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Thermal Equilibrium State

✓ Generation: produces an Electron-Hole pair

✓ Recombination: eliminates an Electron-Hole pair
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Thermal Equilibrium State

𝐺𝑛0
= 𝐺𝑝0

= 𝑅𝑛0
= 𝑅𝑝0

[#/cm3 · s]

𝐺𝑛0

𝐺𝑝0

𝑅𝑛0

𝑅𝑝0

Electron generation rate 

Hole generation rate Hole recombination rate 

Electron recombination rate 

(In equilibrium state)

𝑛0

𝑝0𝑛0

𝑛0𝑝0 = 𝑛𝑖
2
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Nonequilibrium State

𝑛 = 𝑛0 + 𝛿𝑛,  𝑝 = 𝑝0 + 𝛿𝑝

Excess electron generation 

Excess hole generation Hole concentration

Electron concentration

𝑛𝑝 ≠ 𝑛0𝑝0 = 𝑛𝑖
2

Mass-action law
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Recombination Rate of Excess Carriers

Excess carrier 

recombination rate 𝑅𝑛′ =
𝜕(𝛿𝑛(𝑡, 𝑥))

𝜕𝑡

𝑛 = 𝑛0 + 𝛿𝑛

𝑛𝑝 ≠ 𝑛0𝑝0 = 𝑛𝑖
2

Mass-action law

𝑅𝑛′

𝑅𝑝′

𝑅𝑝′ =
𝜕(𝛿𝑝(𝑡, 𝑥))

𝜕𝑡
simplify

Recombination carrier lifetime

→ Mean time for excess carrier recombination 

𝑅𝑛′ =
𝛿𝑛

𝝉𝒑
= 𝑅𝑝′ =

𝛿𝑝

𝝉𝒑

𝑅𝑝′ ≈
𝛿𝑝

𝜏𝑅

𝑝 = 𝑝0 + 𝛿𝑝

𝜏𝑅

For n-type Si

𝑅𝑛′ ≈
𝛿𝑛

𝜏𝑅

For p-type Si

𝑅𝑛′ =
𝛿𝑛

𝝉𝒏
= 𝑅𝑝′ =

𝛿𝑝

𝝉𝒏

[#/cm3 · s]

Excess minority 

carrier lifetime
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Generation Rate of Excess Carriers

Excess carrier 

generation rate 𝑔𝑛′ =
𝛿𝑛

𝜏𝐺
𝑔𝑝′ =

𝛿𝑝

𝜏𝐺

Generation carrier lifetime

→ Mean time for excess carrier generation

[#/cm3 · s]

𝑔𝑛′ = 𝑔𝑝′ = 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 (In general cases)
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Steady State Condition

𝑑𝑛

𝑑𝑡
=

𝑑𝑝

𝑑𝑡
= 0

𝑑𝑛

𝑑𝑡
= 𝐺𝑛0

+ 𝑔𝑛′ − 𝑅𝑛0
+ 𝑅𝑛

′ = 0

Steady-state

𝑑𝑝

𝑑𝑡
= 𝐺𝑝0

+ 𝑔𝑝′ − 𝑅𝑝0
+ 𝑅𝑝

′ = 0

𝑔𝑛′ = 𝑅𝑛′

𝑔𝑝′ = 𝑅𝑝′

Steady-state 

→ Regardless of Nonequilibrium or Equilibrium but no net changes in concentrations
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Quasi-Fermi Energy Level for Low Level Injection

For n-type Si

For p-type Si

𝑛0 ≫ 𝑝0, 𝑛0 ≫ 𝛿𝑛 = 𝛿𝑝 ≫ 𝑝0

𝑛 = 𝑛0 + 𝛿𝑛 ≅ 𝑛0

𝑝0 ≫ 𝑛0, 𝑝0 ≫ 𝛿𝑛 = 𝛿𝑝 ≫ 𝑛0

𝑝 = 𝑝0 + 𝛿𝑝 ≅ 𝑝0

𝑝 = 𝑝0 + 𝛿𝑝 ≅ 𝜹𝒑

𝑛 = 𝑛0 + 𝛿𝑛 ≅ 𝜹𝒏

𝑛0 + 𝛿𝑛 = 𝑁𝑐 exp −
𝐸𝑐 − 𝐸𝐹𝑛

𝑘𝑇
= 𝑛𝑖 exp

𝐸𝐹𝑛 − 𝐸𝐹𝑖

𝑘𝑇

❖ Quasi-Fermi Energy Level 

𝑝0 + 𝛿𝑝 = 𝑁𝑣 exp −
𝐸𝐹𝑝 − 𝐸𝑣

𝑘𝑇
= 𝑛𝑖 exp

𝐸𝐹𝑖 − 𝐸𝐹𝑝

𝑘𝑇
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Quasi-Fermi Energy Level for Low Level Injection

