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Chapter 5

Carrier Transport

Phenomena

오세용, Ph.D.

한양대 ERICA, 조교수 

Semiconductor Devices
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Carrier Transport Mechanisms

- Drift: Due to the Electric field

- Diffusion: Due to the Carrier concetration gradient

- Recombination-Generation (R-G)
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Fig. 4.19: (a) An external force Fext applied to an electron in

vacuum results in an acceleration avac = Fext  / me . (b) An external

force Fext applied to an electron in a crystal results in an

acceleration acryst = Fext  / me*. (Ex is the electric field.) 

Ex

Electron effective mass (𝒎𝒏
∗ )

𝐹𝑒𝑥𝑡 = 𝑚𝑒𝑎

𝐹𝑡𝑜𝑡𝑎𝑙 = 𝐹𝑒𝑥𝑡 − 𝐹𝑖𝑛𝑡 = 𝑚𝑒
∗𝑎

𝑎 =
𝐹𝑒𝑥𝑡
𝑚𝑒

𝑎 =
𝐹𝑡𝑜𝑡𝑎𝑙
𝑚𝑒

∗

𝑊ℎ𝑎𝑡 𝑎𝑏𝑜𝑢𝑡 𝑣𝑒𝑙𝑜𝑐𝑖𝑡𝑦?
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Scattering

✓ Si lattice vibration by thermal energy

(Lattice scattering or Phonon scattering)

✓ Other scattering mechanisms:

- Ionized impurity scattering or Defect scattering or Coulombic scattering

- Electron-Electron scattering

- Surface (roughness) scattering or Boundary scattering
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Carrier Drift and Scattering
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𝐹 = 𝑚𝑛
∗
𝑑𝑣𝑑𝑛
𝑑𝑡

= −𝑞𝐸, 𝒗𝒅𝒏 = −
𝑞𝐸𝑡𝑚𝑛

𝑚𝑛
∗ = −𝝁𝒏𝑬 [𝐜𝐦𝟐/𝐕 ∙ 𝐬]

Carrier Velocity and Mobility

𝐹 = 𝑚𝑝
∗
𝑑𝑣𝑑𝑝
𝑑𝑡

= +𝑞𝐸, 𝒗𝒅𝒑 = +
𝑞𝐸𝑡𝑚𝑝

𝑚𝑝
∗ = +𝝁𝒑𝑬 [𝐜𝐦𝟐/𝐕 ∙ 𝐬]

Electron Mobility

Hole Mobility

Electron Velocity

Hole Velocity

Mean Time between Collision (related to Scattering)

𝜇𝑝 =
𝑞𝑡𝑚𝑝

𝑚𝑝
∗

𝜇𝑛 =
𝑞𝑡𝑚𝑛

𝑚𝑛
∗
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𝒗𝒅𝒏 = −
𝑞𝐸𝑡𝑚𝑛

𝑚𝑛
∗ = −𝝁𝒏𝑬 [𝐜𝐦𝟐/𝐕 ∙ 𝐬]

Carrier Velocity and Velocity Saturation

Electron MobilityElectron Velocity

Mean Time between Collision (related to Scattering)

𝜇𝑛 =
𝑞𝑡𝑚𝑛

𝑚𝑛
∗
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𝒗𝒅𝒏 = −
𝑞𝐸𝑡𝑚𝑛

𝑚𝑛
∗ = −𝝁𝒏𝑬 [𝐜𝐦𝟐/𝐕 ∙ 𝐬]

Carrier Velocity and Velocity Saturation

Electron MobilityElectron Velocity

Mean Time between Collision (related to Scattering)

Velocity Saturation 

due to scattering

𝑺𝒍𝒐𝒑𝒆 = 𝝁𝒏

𝜇𝑛 =
𝑞𝑡𝑚𝑛

𝑚𝑛
∗
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Example:

Length; 0.1m, VDS; 1V

E=1105 V/cm

(already saturated)
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Carrier Mobility vs. Scattering

Mean Time between Collision (related to Scattering)

𝝁𝒏 =
𝒒𝒕𝒎𝒏

𝒎𝒏
∗

✓ Si lattice vibration by thermal energy

(Lattice scattering or Phonon scattering)

✓ Other scattering mechanisms:

- Ionized impurity scattering or Coulombic scattering

- Electron-Electron scattering

- Surface (roughness) scattering or Boundary scattering

𝝁𝒍 = 𝜇𝑙0
1

𝑇
𝑇0

3
2

∝ 𝑻−
𝟑
𝟐

𝝁𝒊 = 𝜇𝑖0
𝑇

𝑇0

+
3
2

∝ 𝑻+
𝟑
𝟐

➢ Under the dominance of Lattice scattering,

Mobility decreases as increasing T.

