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Section 16
Recombination & Generation

How does the system
go BACK to 
equilibrium?

• 16.1 Capture coefficient & Capture Cross Section 
• 16.2 Derivation of SRH formula (Shockley, Reed, Hall)

»16.2.1 Trap Assisted Recombination Rates
»16.2.2 Capture and emission relationship (n1 and p1)
»16.2.3 Steady State Trap Population
»16.2.4 Recombination-Generation Rate 

• 16.3 Application of SRH formula for special cases
»Low level, high-level injection, depletion region

• 16.4 Direct and Auger recombination
• 16.5 Nature of interface states
• 16.6 SRH formula adapted to interface states
• 16.7 Surface recombination in depletion region
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𝜏𝜏𝑛𝑛 =
1

𝑐𝑐𝑛𝑛𝑁𝑁𝑇𝑇
𝜏𝜏𝑝𝑝 =

1
𝑐𝑐𝑝𝑝𝑁𝑁𝑇𝑇

𝑛𝑛1 = 𝑛𝑛𝑖𝑖𝑔𝑔𝐷𝐷𝑒𝑒𝛽𝛽 𝐸𝐸𝑇𝑇−𝐸𝐸𝑖𝑖

𝑝𝑝1 = 𝑛𝑛𝑖𝑖𝑔𝑔𝐷𝐷−1𝑒𝑒𝛽𝛽 𝐸𝐸𝑖𝑖−𝐸𝐸𝑇𝑇

𝑅𝑅 =
Δ𝑛𝑛

𝜏𝜏𝑛𝑛 + 𝜏𝜏𝑝𝑝

𝑅𝑅 =
Δ𝑛𝑛
𝜏𝜏𝑛𝑛

𝑅𝑅 ≈ �
𝐸𝐸𝐹𝐹′

𝐸𝐸𝐹𝐹

𝑐𝑐𝑝𝑝𝑝𝑝Δ𝑝𝑝𝑝𝑝𝑠𝐷𝐷𝐼𝐼𝑇𝑇 𝐸𝐸 𝑑𝑑𝐸𝐸

𝑅𝑅 = 𝑠𝑠𝑔𝑔Δ𝑝𝑝𝑝𝑝𝑠

status

𝑅𝑅 𝐸𝐸 =
𝑛𝑛𝑝𝑝𝑝𝑝𝑝𝑝 − 𝑛𝑛𝑖𝑖2 𝐷𝐷𝐼𝐼𝑇𝑇 𝐸𝐸 𝑑𝑑𝐸𝐸

1
𝑐𝑐𝑝𝑝𝑝𝑝

𝑛𝑛𝑝𝑝 + 𝑛𝑛1𝑝𝑝 + 1
𝑐𝑐𝑛𝑛𝑝𝑝

𝑝𝑝𝑝𝑝 + 𝑝𝑝1𝑝𝑝

𝑅𝑅 =
𝑝𝑝𝑛𝑛 − 𝑛𝑛𝑖𝑖2

𝜏𝜏𝑝𝑝 𝑛𝑛 + 𝑛𝑛1 + 𝜏𝜏𝑛𝑛 𝑝𝑝 + 𝑝𝑝1

V
V

V
V
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Case 2: Recombination in Depletion

