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Basic Structure of PN Junction
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Basic Structure of PN Junction
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Basic Structure of PN Junction

Space charge region

= Depletion region
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PN Junction Band Diagram
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Voltage Bias

- Zero Bias (Equilibrium)

- Reverse Bias

- Forward Bias
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Zero Applied Bias

𝑉𝑏𝑖
Built-in potential barrier

𝑛0 = 𝑁𝑑 = 𝑛𝑖 exp
𝐸𝐹 − 𝐸𝐹𝑖

𝑘𝑇

= 𝑛𝑖 exp
𝒆𝝓𝑭𝒏

𝑘𝑇

𝑝0 = 𝑁𝑎 = 𝑛𝑖 exp
𝐸𝐹𝑖 − 𝐸𝐹

𝑘𝑇

= 𝑛𝑖 exp
𝒆𝝓𝑭𝒑

𝑘𝑇

𝑒𝜙𝐹𝑝 = 𝑘𝑇𝑙𝑛
𝑁𝑎
𝑛𝑖

𝑒𝜙𝐹𝑛 = 𝑘𝑇𝑙𝑛
𝑁𝑑
𝑛𝑖

𝑒 = 𝑞 = 1.6 × 10−19 C
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Zero Applied Bias

𝑉𝑏𝑖
Built-in potential barrier

𝑒𝜙𝐹𝑝 = 𝑘𝑇𝑙𝑛
𝑁𝑎
𝑛𝑖

𝑒𝜙𝐹𝑛 = 𝑘𝑇𝑙𝑛
𝑁𝑑
𝑛𝑖

𝑒𝑉𝑏𝑖 = 𝑒𝜙𝐹𝑝 + 𝑒𝜙𝐹𝑛 = 𝑘𝑇𝑙𝑛
𝑁𝑎
𝑛𝑖

+ 𝑘𝑇𝑙𝑛
𝑁𝑑
𝑛𝑖

= 𝑘𝑇𝑙𝑛
𝑁𝑑𝑁𝑎

𝑛𝑖
2

𝑉𝑏𝑖 =
𝑘𝑇

𝑒
𝑙𝑛

𝑁𝑑𝑁𝑎

𝑛𝑖
2 = 𝑉𝑡𝑙𝑛

𝑁𝑑𝑁𝑎

𝑛𝑖
2 𝑉𝑡 =

𝑘𝑇

𝑒
Built-in potential barrier
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Charge Density, Electric Field, Potential

𝑑2𝜙(𝑥)

𝑑𝑥2
= −

𝑑𝐸(𝑥)

𝑑𝑥
= −

𝜌(𝑥)

𝜀𝑠

𝑑𝐸(𝑥)

𝑑𝑥
=
𝜌(𝑥)

𝜀𝑠

Permittivity [𝑭/𝒎]

𝜀𝑠 = 𝜀𝑟𝜀0

𝐶 = 𝜀𝑟𝜀0
𝐴

𝑑

Poisson’s equation

𝑑𝐸(𝑥)

𝑑𝑥
=
𝜌(𝑥)

𝜀𝑠
𝐸(𝑥) = න

𝜌(𝑥)

𝜀𝑠
𝑑𝑥

𝐸 𝑥 = −
𝑒𝑁𝑎
𝜀𝑠

𝑥 + 𝐶

= −
𝑒𝑁𝑎
𝜀𝑠

(𝑥 + 𝑥𝑝)

For p-type For n-type

𝐸 𝑥 =
𝑒𝑁𝑑
𝜀𝑠

𝑥 + 𝐶

=
𝑒𝑁𝑑
𝜀𝑠

(𝑥 − 𝑥𝑛)

𝐸 −𝑥𝑝 = 0

𝐸 +𝑥𝑛 = 0

Boundary conditions
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Charge Density, Electric Field, Potential

𝐸 𝑥 = −
𝑒𝑁𝑎
𝜀𝑠

𝑥 + 𝐶

= −
𝑒𝑁𝑎
𝜀𝑠

(𝑥 + 𝑥𝑝)

For p-type For n-type

𝐸 𝑥 =
𝑒𝑁𝑑
𝜀𝑠

𝑥 + 𝐶

=
𝑒𝑁𝑑
𝜀𝑠

(𝑥 − 𝑥𝑛)