𝑛0 + 𝛿𝑛 = 𝑁𝑐 exp −
𝐸𝑐 − 𝐸𝐹𝑛

𝑘𝑇
= 𝑛𝑖 exp

𝐸𝐹𝑛 − 𝐸𝐹𝑖

𝑘𝑇
≅ 𝑛0

❖ Quasi-Fermi Energy Level 

𝑝0 + 𝛿𝑝 = 𝑁𝑣 exp −
𝐸𝐹𝑝 − 𝐸𝑣

𝑘𝑇
= 𝑛𝑖 exp

𝐸𝐹𝑖 − 𝐸𝐹𝑝

𝑘𝑇
≅ 𝛿𝑛

For n-type Si

𝐸𝑐

𝐸𝑣

𝐸𝐹𝑖

𝐸𝐹 𝐸𝐹𝑛

𝐸𝐹𝑝

Thermal equilibrium Nonequilibrium (Low level injection)
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Quasi-Fermi Energy Level for Low Level Injection (Example)

Find the energy difference between the intrinsic fermi level (𝐸𝐹𝑖) and the quasi-fermi energy 

level (𝐸𝐹𝑛, 𝐸𝐹𝑝) for low level injection. Assume a steady-state condition.

At 𝑇 = 300 K, 𝑁𝑑 = 1015 cm−3, 𝑛𝑖 = 1010 cm−3, 𝜏𝑝 = 1 𝜇𝑠, 𝑔𝑛
′ = 𝟏𝟎𝟏𝟗 cm−3𝑠−1,

𝑘𝑇 = 0.026 𝑒V, 𝑁𝑐 = 2.8 × 1019 cm−3, 𝑁𝑣 = 1.04 × 1019 cm−3

𝐸𝑐

𝐸𝑣

𝐸𝐹𝑖

𝐸𝐹 𝐸𝐹𝑛

𝐸𝐹𝑝

Thermal equilibrium Nonequilibrium (Low level injection)

0.2993 𝑒V 0.2995 𝑒V

0.1796 𝑒V
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Carrier Transport Mechanisms

- Drift: Due to the Electric field

- Diffusion: Due to the Carrier concetration gradient

- Recombination-Generation (R-G): Due to the Excess carriers
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Continuity Equation

Continuity Equation

→ carrier concentration change per time at the volume of dxdydz
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Flux

𝐹𝑙𝑢𝑥 𝐹 [#/cm2 ∙ 𝑠]
= 𝑛𝑣 [ #/cm3 (cm/𝑠)]

𝐽 = 𝑞𝑛𝑣 = 𝑞𝐹

𝐽𝑛 = 𝐽𝑛|𝑑𝑟𝑓 + 𝐽𝑛|𝑑𝑖𝑓𝑓 = 𝑞𝑛𝜇𝑛𝐸 + 𝑞𝐷𝑛

𝑑𝑛

𝑑𝑥

𝐽𝑝 = 𝐽𝑝|𝑑𝑟𝑓 + 𝐽𝑝|𝑑𝑖𝑓𝑓 = 𝑞𝑝𝜇𝑝𝐸 − 𝑞𝐷𝑝

𝑑𝑝

𝑑𝑥

Flux

Flux
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Continuity Equation

Continuity Equation

→ carrier concentration change per time at the volume of dxdydz

𝜕𝑝

𝜕𝑡
𝑑𝑥𝑑𝑦𝑑𝑧 = 𝐹 𝑥 − 𝐹 𝑥 + 𝑑𝑥 𝑑𝑦𝑑𝑧 = −

𝐹 𝑥 + 𝑑𝑥 − 𝐹(𝑥)

𝑑𝑥
𝑑𝑥𝑑𝑦𝑑𝑧

= −
𝜕𝐹(𝑥)

𝜕𝑥
𝑑𝑥𝑑𝑦𝑑𝑧

𝜕𝑝

𝜕𝑡
= −

𝜕𝐹(𝑥)

𝜕𝑥

𝜕𝑝

𝜕𝑡
= −

𝜕𝐹 𝑥

𝜕𝑥
+ 𝐺𝑝 − 𝑅𝑝

Consider R-G
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Continuity Equation