➢ Under the dominance of Impurity scattering,

Mobility increases as increasing T.
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Carrier Mobility vs. Scattering (Dopant or Impurity Concentration)

𝜇𝑛 =
𝑞𝑡𝑚𝑛

𝑚𝑛
∗

𝜇𝑖 = 𝜇𝑖0
𝑇

𝑇0

+
3
2

∝ 𝑇+
3
2

➢ Under the dominance of 

Impurity scattering,

Mobility increases as 

increasing T.

➢ Under the dominance of 

Impurity scattering,

Mobility decreases as 

increasing Dopant 

concentration (𝑁𝑑 or 𝑁𝑎).

𝑵𝒅 ↑ ➔ 𝝁𝒊 ↓
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Carrier Mobility vs. Temperature

Lattice ScatteringImpurity Scattering

log(T)

lo
g

(𝝁
)

𝜇𝑙 ∝ 𝑇−
3
2𝜇𝑖 ∝ 𝑇+

3
2

1

𝜇𝑡𝑜𝑡𝑎𝑙
=

1

𝜇1
+

1

𝜇2
+

1

𝜇3
+

1

𝜇4
=

1

𝜇𝑙
+
1

𝜇𝑖

𝜇𝑡𝑜𝑡𝑎𝑙
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log(T)

lo
g

(𝝁
) 𝑁𝑑 ↑ ➔ 𝜇𝑖 ↓

𝑁𝑑 ↑

𝑁𝑑 ↓

Carrier Mobility vs. Temperature
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Carrier Mobility vs. Temperature
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𝑚∗ =
1

ℏ2
𝑑2𝐸

𝑑𝑘2

−1

𝑚GaAs
∗ < 𝑚Si

∗

Electron effective mass (𝒎𝒏
∗ )
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Carrier Mobility vs. Effective Mass

Mean Time between Collision (related to Scattering)

𝝁𝒏 =
𝒒𝒕𝒎𝒏

𝒎𝒏
∗
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Drift Current Density
𝐸𝑙

𝐴
−

−

−

−

𝐼𝑛 =
𝑑𝑄

𝑑𝑡
, 𝑄 = −𝑞𝑛𝑙𝐴

𝐽𝑛
𝑛

𝐼𝑛 =
𝑑 −𝑞𝑛𝑙𝐴

𝑑𝑡
= 𝑞𝑛𝐴

𝑑𝑙

𝑑𝑡
= −𝑞𝑛𝐴𝑣𝑑𝑛

𝐽𝑛ȁ𝑑𝑟𝑓 =
𝐼𝑛
𝐴
= −𝑞𝑛𝑣𝑑𝑛 = −𝑞𝑛(−𝜇𝑛𝐸) = 𝑞𝑛𝜇𝑛𝐸

Current Charge Electron density

Current density
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Drift Current Density
𝐸𝑙

𝐴
+

+

+

+

𝐼𝑝 =
𝑑𝑄

𝑑𝑡
, 𝑄 = 𝑞𝑝𝑙𝐴

𝐽𝑝
𝑝

𝐼𝑝 =
𝑑 𝑞𝑝𝑙𝐴

𝑑𝑡
= 𝑞𝑝𝐴

𝑑𝑙

𝑑𝑡
= 𝑞𝑝𝐴𝑣𝑑𝑝

𝐽𝑝ȁ𝑑𝑟𝑓 =
𝐼𝑝
𝐴
= 𝑞𝑝𝑣𝑑𝑝 = 𝑞𝑝(+𝜇𝑝𝐸) = 𝑞𝑝𝜇𝑝𝐸

Current Charge Electron density

Current density
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Drift Current and Conductivity

𝐽𝑝ȁ𝑑𝑟𝑓 = 𝑞𝑝𝑣𝑑𝑝 = 𝑞𝑝𝜇𝑝𝐸𝐽𝑛ȁ𝑑𝑟𝑓 = −𝑞𝑛𝑣𝑑𝑛 = 𝑞𝑛𝜇𝑛𝐸

𝐽𝑑𝑟𝑓 = 𝐽𝑛ȁ𝑑𝑟𝑓 + 𝐽𝑝ȁ𝑑𝑟𝑓 = 𝑞 𝑛𝜇𝑛 + 𝑝𝜇𝑝 𝐸 [A/cm2]

𝐽𝑑𝑟𝑓 = 𝑞 𝑛𝜇𝑛 + 𝑝𝜇𝑝 𝐸 = 𝜎𝐸

𝜎 = 𝑞𝑛𝜇𝑛 + 𝑞𝑝𝜇𝑝 [1/Ω ∙ cm]

Conductivity
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Resistance and Ohm’s Law

𝑅 [Ω] =
𝑉

𝐼
= 𝜌

𝐿

𝐴

Resistance

Resistivity

𝜌 =
1

𝜎
[Ω ∙ cm]