𝐸 0 = 𝐸𝑚𝑎𝑥 = −
𝑒𝑁𝑎
𝜀𝑠

𝑥𝑝 = −
𝑒𝑁𝑑
𝜀𝑠

𝑥𝑛

𝑁𝑎𝑥𝑝 = 𝑁𝑑𝑥𝑛

𝑬𝒎𝒂𝒙
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Charge Density, Electric Field, Potential

𝐸 𝑥 = −
𝑒𝑁𝑎
𝜀𝑠

𝑥 + 𝐶

= −
𝑒𝑁𝑎
𝜀𝑠

(𝑥 + 𝑥𝑝)

For p-type For n-type

𝐸 𝑥 =
𝑒𝑁𝑑
𝜀𝑠

𝑥 + 𝐶

=
𝑒𝑁𝑑
𝜀𝑠

(𝑥 − 𝑥𝑛)

𝐸 0 = −
𝑒𝑁𝑎
𝜀𝑠

𝑥𝑝 = −
𝑒𝑁𝑑
𝜀𝑠

𝑥𝑛

𝑁𝑎𝑥𝑝 = 𝑁𝑑𝑥𝑛

𝑑2𝜙(𝑥)

𝑑𝑥2
= −

𝑑𝐸(𝑥)

𝑑𝑥
= −

𝜌(𝑥)

𝜀𝑠

Poisson’s equation

𝜙 𝑥 = −න𝐸(𝑥)𝑑𝑥𝜙 𝑥 =
𝑒𝑁𝑎
𝜀𝑠

න 𝑥 + 𝑥𝑝𝑑𝑥

=
𝑒𝑁𝑎
𝜀𝑠

1

2
𝑥2 + 𝑥𝑝𝑥 + 𝐶

=
𝑒𝑁𝑎
2𝜀𝑠

𝑥 + 𝑥𝑝
2

𝜙 𝑥 = −
𝑒𝑁𝑑
𝜀𝑠

න 𝑥 − 𝑥𝑛𝑑𝑥

= −
𝑒𝑁𝑑
𝜀𝑠

1

2
𝑥2 − 𝑥𝑛𝑥 + 𝐶

= −
𝑒𝑁𝑑
𝜀𝑠

1

2
𝑥2 − 𝑥𝑛𝑥 +

𝑒𝑁𝑎
2𝜀𝑠

𝑥𝑝
2𝜙 0 = 𝜙 0

For p-type For n-type

𝜙 −𝑥𝑝 = 0

Boundary conditions
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Charge Density, Electric Field, Potential

𝜙 𝑥 = −න𝐸(𝑥)𝑑𝑥𝜙 𝑥 =
𝑒𝑁𝑎
𝜀𝑠

න 𝑥 + 𝑥𝑝𝑑𝑥

=
𝑒𝑁𝑎
𝜀𝑠

1

2
𝑥2 + 𝑥𝑝𝑥 + 𝐶

=
𝑒𝑁𝑎
2𝜀𝑠

𝑥 + 𝑥𝑝
2

𝜙 𝑥 = −
𝑒𝑁𝑑
𝜀𝑠

න 𝑥 − 𝑥𝑛𝑑𝑥

= −
𝑒𝑁𝑎
𝜀𝑠

1

2
𝑥2 − 𝑥𝑛𝑥 + 𝐶

= −
𝑒𝑁𝑎
𝜀𝑠

1

2
𝑥2 − 𝑥𝑛𝑥 +

𝑒𝑁𝑎
2𝜀𝑠

𝑥𝑝
2

𝜙 0

For p-type For n-type

𝜙 0=
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Charge Density, Electric Field, Potential

𝜙 𝑥 =
𝑒𝑁𝑎
2𝜀𝑠

𝑥 + 𝑥𝑝
2

𝜙 𝑥 = −
𝑒𝑁𝑑
𝜀𝑠

1

2
𝑥2 − 𝑥𝑛𝑥 +

𝑒𝑁𝑎
2𝜀𝑠

𝑥𝑝
2

𝜙 𝑥𝑛 =
𝑒𝑁𝑑
2𝜀𝑠

𝑥𝑛
2 +

𝑒𝑁𝑎
2𝜀𝑠

𝑥𝑝
2 =

𝑒

2𝜀𝑠
(𝑁𝑑𝑥𝑛

2 + 𝑁𝑎𝑥𝑝
2)