Continuity Equation

→ carrier concentration change per time at the volume of dxdydz

𝜕𝑝

𝜕𝑡
= −

𝜕𝐹 𝑥

𝜕𝑥
+ 𝐺𝑝 − 𝑅𝑝

𝐽 = 𝑞𝑛𝑣 = 𝑞𝐹(𝑥) 𝐹 𝑥 =
1

𝑞
𝐽

𝜕𝑝

𝜕𝑡
= −

𝜕𝐹 𝑥

𝜕𝑥
+ 𝐺𝑝 − 𝑅𝑝

𝜕𝑝(𝑡, 𝑥)

𝜕𝑡
= −

1

𝑞

𝜕𝐽𝑝

𝜕𝑥
+ 𝑔𝑝′ − 𝑅𝑝′

𝜕𝑛(𝑡, 𝑥)

𝜕𝑡
= +

1

𝑞

𝜕𝐽𝑛

𝜕𝑥
+ 𝑔𝑛′ − 𝑅𝑛′ 𝑅𝑛′ =

𝛿𝑛

𝜏𝑛

𝑅𝑝′ =
𝛿𝑝

𝜏𝑝

Continuity Equation

𝐽𝑛 = 𝑞𝑛𝜇𝑛𝐸 + 𝑞𝐷𝑛

𝑑𝑛

𝑑𝑥

𝐽𝑝 = 𝑞𝑝𝜇𝑝𝐸 − 𝑞𝐷𝑝

𝑑𝑝

𝑑𝑥
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Continuity Equation

Continuity Equation

→ carrier concentration change per time at the volume of dxdydz

𝜕𝑝(𝑡, 𝑥)

𝜕𝑡
= −

1

𝑞

𝜕𝐽𝑝

𝜕𝑥
+ 𝑔𝑝′ − 𝑅𝑝′

𝜕𝑛(𝑡, 𝑥)

𝜕𝑡
= +

1

𝑞

𝜕𝐽𝑛

𝜕𝑥
+ 𝑔𝑛′ − 𝑅𝑛′ 𝑅𝑛′ =

𝛿𝑛

𝜏𝑛

𝑅𝑝′ =
𝛿𝑝

𝜏𝑝

𝐽𝑛(𝑡, 𝑥) = 𝑞𝑛(𝑡, 𝑥)𝜇𝑛𝐸(𝑥) + 𝑞𝐷𝑛

𝜕𝑛(𝑡, 𝑥)

𝜕𝑥

𝐽𝑝(𝑡, 𝑥) = 𝑞𝑝(𝑡, 𝑥)𝜇𝑝𝐸(𝑥) − 𝑞𝐷𝑝

𝜕𝑝(𝑡, 𝑥)

𝜕𝑥

𝑝 𝑡, 𝑥 = 𝑝0 𝑥 + 𝛿𝑝(𝑡, 𝑥)

𝑛 𝑡, 𝑥 = 𝑛0 𝑥 + 𝛿𝑛(𝑡, 𝑥)

𝑝 𝑡, 𝑥 = 𝑝0 + 𝛿𝑝(𝑡, 𝑥)

𝑛 𝑡, 𝑥 = 𝑛0 + 𝛿𝑛(𝑡, 𝑥)

Assume

uniform doping

𝜕𝛿𝑝(𝑡, 𝑥)

𝜕𝑡
= 𝐷𝑝

𝜕2𝛿𝑝(𝑡, 𝑥)

𝜕𝑥2 − 𝜇𝑝

𝜕𝛿𝑝 𝑡, 𝑥

𝜕𝑥
𝐸 𝑥 + 𝑝 𝑡, 𝑥

𝜕𝐸 𝑥

𝜕𝑥
+ 𝑔𝑝′ −

𝛿𝑝(𝑡, 𝑥)

𝜏𝑝

𝜕𝛿𝑛(𝑡, 𝑥)

𝜕𝑡
= 𝐷𝑛

𝜕2𝛿𝑛 𝑡, 𝑥

𝜕𝑥2 + 𝜇𝑛

𝜕𝛿𝑛(𝑡, 𝑥)

𝜕𝑥
𝐸 𝑥 + 𝑛 𝑡, 𝑥

𝜕𝐸 𝑥

𝜕𝑥
+ 𝑔𝑛′ −

𝛿𝑛(𝑡, 𝑥)

𝜏𝑛

For Electrons

For Holes



Semiconductor Devices, Prof. SEYONG OH Neaman, Semiconductor Physics and Devices 18