ps~0 ns~0

𝑅𝑅 𝐸𝐸 =
𝑛𝑛𝑝𝑝𝑝𝑝𝑝𝑝 − 𝑛𝑛𝑖𝑖2 𝐷𝐷𝐼𝐼𝑇𝑇 𝐸𝐸 𝑑𝑑𝐸𝐸

1
𝑐𝑐𝑝𝑝𝑝𝑝

𝑛𝑛𝑝𝑝 + 𝑛𝑛1𝑝𝑝 + 1
𝑐𝑐𝑛𝑛𝑝𝑝

𝑝𝑝𝑝𝑝 + 𝑝𝑝1𝑝𝑝
𝑛𝑛1𝑝𝑝 = 𝑛𝑛𝑖𝑖𝑒𝑒 𝐸𝐸−𝐸𝐸𝑖𝑖 𝛽𝛽

𝑝𝑝1𝑝𝑝 = 𝑛𝑛𝑖𝑖𝑒𝑒− 𝐸𝐸−𝐸𝐸𝑖𝑖 𝛽𝛽

EV ECEi

Depletion
=> No free carriers

𝑅𝑅 𝐸𝐸 =
−𝑛𝑛𝑖𝑖2 𝐷𝐷𝐼𝐼𝑇𝑇 𝐸𝐸 𝑑𝑑𝐸𝐸

1
𝑐𝑐𝑝𝑝𝑝𝑝

𝑛𝑛1𝑝𝑝 + 1
𝑐𝑐𝑛𝑛𝑝𝑝

𝑝𝑝1𝑝𝑝

𝑅𝑅 𝐸𝐸 =
𝑐𝑐𝑝𝑝𝑝𝑝 −𝑛𝑛𝑖𝑖2 𝐷𝐷𝐼𝐼𝑇𝑇 𝐸𝐸 𝑑𝑑𝐸𝐸

𝑛𝑛𝑖𝑖𝑒𝑒 𝐸𝐸−𝐸𝐸𝑖𝑖 𝛽𝛽 +
𝑐𝑐𝑝𝑝𝑝𝑝
𝑐𝑐𝑛𝑛𝑝𝑝

𝑛𝑛𝑖𝑖𝑒𝑒− 𝐸𝐸−𝐸𝐸𝑖𝑖 𝛽𝛽

𝑅𝑅 𝐸𝐸 = −
𝑐𝑐𝑝𝑝𝑝𝑝𝑛𝑛𝑖𝑖𝐷𝐷𝐼𝐼𝑇𝑇 𝐸𝐸 𝑑𝑑𝐸𝐸

𝑒𝑒 𝐸𝐸−𝐸𝐸𝑖𝑖 𝛽𝛽 +
𝑐𝑐𝑝𝑝𝑝𝑝
𝑐𝑐𝑛𝑛𝑝𝑝

𝑒𝑒 𝐸𝐸𝑖𝑖−𝐸𝐸 𝛽𝛽
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Case 2: Recombination in Depletion

EV ECEi

𝑊𝑊(𝐸𝐸) = 1 + 𝑒𝑒 𝐸𝐸−𝐸𝐸𝐹𝐹 𝛽𝛽 +
𝑐𝑐𝑝𝑝𝑝𝑝
𝑐𝑐𝑛𝑛𝑝𝑝

𝑒𝑒 𝐸𝐸𝐹𝐹−𝐸𝐸 𝛽𝛽

𝑅𝑅 𝐸𝐸 = −
𝑐𝑐𝑝𝑝𝑝𝑝𝑛𝑛𝑖𝑖𝐷𝐷𝐼𝐼𝑇𝑇 𝐸𝐸 𝑑𝑑𝐸𝐸

𝑒𝑒 𝐸𝐸−𝐸𝐸𝑖𝑖 𝛽𝛽 +
𝑐𝑐𝑝𝑝𝑝𝑝
𝑐𝑐𝑛𝑛𝑝𝑝

𝑒𝑒 𝐸𝐸𝑖𝑖−𝐸𝐸 𝛽𝛽
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Case 2: Recombination in Depletion

EV ECEi

𝑊𝑊(𝐸𝐸) = 1 + 𝑒𝑒 𝐸𝐸−𝐸𝐸𝐹𝐹 𝛽𝛽 +
𝑐𝑐𝑝𝑝𝑝𝑝
𝑐𝑐𝑛𝑛𝑝𝑝

𝑒𝑒 𝐸𝐸𝐹𝐹−𝐸𝐸 𝛽𝛽

𝑊𝑊(𝐸𝐸) = 1 + 𝑒𝑒𝑥𝑥 + 𝑎𝑎𝑒𝑒−𝑥𝑥

𝑅𝑅(𝐸𝐸) =
𝑐𝑐𝑝𝑝𝑝𝑝Δ𝑝𝑝𝑝𝑝𝑠𝐷𝐷𝐼𝐼𝑇𝑇 𝐸𝐸 𝑑𝑑𝐸𝐸

𝑊𝑊(𝐸𝐸)