𝑉𝑏𝑖 =
𝑒

2𝜀𝑠
(𝑁𝑑𝑥𝑛

2 +𝑁𝑎𝑥𝑝
2)
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Charge Density, Electric Field, Potential Summary

𝜙 𝑥 =
𝑒𝑁𝑎
2𝜀𝑠

𝑥 + 𝑥𝑝
2

𝜙 𝑥 = −
𝑒𝑁𝑑
𝜀𝑠

1

2
𝑥2 − 𝑥𝑛𝑥 +

𝑒𝑁𝑎
2𝜀𝑠

𝑥𝑝
2

𝐸 𝑥 = −
𝑒𝑁𝑎
𝜀𝑠

(𝑥 + 𝑥𝑝)For p-type

For n-type 𝐸 𝑥 =
𝑒𝑁𝑑
𝜀𝑠

(𝑥 − 𝑥𝑛)

For p-type

For n-type

𝑑2𝜙(𝑥)

𝑑𝑥2
= −

𝑑𝐸(𝑥)

𝑑𝑥
= −

𝜌(𝑥)

𝜀𝑠

➢ Poisson’s equation

𝑉𝑏𝑖 =
𝑒

2𝜀𝑠
(𝑁𝑑𝑥𝑛

2 + 𝑁𝑎𝑥𝑝
2)

p-type n-type

𝑁𝑎𝑥𝑝 = 𝑁𝑑𝑥𝑛

𝜙 𝑥

➢ Electric field

➢ Potential
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W

Space Charge Width

𝑉𝑏𝑖 =
𝑒

2𝜀𝑠
(𝑁𝑑𝑥𝑛

2 + 𝑁𝑎𝑥𝑝
2)

𝑁𝑎𝑥𝑝 = 𝑁𝑑𝑥𝑛

𝑥𝑝 =
𝑁𝑑
𝑁𝑎

𝑥𝑛

𝑥𝑛 =
2𝜀𝑠𝑉𝑏𝑖
𝑒

𝑵𝒂

𝑵𝒅

1

𝑁𝑎 +𝑁𝑑

1/2

𝑥𝑝 =
2𝜀𝑠𝑉𝑏𝑖
𝑒

𝑵𝒅

𝑵𝒂

1

𝑁𝑎 + 𝑁𝑑

1/2

𝑊 = 𝑥𝑛 + 𝑥𝑝 =
2𝜀𝑠𝑉𝑏𝑖
𝑒

𝑁𝑎 + 𝑁𝑑
𝑁𝑎𝑁𝑑

1/2

=
2𝜀𝑠𝑉𝑏𝑖
𝑒

𝟏

𝑵𝒂
+

𝟏

𝑵𝒅

1/2

𝑥𝑛 = 𝑊
𝑵𝒂

𝑁𝑎 + 𝑁𝑑
𝑥𝑝 = 𝑊

𝑵𝒅

𝑁𝑎 + 𝑁𝑑
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Reverse Bias

𝑉𝑡𝑜𝑡𝑎𝑙 = 𝜙𝐹𝑛 + 𝜙𝐹𝑝 = 𝑉𝑏𝑖

𝑉𝑡𝑜𝑡𝑎𝑙 = 𝜙𝐹𝑛 + 𝜙𝐹𝑝 + 𝑽𝑹 = 𝑉𝑏𝑖 + 𝑽𝑹

Under application of Reverse bias
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Reverse Bias (Space Charge Width)

𝑊 =
2𝜀𝑠(𝑉𝑏𝑖 + 𝑽𝑹)

𝑒

𝑁𝑎 + 𝑁𝑑
𝑁𝑎𝑁𝑑

1/2

𝑊 =
2𝜀𝑠𝑉𝑏𝑖
𝑒

𝑁𝑎 + 𝑁𝑑
𝑁𝑎𝑁𝑑

1/2

Under application of Reverse bias
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Reverse Bias (Electric Field)