𝐽𝑑𝑟𝑓 = 𝑞 𝑛𝜇𝑛 + 𝑝𝜇𝑝 𝐸 = 𝜎𝐸

:Ohm’s Law
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Resistivity and Doping Concentration

𝜌 =
1

𝜎
[Ω ∙ cm]

𝜎 = 𝑞𝑛𝜇𝑛 + 𝑞𝑝𝜇𝑝 [1/Ω ∙ cm]

𝜌 =
1

𝜎
=

1

𝑞𝑛𝜇𝑛 + 𝑞𝑝𝜇𝑝

For n-type For p-type

𝝆 ≅
1

𝑞𝒏𝜇𝑛
𝝆 ≅

1

𝑞𝒑𝜇𝑝
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Resistivity and Doping Concentration with Mobility

𝜌 =
1

𝜎
[Ω ∙ cm]

𝜎 = 𝑞𝑛𝜇𝑛 + 𝑞𝑝𝜇𝑝 [1/Ω ∙ cm]

𝜌 =
1

𝜎
=

1

𝑞𝑛𝜇𝑛 + 𝑞𝑝𝜇𝑝

For n-type For p-type

𝝆 ≅
1

𝑞𝑛𝝁𝒏
𝝆 ≅

1

𝑞𝑝𝝁𝒑

𝜇𝑛 [cm
2/V ∙ s] 𝜇𝑝 [cm2/V ∙ s]

Silicone 1450 480

Germanium 3900 1900

Gallium Arsenide (GaAs) 8500 400

Gallium Phosphide (GaP) 110 75
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Carrier Transport Mechanisms

- Drift: Due to the Electric field

- Diffusion: Due to the Carrier concetration gradient

- Recombination-Generation (R-G)
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Diffusion Current

𝐽𝑛ȁ𝑑𝑖𝑓 = −𝑞𝐷𝑛 −
𝑑𝑛

𝑑𝑥
= 𝑞𝐷𝑛

𝑑𝑛

𝑑𝑥

𝐽𝑝ȁ𝑑𝑖𝑓 = 𝑞𝐷𝑝 −
𝑑𝑝

𝑑𝑥
= −𝑞𝐷𝑝

𝑑𝑝

𝑑𝑥

➢ Carriers (particles) move from “High” to “Low” concentration.

Diffusion constant [𝐜𝐦𝟐/𝐬]



Semiconductor Devices, Prof. SEYONG OH Neaman, Semiconductor Physics and Devices 26

𝐽𝑡𝑜𝑡𝑎𝑙 = 𝑞𝑛𝜇𝑛𝑬 + 𝑞𝑝𝜇𝑝𝑬 + 𝑞𝐷𝑛
𝒅𝒏

𝒅𝒙
− 𝑞𝐷𝑝

𝒅𝒑

𝒅𝒙

Drift (n)

Drift (p)

Diffusion (n)

Diffusion (p)

Total Current Density

𝐽𝑡𝑜𝑡𝑎𝑙 = 𝐽𝑑𝑟𝑓 + 𝐽𝑑𝑖𝑓𝑓 = 𝐽𝑛ȁ𝑑𝑟𝑓 + 𝐽𝑝ȁ𝑑𝑟𝑓 + (𝐽𝑛ȁ𝑑𝑖𝑓𝑓 + 𝐽𝑝ȁ𝑑𝑖𝑓𝑓)
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Graded Impurity Distribution

𝑛0 = 𝑁𝑑 = 𝑁𝑐 exp
−(𝑬𝒄 − 𝑬𝑭)

𝑘𝑇

𝑥

𝑁𝑑

𝐸𝑐 − 𝐸𝐹 = 𝑎𝑥 + 𝑏

𝑁𝑑 = 𝑁𝑐 exp
−𝑎𝑥 − 𝑏

𝑘𝑇
∝ exp(−𝑥)

𝑁𝑑 =∝ exp(−𝑥)

Doping profile
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Graded Impurity Distribution

𝐸 = −
𝑑𝑉

𝑑𝑥
=
1

𝑞

𝑑𝐸𝑐 𝑥

𝑑𝑥
= 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡

Electric field [𝐕/𝐦] Electric potential [𝐕]
= Built-in potential

𝑥

𝐸
𝑙𝑒
𝑐𝑡
𝑟𝑖
𝑐
𝑓
𝑖𝑒
𝑙𝑑

[V
/m

]

Electric field profile
slope

+𝑥 𝑑𝑖𝑟𝑒𝑐𝑡𝑖𝑜𝑛

−𝑥 𝑑𝑖𝑟𝑒𝑐𝑡𝑖𝑜𝑛

𝑬
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Net Current in Graded Impurity Distribution 