I

EV ECEi

1

2

W

EV ECEF
EF’

Case 1: Minority Carrier Recombination

𝑅𝑅 𝐸𝐸 = −
𝑐𝑐𝑝𝑝𝑝𝑝𝑛𝑛𝑖𝑖𝐷𝐷𝐼𝐼𝑇𝑇 𝐸𝐸 𝑑𝑑𝐸𝐸

𝑒𝑒 𝐸𝐸−𝐸𝐸𝑖𝑖 𝛽𝛽 +
𝑐𝑐𝑝𝑝𝑝𝑝
𝑐𝑐𝑛𝑛𝑝𝑝

𝑒𝑒 𝐸𝐸𝑖𝑖−𝐸𝐸 𝛽𝛽

𝑅𝑅 𝐸𝐸𝑖𝑖 = −
𝐴𝐴 𝐸𝐸

𝑒𝑒𝑥𝑥 + 𝑎𝑎𝑒𝑒−𝑥𝑥
𝑑𝑑𝐸𝐸

x
0

𝑥𝑥(𝐸𝐸) ≡ 𝛽𝛽 𝐸𝐸 − 𝐸𝐸𝑖𝑖

a =
𝑐𝑐𝑝𝑝𝑝𝑝
𝑐𝑐𝑛𝑛𝑝𝑝

𝑒𝑒𝑥𝑥 + 𝑎𝑎𝑒𝑒−𝑥𝑥

1 + 𝑎𝑎

𝐴𝐴 𝐸𝐸 = 𝑐𝑐𝑝𝑝𝑝𝑝𝑛𝑛𝑖𝑖𝐷𝐷𝐼𝐼𝑇𝑇 𝐸𝐸

f 𝑥𝑥 =
1

𝑒𝑒𝑥𝑥 + 𝑎𝑎𝑒𝑒−𝑥𝑥
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Case 2: Recombination in Depletion