Emax

𝐸 0 = 𝐸𝑚𝑎𝑥 = −
𝑒𝑁𝑎
𝜀𝑠

𝑥𝑝 = −
𝑒𝑁𝑑
𝜀𝑠

𝑥𝑛

𝑥𝑛 =
2𝜀𝑠(𝑉𝑏𝑖 + 𝑉𝑅)

𝑒

𝑁𝑎
𝑁𝑑

1

𝑁𝑎 +𝑁𝑑

1/2

𝑥𝑝 =
2𝜀𝑠(𝑉𝑏𝑖 + 𝑉𝑅)

𝑒

𝑁𝑑
𝑁𝑎

1

𝑁𝑎 + 𝑁𝑑

1/2

𝐸𝑚𝑎𝑥 = −
𝑒𝑁𝑎
𝜀𝑠

2𝜀𝑠 𝑉𝑏𝑖 + 𝑉𝑅
𝑒

𝑁𝑑
𝑁𝑎

1

𝑁𝑎 + 𝑁𝑑

1
2

= −
2𝑒 𝑉𝑏𝑖 + 𝑉𝑅

𝜀𝑠

𝑁𝑎𝑁𝑑
𝑁𝑎 +𝑁𝑑

1
2

= −
22𝑒 𝑉𝑏𝑖 + 𝑉𝑅

2

2𝜀𝑠 𝑉𝑏𝑖 + 𝑉𝑅

𝑁𝑎𝑁𝑑
𝑁𝑎 + 𝑁𝑑

1
2

= −2 𝑉𝑏𝑖 + 𝑉𝑅
𝑒

2𝜀𝑠 𝑉𝑏𝑖 + 𝑉𝑅

𝑁𝑎𝑁𝑑
𝑁𝑎 + 𝑁𝑑

1
2

=
−2 𝑉𝑏𝑖 + 𝑉𝑅

𝑊

𝑊 =
2𝜀𝑠(𝑉𝑏𝑖 + 𝑉𝑅)

𝑒

𝑁𝑎 + 𝑁𝑑
𝑁𝑎𝑁𝑑

1/2

Under application of Reverse bias
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Junction Capacitance

𝐶′ =
𝑑𝑄′

𝑑𝑉𝑅
=
𝑑𝑒𝑁𝑑𝑥𝑛
𝑑𝑉𝑅

= 𝑒𝑁𝑑
𝑑𝑥𝑛
𝑑𝑉𝑅

=
𝑒𝜀𝑠𝑁𝑎𝑁𝑑

2(𝑉𝑏𝑖 + 𝑉𝑅)(𝑁𝑎 +𝑁𝑑)

1/2

=
𝑒𝑁𝑑
2𝑥𝑛

2𝜀𝑠
𝑒

𝑁𝑎
𝑁𝑑

1

𝑁𝑎 + 𝑁𝑑
=
𝜀𝑠
𝑥𝑛

𝑁𝑎
𝑁𝑎 +𝑁𝑑

=
𝜀𝑠
𝑊

[𝐹/cm2]

𝑥𝑛 =
2𝜀𝑠(𝑉𝑏𝑖 + 𝑉𝑅)

𝑒

𝑁𝑎
𝑁𝑑

1

𝑁𝑎 +𝑁𝑑

1/2

𝑥𝑛 = 𝑊
𝑁𝑎

𝑁𝑎 + 𝑁𝑑

1

𝑊
=

1

𝑥𝑛

𝑁𝑎
𝑁𝑎 + 𝑁𝑑
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One-Sided Junction

𝑊 ≈
2𝜀𝑠(𝑉𝑏𝑖 + 𝑉𝑅)

𝑒𝑁𝑑

1/2

≈ 𝑥𝑛

𝑤ℎ𝑒𝑛 𝑝 ≫ 𝑛

𝑊 =
2𝜀𝑠(𝑉𝑏𝑖 + 𝑉𝑅)

𝑒

𝑁𝑎 + 𝑁𝑑
𝑁𝑎𝑁𝑑

1/2

𝑁𝑎 ≫ 𝑁𝑑

Devide by 𝑁𝑎

𝑥𝑛 =
2𝜀𝑠(𝑉𝑏𝑖 + 𝑉𝑅)