𝑥

𝐸
𝑙𝑒
𝑐𝑡
𝑟𝑖
𝑐
𝑓
𝑖𝑒
𝑙𝑑

[V
/m

]

Electric field profile
+𝑥 𝑑𝑖𝑟𝑒𝑐𝑡𝑖𝑜𝑛

−𝑥 𝑑𝑖𝑟𝑒𝑐𝑡𝑖𝑜𝑛

𝑬

𝑥

𝑁𝑑

𝑁𝑑 =∝ exp(−𝑥)

Doping profile

− −
− −

−

− −−

𝐽𝑛ȁ𝑑𝑖𝑓𝑓𝐽𝑛ȁ𝑑𝑟𝑓

𝐽𝑡𝑜𝑡𝑎𝑙 = 𝐽𝑛ȁ𝑑𝑟𝑓 + 𝐽𝑛ȁ𝑑𝑖𝑓𝑓 = 0
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Einstein’s Relationship

𝐽𝑡𝑜𝑡𝑎𝑙 = 0 (𝑎𝑡 𝑡ℎ𝑒𝑟𝑚𝑎𝑙 𝑒𝑞𝑢𝑖𝑙𝑖𝑏𝑟𝑖𝑢𝑚 𝑠𝑡𝑎𝑡𝑒)

𝐽𝑡𝑜𝑡𝑎𝑙 𝑥 = 𝐽𝑛 𝑥 + 𝐽𝑝 𝑥 = 𝐽𝑛ȁ𝑑𝑟𝑓(𝑥) + 𝐽𝑛ȁ𝑑𝑖𝑓𝑓(𝑥) + 𝐽𝑝ȁ𝑑𝑟𝑓(𝑥) + 𝐽𝑝ȁ𝑑𝑖𝑓𝑓(𝑥)

𝐽𝑛 𝑥 = 𝐽𝑛ȁ𝑑𝑟𝑓 𝑥 + 𝐽𝑛ȁ𝑑𝑖𝑓𝑓 𝑥 = 𝑞𝑛(𝑥)𝜇𝑛𝐸 + 𝑞𝐷𝑛
𝑑𝑛(𝑥)

𝑑𝑥
= 0

𝐽𝑝 𝑥 = 𝐽𝑝ȁ𝑑𝑟𝑓 𝑥 + 𝐽𝑝ȁ𝑑𝑖𝑓𝑓 𝑥 = 𝑞𝑝(𝑥)𝜇𝑝𝐸 − 𝑞𝐷𝑝
𝑑𝑝(𝑥)

𝑑𝑥
= 0

𝐸 = −
𝐷𝑛
𝜇𝑛

1

𝑛(𝑥)

𝑑𝑛(𝑥)

𝑑𝑥

𝐸 =
𝐷𝑝
𝜇𝑝

1

𝑝(𝑥)

𝑑𝑝(𝑥)

𝑑𝑥

For n-type

For p-type
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Einstein’s Relationship

𝐸 = −
𝐷𝑛
𝜇𝑛

1

𝑛(𝑥)

𝑑𝑛(𝑥)

𝑑𝑥
For n-type 𝑛(𝑥) = 𝑁𝑐 exp

−(𝐸𝑐(𝑥) − 𝐸𝐹)

𝑘𝑇

𝑑𝑛(𝑥)

𝑑𝑥
=

𝑑

𝑑𝑥
𝑁𝑐 exp

−(𝐸𝑐(𝑥) − 𝐸𝐹)

𝑘𝑇
= −

1

𝑘𝑇
𝑁𝑐 exp

− 𝐸𝑐 𝑥 − 𝐸𝐹
𝑘𝑇

𝑑𝐸𝑐(𝑥)

𝑑𝑥

= −
1

𝑘𝑇
𝑁𝑐 exp

− 𝐸𝑐 𝑥 − 𝐸𝐹
𝑘𝑇

𝑑𝐸𝑐(𝑥)

𝑑𝑥

𝐸 = −
𝑑𝑉

𝑑𝑥
=
1

𝑞

𝑑𝐸𝑐 𝑥

𝑑𝑥
= 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡

= −
1

𝑘𝑇
𝑛(𝑥)(𝑞𝐸)

𝐸 = −
𝐷𝑛
𝜇𝑛

1

𝑛 𝑥

𝑑𝑛 𝑥

𝑑𝑥
= −

𝐷𝑛
𝜇𝑛

1

𝑛 𝑥
−

1

𝑘𝑇
𝑛(𝑥)(𝑞𝐸)

𝐷𝑛
𝜇𝑛

=
𝑘𝑇

𝑞
[𝑉] Thermal voltage
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Einstein’s Relationship

𝐷𝑛
𝜇𝑛

=
𝑘𝑇

𝑞
[𝑉] Thermal voltage
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