EV ECEi

EV ECEiEV ECEi

𝑅𝑅 𝐸𝐸 = −
𝐴𝐴 𝐸𝐸

𝑒𝑒𝑥𝑥 + 𝑎𝑎𝑒𝑒−𝑥𝑥
𝑑𝑑𝐸𝐸

x
0

𝑥𝑥(𝐸𝐸) ≡ 𝛽𝛽 𝐸𝐸 − 𝐸𝐸𝑖𝑖

a =
𝑐𝑐𝑝𝑝𝑝𝑝
𝑐𝑐𝑛𝑛𝑝𝑝

𝑒𝑒𝑥𝑥 + 𝑎𝑎𝑒𝑒−𝑥𝑥

1 + 𝑎𝑎

0

f 𝑥𝑥 =
1

𝑒𝑒𝑥𝑥 + 𝑎𝑎𝑒𝑒−𝑥𝑥

𝑘𝑘𝐵𝐵𝑇𝑇 ≡
1
𝛽𝛽 ≈ 25𝑚𝑚𝑒𝑒𝑚𝑚 𝑎𝑎𝑎𝑎 𝑅𝑅𝑇𝑇

𝐴𝐴 𝐸𝐸 ≈ 𝐴𝐴 𝐸𝐸𝑖𝑖 = 𝑐𝑐𝑝𝑝𝑝𝑝𝑛𝑛𝑖𝑖𝐷𝐷𝐼𝐼𝑇𝑇 𝐸𝐸𝑖𝑖

𝐷𝐷𝐼𝐼𝑇𝑇 = 𝑐𝑐𝑐𝑐𝑛𝑛𝑠𝑠𝑎𝑎
𝑅𝑅 = �

𝐸𝐸𝑉𝑉

𝐸𝐸𝐶𝐶

𝑅𝑅(𝐸𝐸)𝑑𝑑𝐸𝐸

𝐴𝐴 𝐸𝐸 = 𝑐𝑐𝑝𝑝𝑝𝑝𝑛𝑛𝑖𝑖𝐷𝐷𝐼𝐼𝑇𝑇 𝐸𝐸

𝑅𝑅 ≈ 𝐴𝐴 𝐸𝐸𝑖𝑖 𝛽𝛽−1 �
−∞

∞

𝑓𝑓(𝑥𝑥) 𝑑𝑑𝑥𝑥
f 𝑥𝑥

= −𝐴𝐴(𝐸𝐸𝑖𝑖) �
𝐸𝐸𝑉𝑉

𝐸𝐸𝐶𝐶

𝑓𝑓(𝑥𝑥)
𝑑𝑑𝑥𝑥
𝑑𝑑𝐸𝐸 𝑑𝑑𝐸𝐸

= −𝐴𝐴 𝐸𝐸𝑖𝑖 𝛽𝛽−1 �
𝐸𝐸𝑉𝑉

𝐸𝐸𝐶𝐶

𝑓𝑓(𝑥𝑥) 𝑑𝑑𝑥𝑥
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Case 2: Recombination in Depletion