𝑒

𝑁𝑎
𝑁𝑑

1

𝑁𝑎 +𝑁𝑑

1/2

Devide by 𝑁𝑎

𝑥𝑛 ≈
2𝜀𝑠(𝑉𝑏𝑖 + 𝑉𝑅)

𝑒𝑁𝑑

1/2
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One-Sided Junction

𝑊 ≈
2𝜀𝑠(𝑉𝑏𝑖 + 𝑉𝑅)

𝑒𝑁𝑑

1/2

≈ 𝑥𝑛

𝑤ℎ𝑒𝑛 𝑝 ≫ 𝑛

𝑊 =
2𝜀𝑠(𝑉𝑏𝑖 + 𝑉𝑅)

𝑒

𝑁𝑎 + 𝑁𝑑
𝑁𝑎𝑁𝑑

1/2

𝑁𝑎 ≫ 𝑁𝑑

Devide by 𝑁𝑎

𝑥𝑛 =
2𝜀𝑠(𝑉𝑏𝑖 + 𝑉𝑅)

𝑒

𝑁𝑎
𝑁𝑑

1

𝑁𝑎 +𝑁𝑑

1/2

Devide by 𝑁𝑎

𝑥𝑛 ≈
2𝜀𝑠(𝑉𝑏𝑖 + 𝑉𝑅)

𝑒𝑁𝑑

1/2

𝑥𝑛 = 𝑊
𝑁𝑎

𝑁𝑎 + 𝑁𝑑

𝑊 = 𝑥𝑛
𝑁𝑎 + 𝑁𝑑

𝑁𝑎

= 𝑥𝑛

1 +
𝑁𝑑
𝑁𝑎
1

≅ 𝑥𝑛
𝑁𝑎 ≫ 𝑁𝑑
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𝐶′ = 𝑒𝑁𝑑
𝑑𝑥𝑛
𝑑𝑉𝑅

=
𝑒𝜀𝑠𝑁𝑎𝑁𝑑

2(𝑉𝑏𝑖 + 𝑉𝑅)(𝑁𝑎 + 𝑁𝑑)

1/2

=
𝜀𝑠
𝑥𝑛

𝑁𝑎
𝑁𝑎 + 𝑁𝑑

1

𝐶′

2

=
2

𝑒𝜀𝑠𝑁𝑑
(𝑉𝑅 + 𝑉𝑏𝑖)

Devide by 𝑁𝑎

𝐶′ = 𝑒𝑁𝑑
𝑑𝑥𝑛
𝑑𝑉𝑅

=
𝑒𝜀𝑠𝑁𝑑

2(𝑉𝑏𝑖 + 𝑉𝑅)

1/2

=
𝜀𝑠
𝑥𝑛

One-Sided Junction Capacitance
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PN Junction Breakdown in Reverse Bias

Zener breakdown Avalanche breakdown

Band-to-Band

Tunneling

Impact ionization
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PN Junction Breakdown in Reverse Bias

Avalanche breakdown
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PN Junction Breakdown in Reverse Bias

Avalanche breakdown
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PN Junction Breakdown in Reverse Bias

𝑉𝐵 =
𝜀𝑠𝐸

2
𝑐𝑟𝑖𝑡

2𝑒𝑁𝐵

𝐸𝑚𝑎𝑥 ≅ −
𝑒𝑁𝑑
𝜀𝑠

𝑥𝑛

𝑥𝑛 ≈
2𝜀𝑠(𝑉𝑏𝑖 + 𝑉𝑅)

𝑒𝑁𝑑

1/2

≈
2𝜀𝑠𝑉𝑅
𝑒𝑁𝑑

1/2

Assume 

|𝐸𝑚𝑎𝑥| = 𝐸𝑐𝑟𝑖𝑡 𝑤ℎ𝑒𝑛 𝑉𝑅 = 𝑉𝐵 𝑖𝑛 𝑁𝐵 𝑑𝑜𝑝𝑖𝑛𝑔 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛

𝐸𝑐𝑟𝑖𝑡 ≅
𝑒𝑁𝐵
𝜀𝑠

2𝜀𝑠𝑉𝐵
𝑒𝑁𝐵

1
2

=
2𝑒𝑁𝐵𝑉𝐵

𝜀𝑠

1
2

Critical electric field Breakdown voltage

𝑉𝑅 ≫ 𝑉𝑏𝑖
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