ 𝑐𝑚 , с = 10ିଷ 𝑐𝑚/𝑠𝑒𝑐. The lifetime of charge carriers is 

𝜏 = ൬
𝐸

𝑘𝑇
൰ 𝑒𝑥𝑝 ቆ

(1 + 2𝜃)𝐸

(1 + 𝜃)𝑘𝑇
ቇ . 

Let us now consider the Auger recombination process in complex-gap semiconductors. It is known that semiconductors 
Si, Ge, AsGa belong to complex-gap semiconductors, since their valence bands consist of three networks ( Fig.2).  

 
 

Figure 2 

Auger recombination in complex-gap subconductors 

Figure 3 

One kind of Auger recombination 

In this case, the recombination processes depend on the ratio of the distance ∆ to the band gap of the semiconductor Eg 
and the networks of the valence band. 
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If ∆> 𝐸  , mutual optical conductivity between electron networks makes almost no contribution to Auger 
recombination. At ∆= 𝐸 , the conduction of electrons between networks makes a large contribution to Auger 
recombination. 

In direct-gap semiconductors Auger recombination occurs as follows ( Fig.1b).  The first electron recombines with the 
1^ ` hole, the 1^` hole transfers its excess energy to the 2nd hole and it can go into the 2^ ` state. In this case, the 
required minimum energy is 

𝐸 =
ଶା

∗

ଶା
∗ ିೞ

(𝐸 − ∆)            (9) 

Due to the value of the variable 𝐸 − ∆  the energy of activation of Auger recombination will be in the interval 

0 < 𝐸 ≤
ா

ଶ
  . 

Conclusion 

Thus, the following physical phenomena were observed in Auger recombination. 

1. In the Auger recombination process, with an increase in the concentration of the majority charge carriers, the 

lifetime of the minority carriers decreases. In the expression 𝜏 =
ଵ


, 𝜏 =

ଵ


  for Ge in the type of n at  𝑛 =

10ଵ𝑐𝑚ିଷ , 𝑒𝑞𝑢𝑎𝑙 𝑡𝑜 𝜏 = 50 − 60 𝑚𝑘𝑠. , 𝜏 = 1 𝑚𝑘𝑠.. 

2. 𝜏~
ଵ

Т
 , – that is, with an increase in temperature, the lifetime of charge carriers decreases. 

3. With the introduction of impurities into semiconductor materials, the recombination rate increases sharply, that is  

r =
௱

ఛ
, 

4. With a decrease in the concentration of charge carriers in any way, the rate of radiative recombination decreases, 
which shows a decrease in the radiation intensity 𝑟излуч = 𝛾𝑛𝑝. With a decrease in concentration, a decrease in 
radiation intensity is called a luminescence-concentration decrease. As the temperature rises, the kinetic energy of 
the electrons increases, and the probability of Auger recombination increases. 

5. In semiconductors with indirect bands, the recombination rate is relatively lower than direct band semiconductors.  

6. An electron that has entered into recombination with a hole transfers its excess energy to a neighboring electron. 
Electrons that have received excess energy are called hot electrons and they transfer their energy to the crystal 
lattice in a short time, this phenomenon is called thermolization (Fig. 3) for 2𝐸 > ℎ⍵нур ≥ 𝐸,       ℎ⍵нур ≈ 2𝐸  
(Ge). 
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