EV ECEi

EV ECEiEV ECEi

𝑅𝑅 𝐸𝐸 = −
𝐴𝐴 𝐸𝐸

𝑒𝑒𝑥𝑥 + 𝑎𝑎𝑒𝑒−𝑥𝑥
𝑑𝑑𝐸𝐸

x
0

𝑥𝑥(𝐸𝐸) ≡ 𝛽𝛽 𝐸𝐸 − 𝐸𝐸𝑖𝑖

a =
𝑐𝑐𝑝𝑝𝑝𝑝
𝑐𝑐𝑛𝑛𝑝𝑝

𝑒𝑒𝑥𝑥 + 𝑎𝑎𝑒𝑒−𝑥𝑥

1 + 𝑎𝑎

0

f 𝑥𝑥 =
1

𝑒𝑒𝑥𝑥 + 𝑎𝑎𝑒𝑒−𝑥𝑥

F 𝑥𝑥 = �𝑓𝑓 𝑥𝑥 𝑑𝑑𝑥𝑥 =
1
𝑎𝑎

tan−1 𝑒𝑒𝑥𝑥/ 𝑎𝑎 + 𝐶𝐶

𝑘𝑘𝐵𝐵𝑇𝑇 ≡
1
𝛽𝛽 ≈ 25𝑚𝑚𝑒𝑒𝑚𝑚 𝑎𝑎𝑎𝑎 𝑅𝑅𝑇𝑇

I = �
−∞

∞

𝑓𝑓 𝑥𝑥 𝑑𝑑𝑥𝑥

𝐴𝐴 𝐸𝐸 ≈ 𝐴𝐴 𝐸𝐸𝑖𝑖 = 𝑐𝑐𝑝𝑝𝑝𝑝𝑛𝑛𝑖𝑖𝐷𝐷𝐼𝐼𝑇𝑇 𝐸𝐸𝑖𝑖

𝐷𝐷𝐼𝐼𝑇𝑇 = 𝑐𝑐𝑐𝑐𝑛𝑛𝑠𝑠𝑎𝑎
𝑅𝑅 = �

𝐸𝐸𝑉𝑉

𝐸𝐸𝐶𝐶

𝑅𝑅(𝐸𝐸)𝑑𝑑𝐸𝐸

𝐴𝐴 𝐸𝐸 = 𝑐𝑐𝑝𝑝𝑝𝑝𝑛𝑛𝑖𝑖𝐷𝐷𝐼𝐼𝑇𝑇 𝐸𝐸

=
𝜋𝜋

2 𝑎𝑎

𝑅𝑅 ≈ 𝐴𝐴 𝐸𝐸𝑖𝑖 𝛽𝛽−1 �
−∞

∞

𝑓𝑓(𝑥𝑥) 𝑑𝑑𝑥𝑥
f 𝑥𝑥

= −𝐴𝐴(𝐸𝐸𝑖𝑖) �
𝐸𝐸𝑉𝑉

𝐸𝐸𝐶𝐶

𝑓𝑓(𝑥𝑥)
𝑑𝑑𝑥𝑥
𝑑𝑑𝐸𝐸 𝑑𝑑𝐸𝐸

= −𝐴𝐴 𝐸𝐸𝑖𝑖 𝛽𝛽−1 �
𝐸𝐸𝑉𝑉

𝐸𝐸𝐶𝐶

𝑓𝑓(𝑥𝑥) 𝑑𝑑𝑥𝑥
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Case 2: Recombination in Depletion

EV ECEi

EV ECEiEV ECEi

𝑅𝑅 𝐸𝐸 = −
𝐴𝐴 𝐸𝐸

𝑒𝑒𝑥𝑥 + 𝑎𝑎𝑒𝑒−𝑥𝑥
𝑑𝑑𝐸𝐸

x
0

𝑥𝑥(𝐸𝐸) ≡ 𝛽𝛽 𝐸𝐸 − 𝐸𝐸𝑖𝑖

a =
𝑐𝑐𝑝𝑝𝑝𝑝
𝑐𝑐𝑛𝑛𝑝𝑝

𝑒𝑒𝑥𝑥 + 𝑎𝑎𝑒𝑒−𝑥𝑥

1 + 𝑎𝑎

0

𝑘𝑘𝐵𝐵𝑇𝑇 ≡
1
𝛽𝛽 ≈ 25𝑚𝑚𝑒𝑒𝑚𝑚 𝑎𝑎𝑎𝑎 𝑅𝑅𝑇𝑇

𝐴𝐴 𝐸𝐸 ≈ 𝐴𝐴 𝐸𝐸𝑖𝑖 = 𝑐𝑐𝑝𝑝𝑝𝑝𝑛𝑛𝑖𝑖𝐷𝐷𝐼𝐼𝑇𝑇 𝐸𝐸𝑖𝑖

𝐷𝐷𝐼𝐼𝑇𝑇 = 𝑐𝑐𝑐𝑐𝑛𝑛𝑠𝑠𝑎𝑎

𝑅𝑅 = �
𝐸𝐸𝑉𝑉

𝐸𝐸𝐶𝐶

𝑅𝑅(𝐸𝐸)𝑑𝑑𝐸𝐸

𝐴𝐴 𝐸𝐸 = 𝑐𝑐𝑝𝑝𝑝𝑝𝑛𝑛𝑖𝑖𝐷𝐷𝐼𝐼𝑇𝑇 𝐸𝐸

I = �
−∞

∞

𝑓𝑓 𝑥𝑥 𝑑𝑑𝑥𝑥 =
𝜋𝜋

2 𝑎𝑎

f 𝑥𝑥

= −𝐴𝐴(𝐸𝐸𝑖𝑖) �
𝐸𝐸𝑉𝑉

𝐸𝐸𝐶𝐶

𝑓𝑓(𝑥𝑥)
𝑑𝑑𝑥𝑥
𝑑𝑑𝐸𝐸 𝑑𝑑𝐸𝐸

= −𝐴𝐴 𝐸𝐸𝑖𝑖 𝛽𝛽−1 �
𝐸𝐸𝑉𝑉

𝐸𝐸𝐶𝐶

𝑓𝑓(𝑥𝑥) 𝑑𝑑𝑥𝑥

f 𝑥𝑥 =
1

𝑒𝑒𝑥𝑥 + 𝑎𝑎𝑒𝑒−𝑥𝑥

𝑅𝑅 ≈ −𝐴𝐴 𝐸𝐸𝑖𝑖 𝛽𝛽−1 �
−∞

∞

𝑓𝑓(𝑥𝑥) 𝑑𝑑𝑥𝑥 = −𝐴𝐴 𝐸𝐸𝑖𝑖 𝛽𝛽−1
𝜋𝜋

2 𝑎𝑎
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Case 2: Recombination in Depletion