Ambipolar Transport

Ambipolar transport

→ excess electron and hole move together as a pair → Single Mobility and Single Diffusion constant

Light illumination

Silicon

𝐸 = 𝐸𝑎𝑝𝑝 + 𝐸𝑖𝑛𝑡
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Ambipolar Transport

𝜕𝛿𝑝(𝑡, 𝑥)

𝜕𝑡
= 𝐷𝑝

𝜕2𝛿𝑝(𝑡, 𝑥)

𝜕𝑥2 − 𝜇𝑝

𝜕𝛿𝑝 𝑡, 𝑥

𝜕𝑥
𝐸 𝑥 + 𝑝 𝑡, 𝑥

𝜕𝐸 𝑥

𝜕𝑥
+ 𝑔𝑝′ −

𝛿𝑝(𝑡, 𝑥)

𝜏𝑝

𝜕𝛿𝑛(𝑡, 𝑥)

𝜕𝑡
= 𝐷𝑛

𝜕2𝛿𝑛 𝑡, 𝑥

𝜕𝑥2 + 𝜇𝑛

𝜕𝛿𝑛(𝑡, 𝑥)

𝜕𝑥
𝐸 𝑥 + 𝑛 𝑡, 𝑥

𝜕𝐸 𝑥

𝜕𝑥
+ 𝑔𝑛′ −

𝛿𝑛(𝑡, 𝑥)

𝜏𝑛

Assume

𝛿𝑝 𝑡, 𝑥 = 𝛿𝑛(𝑡, 𝑥) 𝑔𝑝′ = 𝑔𝑛′ = 𝑔′
𝛿𝑝(𝑡, 𝑥)

𝜏𝑝
=

𝛿𝑛(𝑡, 𝑥)

𝜏𝑛
= 𝑅′

× 𝑛(𝑡, 𝑥)𝜇𝑛

× 𝑝(𝑡, 𝑥)𝜇𝑝

× 𝑛(𝑡, 𝑥)𝜇𝑛

× 𝑝(𝑡, 𝑥)𝜇𝑝

𝑛𝜇𝑛 + 𝑝𝜇𝑝

𝜕𝛿𝑁

𝜕𝑡

= 𝑛𝜇𝑛𝐷𝑝 + 𝑝𝜇𝑝𝐷𝑛

𝜕2𝛿𝑁

𝜕𝑥2 + 𝜇𝑛𝜇𝑝(𝑝 − 𝑛)
𝜕𝛿𝑁

𝜕𝑥
𝐸 + 𝑛𝜇𝑛 + 𝑝𝜇𝑝 (𝑔′ − 𝑅′)

Get rid of
𝜕𝐸 𝑥

𝜕𝑥
𝛿𝑁 = 𝛿𝑝 = 𝛿𝑛
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Ambipolar Transport

𝑛𝜇𝑛 + 𝑝𝜇𝑝

𝜕𝛿𝑁

𝜕𝑡

= 𝑛𝜇𝑛𝐷𝑝 + 𝑝𝜇𝑝𝐷𝑛

𝜕2𝛿𝑁

𝜕𝑥2
+ 𝜇𝑛𝜇𝑝(𝑝 − 𝑛)

𝜕𝛿𝑁

𝜕𝑥
𝐸 + 𝑛𝜇𝑛 + 𝑝𝜇𝑝 (𝑔′ − 𝑅′)

Devide by 𝑛𝜇𝑛 + 𝑝𝜇𝑝

𝜕𝛿𝑁

𝜕𝑡
=

𝑛𝜇𝑛𝐷𝑝 + 𝑝𝜇𝑝𝐷𝑛

𝑛𝜇𝑛 + 𝑝𝜇𝑝

𝜕2𝛿𝑁

𝜕𝑥2 +
𝜇𝑛𝜇𝑝 𝑝 − 𝑛

𝑛𝜇𝑛 + 𝑝𝜇𝑝

𝜕𝛿𝑁

𝜕𝑥
𝐸 + 𝑔′ − 𝑅′

𝜕𝛿𝑁

𝜕𝑡
= 𝑫′

𝜕2𝛿𝑁

𝜕𝑥2 + 𝝁′
𝜕𝛿𝑁

𝜕𝑥
𝐸 + 𝑔′ − 𝑅′

𝑫′ =
𝑛𝜇𝑛𝐷𝑝 + 𝑝𝜇𝑝𝐷𝑛

𝑛𝜇𝑛 + 𝑝𝜇𝑝 
=

𝐷𝑛𝐷𝑝(𝑝 + 𝑛)