EV ECEi

EV ECEiEV ECEi

𝑅𝑅 𝐸𝐸 = −
𝐴𝐴 𝐸𝐸

𝑒𝑒𝑥𝑥 + 𝑎𝑎𝑒𝑒−𝑥𝑥
𝑑𝑑𝐸𝐸

x
0

𝑥𝑥(𝐸𝐸) ≡ 𝛽𝛽 𝐸𝐸 − 𝐸𝐸𝑖𝑖

a =
𝑐𝑐𝑝𝑝𝑝𝑝
𝑐𝑐𝑛𝑛𝑝𝑝

𝑒𝑒𝑥𝑥 + 𝑎𝑎𝑒𝑒−𝑥𝑥

1 + 𝑎𝑎

0

𝑘𝑘𝐵𝐵𝑇𝑇 ≡
1
𝛽𝛽 ≈ 25𝑚𝑚𝑒𝑒𝑚𝑚 𝑎𝑎𝑎𝑎 𝑅𝑅𝑇𝑇

𝐴𝐴 𝐸𝐸 ≈ 𝐴𝐴 𝐸𝐸𝑖𝑖 = 𝑐𝑐𝑝𝑝𝑝𝑝𝑛𝑛𝑖𝑖𝐷𝐷𝐼𝐼𝑇𝑇 𝐸𝐸𝑖𝑖

𝐷𝐷𝐼𝐼𝑇𝑇 = 𝑐𝑐𝑐𝑐𝑛𝑛𝑠𝑠𝑎𝑎

𝑅𝑅 = �
𝐸𝐸𝑉𝑉

𝐸𝐸𝐶𝐶

𝑅𝑅(𝐸𝐸)𝑑𝑑𝐸𝐸

𝑅𝑅 ≈ −𝜋𝜋
2

𝑐𝑐𝑝𝑝𝑝𝑝𝑐𝑐𝑛𝑛𝑝𝑝 𝑘𝑘𝐵𝐵𝑇𝑇 𝐷𝐷𝐼𝐼𝑇𝑇 𝑛𝑛𝑖𝑖

𝐴𝐴 𝐸𝐸 = 𝑐𝑐𝑝𝑝𝑝𝑝𝑛𝑛𝑖𝑖𝐷𝐷𝐼𝐼𝑇𝑇 𝐸𝐸

𝑅𝑅 ≈ −𝐴𝐴 𝐸𝐸𝑖𝑖 𝛽𝛽−1 �
−∞

∞

𝑓𝑓(𝑥𝑥) 𝑑𝑑𝑥𝑥 = −𝐴𝐴 𝐸𝐸𝑖𝑖 𝛽𝛽−1
𝜋𝜋

2 𝑎𝑎

𝑅𝑅 ≈ −𝑐𝑐𝑝𝑝𝑝𝑝𝑛𝑛𝑖𝑖𝐷𝐷𝐼𝐼𝑇𝑇 𝐸𝐸𝑖𝑖 𝛽𝛽−1
𝜋𝜋
2 𝑐𝑐𝑛𝑛𝑝𝑝/𝑐𝑐𝑝𝑝𝑝𝑝

f 𝑥𝑥

f 𝑥𝑥 =
1

𝑒𝑒𝑥𝑥 + 𝑎𝑎𝑒𝑒−𝑥𝑥
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Case 2: Recombination in Depletion

EV ECEi

EV ECEi

0

𝑘𝑘𝐵𝐵𝑇𝑇 ≡
1
𝛽𝛽 ≈ 25𝑚𝑚𝑒𝑒𝑚𝑚 𝑎𝑎𝑎𝑎 𝑅𝑅𝑇𝑇

𝑅𝑅 ≈ −𝜋𝜋
2

𝑐𝑐𝑝𝑝𝑝𝑝𝑐𝑐𝑛𝑛𝑝𝑝 𝑘𝑘𝐵𝐵𝑇𝑇 𝐷𝐷𝐼𝐼𝑇𝑇 𝑛𝑛𝑖𝑖

f 𝑥𝑥
𝐺𝐺 ≈ 𝜋𝜋

2
𝑐𝑐𝑝𝑝𝑝𝑝𝑐𝑐𝑛𝑛𝑝𝑝 𝑘𝑘𝐵𝐵𝑇𝑇 𝐷𝐷𝐼𝐼𝑇𝑇 𝑛𝑛𝑖𝑖

ps~0 ns~0

Case 2: Generation in Depletion
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Compare Case 1 and Case 2

𝑅𝑅 ≈ −𝜋𝜋
2

𝑐𝑐𝑝𝑝𝑝𝑝𝑐𝑐𝑛𝑛𝑝𝑝 𝑘𝑘𝐵𝐵𝑇𝑇 𝐷𝐷𝐼𝐼𝑇𝑇 𝑛𝑛𝑖𝑖

𝐺𝐺 ≈ 𝜋𝜋
2

𝑐𝑐𝑝𝑝𝑝𝑝𝑐𝑐𝑛𝑛𝑝𝑝 𝑘𝑘𝐵𝐵𝑇𝑇 𝐷𝐷𝐼𝐼𝑇𝑇 𝑛𝑛𝑖𝑖 EV ECEi

EV ECEi

𝑘𝑘𝐵𝐵𝑇𝑇 ≡
1
𝛽𝛽

≈ 25𝑚𝑚𝑒𝑒𝑚𝑚 𝑎𝑎𝑎𝑎 𝑅𝑅𝑇𝑇

f 𝑥𝑥

ps~0 ns~0

Case 2: Generation in Depletion

D
onor doped

EV ECEi EF

1

W

EV ECEi EFEF’

EF’

Case 1: Minority Carrier Recombination

𝑅𝑅 ≈ 𝐸𝐸𝐹𝐹 − 𝐸𝐸𝐹𝐹′ 𝑐𝑐𝑝𝑝𝑝𝑝𝐷𝐷𝐼𝐼𝑇𝑇Δ𝑝𝑝𝑝𝑝𝑠

𝑅𝑅 ≈ 𝐸𝐸𝐹𝐹 − 𝐸𝐸𝐹𝐹′ 𝑐𝑐𝑛𝑛𝑝𝑝𝐷𝐷𝐼𝐼𝑇𝑇Δ𝑛𝑛𝑝𝑝𝑠

Assume: 𝑐𝑐𝑝𝑝𝑝𝑝𝐷𝐷𝐼𝐼𝑇𝑇 = 𝑐𝑐𝑛𝑛𝑝𝑝𝐷𝐷𝐼𝐼𝑇𝑇 = 𝐴𝐴

𝑅𝑅𝑀𝑀𝑀𝑀 = 𝐴𝐴 Δ𝐸𝐸 Δ𝑛𝑛 𝐺𝐺𝐷𝐷 ≈
𝜋𝜋
2
𝐴𝐴 ΔE Δ𝑛𝑛

Δ𝐸𝐸 = 𝐸𝐸𝐹𝐹 − 𝐸𝐸𝐹𝐹′ ≈ 1.000𝑒𝑒𝑚𝑚 Δ𝐸𝐸 = 𝑘𝑘𝐵𝐵𝑇𝑇 ≈ 0.025𝑒𝑒𝑚𝑚
NA ≫ Δ𝑛𝑛 ≫ 𝑛𝑛𝑖𝑖 Δ𝑛𝑛 ≈ 1016𝑐𝑐𝑚𝑚−3 Δ𝑛𝑛 = 𝑛𝑛𝑖𝑖 ≈ 101𝑠𝑐𝑐𝑚𝑚−3

RMC

𝐺𝐺𝐷𝐷
≈ 108Energy loss through 

many states & carriers
Thermal energy gain through 

few states & carriers
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Summary