𝐷𝑛𝑛 + 𝐷𝑝𝑝
[cm2/𝑠]

𝝁′ =
𝜇𝑛𝜇𝑝 𝑝 − 𝑛

𝑛𝜇𝑛 + 𝑝𝜇𝑝 
[cm2/𝑉 ∙ 𝑠]

𝐷𝑛

𝜇𝑛
=

𝐷𝑝

𝜇𝑝
=

𝑘𝑇

𝑞
[𝑉]

Einstein’s Relationship
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Ambipolar Transport

𝜕𝛿𝑁(𝑡, 𝑥)

𝜕𝑡
= 𝑫𝒏

𝜕2𝛿𝑁(𝑡, 𝑥)

𝜕𝑥2 + 𝝁𝒏

𝜕𝛿𝑁(𝑡, 𝑥)

𝜕𝑥
𝐸 + 𝑔′ − 𝑅′

𝐷′ =
𝐷𝑛𝐷𝑝(𝑝 + 𝑛)

𝐷𝑛𝑛 + 𝐷𝑝𝑝

𝜇′ =
𝜇𝑛𝜇𝑝 𝑝 − 𝑛

𝑛𝜇𝑛 + 𝑝𝜇𝑝 

Assume p-type Si and low-level injection

𝑝 𝑡, 𝑥 = 𝑝0 + 𝛿𝑝(𝑡, 𝑥)

𝑛 𝑡, 𝑥 = 𝑛0 + 𝛿𝑛(𝑡, 𝑥)

𝛿𝑝 𝑡, 𝑥 = 𝛿𝑛(𝑡, 𝑥)

𝑝 𝑡, 𝑥 ≅ 𝑝0

𝑛 𝑡, 𝑥 ≅ 𝛿𝑛(𝑡, 𝑥)

𝑝 𝑡, 𝑥 ≫ 𝑛 𝑡, 𝑥

For p-type Si and low-level injection

𝐷′ =
𝐷𝑛(1 + 𝑛/𝑝)

1 +
𝐷𝑛
𝐷𝑝

𝑛
𝑝

≅ 𝐷𝑛

Devide by 𝑝𝐷𝑝

Devide by 𝑝𝜇𝑝

𝜇′ =
𝜇𝑛 1 −

𝑛
𝑝

1 +
𝑛
𝑝

𝜇𝑛
𝜇𝑝

≅ 𝜇𝑛

Ambipolar transport 

→ excess electron and hole move together as a pair → Single Mobility and Single Diffusion constant

➔ minority carrier determines the ambipolar transport characteristics.
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Ambipolar Transport Summary

𝜕𝛿𝑁(𝑡, 𝑥)

𝜕𝑡
= 𝑫𝒏

𝜕2𝛿𝑁(𝑡, 𝑥)

𝜕𝑥2 + 𝝁𝒏

𝜕𝛿𝑁(𝑡, 𝑥)

𝜕𝑥
𝐸 + 𝑔′ − 𝑅′

For p-type Si and low-level injection

Ambipolar transport 

→ excess electron and hole move together as a pair → Single Mobility and Single Diffusion constant

➔ minority carrier determines the ambipolar transport characteristics.

𝜕𝛿𝑁(𝑡, 𝑥)

𝜕𝑡
= 𝑫𝒑

𝜕2𝛿𝑁(𝑡, 𝑥)

𝜕𝑥2 − 𝝁𝒑

𝜕𝛿𝑁(𝑡, 𝑥)

𝜕𝑥
𝐸 + 𝑔′ − 𝑅′

For n-type Si and low-level injection
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Ambipolar Transport

𝜕𝛿𝑁(𝑡, 𝑥)

𝜕𝑡
= 𝐷𝑛

𝜕2𝛿𝑁(𝑡, 𝑥)

𝜕𝑥2 + 𝜇𝑛

𝜕𝛿𝑁(𝑡, 𝑥)

𝜕𝑥
𝐸 + 𝑔′ − 𝑅′

For p-type Si and low-level injection

𝜕𝛿𝑁(𝑡, 𝑥)

𝜕𝑡
= 𝐷𝑝

𝜕2𝛿𝑁(𝑡, 𝑥)

𝜕𝑥2 − 𝜇𝑝

𝜕𝛿𝑁(𝑡, 𝑥)

𝜕𝑥
𝐸 + 𝑔′ − 𝑅′

For n-type Si and low-level injection

Additional assumptions

- No excess carrier generation

- No external (applied) E-field

- Steady-state condition

𝑔′ = 0

𝐸 = 0

𝑑𝑛

𝑑𝑡
=

𝑑𝑝

𝑑𝑡
= 0

0 = 𝐷𝑛

𝑑2𝛿𝑁(𝑥)

𝑑𝑥2 − 𝑅′

0 = 𝐷𝑝

𝑑2𝛿𝑁(𝑥)

𝑑𝑥2 − 𝑅′

Current is only generated by 

Diffusion and Recombination.