𝑅𝑅 ≈ −𝜋𝜋
2

𝑐𝑐𝑝𝑝𝑝𝑝𝑐𝑐𝑛𝑛𝑝𝑝 𝑘𝑘𝐵𝐵𝑇𝑇 𝐷𝐷𝐼𝐼𝑇𝑇 𝑛𝑛𝑖𝑖

𝑅𝑅 ≈ 𝐸𝐸𝐹𝐹 − 𝐸𝐸𝐹𝐹′ 𝑐𝑐𝑝𝑝𝑝𝑝𝐷𝐷𝐼𝐼𝑇𝑇Δ𝑝𝑝𝑝𝑝𝑠
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Section 16
Recombination & Generation

• 16.1 Capture coefficient & Capture Cross Section 
• 16.2 Derivation of SRH formula (Shockley, Reed, Hall)

»16.2.1 Trap Assisted Recombination Rates
»16.2.2 Capture and emission relationship (n1 and p1)
»16.2.3 Steady State Trap Population
»16.2.4 Recombination-Generation Rate 

• 16.3 Application of SRH formula for special cases
»Low level, high-level injection, depletion region

• 16.4 Direct and Auger recombination
• 16.5 Nature of interface states
• 16.6 SRH formula adapted to interface states
• 16.7 Surface recombination in depletion region

Vi
d

Vi
de

o
V

How does the system
go BACK to 
equilibrium?

V
V

V

𝜏𝜏𝑛𝑛 =
1

𝑐𝑐𝑛𝑛𝑁𝑁𝑇𝑇
𝜏𝜏𝑝𝑝 =

1
𝑐𝑐𝑝𝑝𝑁𝑁𝑇𝑇

𝑛𝑛1 = 𝑛𝑛𝑖𝑖𝑔𝑔𝐷𝐷𝑒𝑒𝛽𝛽 𝐸𝐸𝑇𝑇−𝐸𝐸𝑖𝑖

𝑝𝑝1 = 𝑛𝑛𝑖𝑖𝑔𝑔𝐷𝐷−1𝑒𝑒𝛽𝛽 𝐸𝐸𝑖𝑖−𝐸𝐸𝑇𝑇

𝑅𝑅 =
Δ𝑛𝑛

𝜏𝜏𝑛𝑛 + 𝜏𝜏𝑝𝑝

𝑅𝑅 =
Δ𝑛𝑛
𝜏𝜏𝑛𝑛

𝑅𝑅 ≈ �
𝐸𝐸𝐹𝐹′

𝐸𝐸𝐹𝐹

𝑐𝑐𝑝𝑝𝑝𝑝Δ𝑝𝑝𝑝𝑝𝑠𝐷𝐷𝐼𝐼𝑇𝑇 𝐸𝐸 𝑑𝑑𝐸𝐸

𝑅𝑅 = 𝑠𝑠𝑔𝑔Δ𝑝𝑝𝑝𝑝𝑠

𝑅𝑅 𝐸𝐸 =
𝑛𝑛𝑝𝑝𝑝𝑝𝑝𝑝 − 𝑛𝑛𝑖𝑖2 𝐷𝐷𝐼𝐼𝑇𝑇 𝐸𝐸 𝑑𝑑𝐸𝐸

1
𝑐𝑐𝑝𝑝𝑝𝑝

𝑛𝑛𝑝𝑝 + 𝑛𝑛1𝑝𝑝 + 1
𝑐𝑐𝑛𝑛𝑝𝑝

𝑝𝑝𝑝𝑝 + 𝑝𝑝1𝑝𝑝

𝑅𝑅 ≈ −𝜋𝜋
2

𝑐𝑐𝑝𝑝𝑝𝑝𝑐𝑐𝑛𝑛𝑝𝑝 𝑘𝑘𝐵𝐵𝑇𝑇 𝐷𝐷𝐼𝐼𝑇𝑇 𝑛𝑛𝑖𝑖

𝑅𝑅 =
𝑝𝑝𝑛𝑛 − 𝑛𝑛𝑖𝑖2

𝜏𝜏𝑝𝑝 𝑛𝑛 + 𝑛𝑛1 + 𝜏𝜏𝑛𝑛 𝑝𝑝 + 𝑝𝑝1

V
V

V
V
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