𝛿𝑁(𝑥)

𝜏
= 𝑅′
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Ambipolar Transport

𝐷𝑛

𝑑2𝛿𝑁(𝑥)

𝑑𝑥2 = 𝑅′

𝐷𝑝

𝜕2𝛿𝑁(𝑥)

𝑑𝑥2 = 𝑅′

𝛿𝑁(𝑥)

𝜏𝑁
= 𝑅′ 𝑑2𝛿𝑁(𝑥)

𝑑𝑥2 =
𝛿𝑁(𝑥)

𝐷𝑛𝜏𝑛

𝑑2𝛿𝑁(𝑥)

𝑑𝑥2 =
𝛿𝑁(𝑥)

𝐷𝑝𝜏𝑝

For p-type

For n-type

𝐿𝑛 = 𝐷𝑛𝜏𝑛 𝑜𝑟 𝐿𝑝 = 𝐷𝑝𝜏𝑝

2nd order ODE

𝑦′′ =
1

𝐿𝑁
2 𝑦

𝛿𝑁 𝑥 = 𝐴𝑒
+

𝑥
𝐿𝑁 + 𝐵𝑒

−
𝑥

𝐿𝑁
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Ambipolar Transport (Example)

Additional assumptions

- No excess carrier generation

- No external (applied) E-field

- Steady-state condition

𝑑2𝛿𝑁(𝑥)

𝑑𝑥2 =
𝛿𝑁(𝑥)

𝐷𝑝𝜏
𝐿𝑝 = 𝐷𝑝𝜏𝑝 𝛿𝑝 𝑥 = 𝐴𝑒+

𝑥
𝐿 + 𝐵𝑒−

𝑥
𝐿

Light illumination

n-type Si

For n-type

Boundary condition

𝑥 → ∞, 𝛿𝑝 𝑥 → 0 𝐴 = 0

𝑥 = 0, 𝛿𝑝 0 = ∆𝑝

𝑥 = 0

𝛿𝑝 𝑥

𝑥

∆𝑝

𝐵 = ∆𝑝
𝛿𝑝 𝑥 = ∆𝑝𝑒

−
𝑥

𝐿𝑝

𝐽𝑝 𝑥 = 𝐽𝑝|𝑑𝑖𝑓𝑓 = −𝑞𝐷𝑝

𝑑𝑝 𝑥

𝑑𝑥
= −𝑞𝐷𝑝

𝑑𝛿𝑝 𝑥

𝑑𝑥
=

𝑞𝐷𝑝∆𝑝

𝐿𝑝
𝑒

−
𝑥

𝐿𝑝 = 𝑞
𝐷𝑝

𝐿𝑝
𝛿𝑝 𝑥

Excess carrier concentration

Current density
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Excess Carrier Lifetime

𝜏𝑛0 =
1

𝐶𝑛𝑁𝑡

𝐶𝑛(𝐶𝑝) = 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 𝑝𝑟𝑜𝑝𝑜𝑟𝑡𝑖𝑜𝑛𝑎𝑙 𝑡𝑜 𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑛(ℎ𝑜𝑙𝑒) − 𝑐𝑎𝑝𝑡𝑢𝑟𝑒 𝑐𝑟𝑜𝑠𝑠 𝑠𝑒𝑐𝑡𝑖𝑜𝑛

𝑁𝑡 = 𝑇𝑜𝑡𝑎𝑙 𝑐𝑜𝑛𝑐𝑒𝑛𝑐𝑡𝑟𝑎𝑖𝑜𝑛 𝑜𝑓 𝑡𝑟𝑎𝑝𝑝𝑖𝑛𝑔 𝑐𝑒𝑛𝑡𝑒𝑟𝑠

𝐸𝑡 𝐸𝑡

𝐸𝑡 𝐸𝑡

𝜏𝑝0 =
1

𝐶𝑝𝑁𝑡

For p-type For n-type
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