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Chapter 8

The pn Junction Diode
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Ideal PN Junction Diode Analysis: Assumption

1. Non-degenerately doped step junction, depletion approximation, 

neutral other than depletion region

2. Boltzmann approximation

3. Low-level injection condition

4. Total current is constant within PN junction diode.

Electron and Hole current are continuous.

Recombination and Generation are negligible in depletion region.

Steady-state condition

𝜕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

Continuity Equation
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PN Junction and Energy Band Diagram under Voltage Bias



Semiconductor Devices, Prof. SEYONG OH Neaman, Semiconductor Physics and Devices 4

Terms and Notation for PN Junction
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Terms and Notation for PN Junction under Thermal Equilibrium (Zero Bias)

p-type neutral region n-type neutral region

𝑝𝑝0 = 𝑁𝑎

𝑛𝑛0 = 𝑁𝑑

𝑝𝑛0 =
𝑛𝑖
2

𝑁𝑑

𝑛𝑝0 =
𝑛𝑖
2

𝑁𝑎

𝐸𝐹

𝐸𝐹𝑖

𝐸𝑐

𝐸𝑣

- Assume steady state

𝑒𝑉𝑏𝑖
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Zero Bias (Steady State)

𝑉𝑏𝑖 =
𝑘𝑇

𝑒
𝑙𝑛

𝑁𝑑𝑁𝑎

𝑛𝑖
2 = 𝑉𝑡𝑙𝑛

𝑁𝑑𝑁𝑎

𝑛𝑖
2 𝑉𝑡 =

𝑘𝑇

𝑒

Built-in potential barrier

𝑛𝑖
2

𝑁𝑎𝑁𝑑
= exp −

𝑒𝑉𝑏𝑖
𝑘𝑇

𝑛𝑝0 =
𝑛𝑖
2

𝑁𝑎
𝑛𝑛0 = 𝑁𝑑

𝑛𝑖
2

𝑁𝑎
= 𝑁𝑑 exp −

𝑒𝑉𝑏𝑖
𝑘𝑇

𝑛𝑝0 = 𝑛𝑛0 exp −
𝑒𝑉𝑏𝑖
𝑘𝑇

= 𝑁𝑑 exp −
𝑒𝑉𝑏𝑖
𝑘𝑇

𝑝𝑛0 = 𝑝𝑝0 exp −
𝑒𝑉𝑏𝑖
𝑘𝑇

= 𝑁𝑎 exp −
𝑒𝑉𝑏𝑖
𝑘𝑇
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Zero Bias and Forward Bias (Steady State)

𝑒𝑉𝑏𝑖
𝑒(𝑉𝑏𝑖 − 𝑉𝑎)



Semiconductor Devices, Prof. SEYONG OH Neaman, Semiconductor Physics and Devices 8

p-type neutral region n-type neutral region

𝑝𝑝0 = 𝑁𝑎

𝑛𝑛0 = 𝑁𝑑

𝐸𝐹

𝐸𝐹𝑖

𝐸𝑐

𝐸𝑣

Terms and Notation for PN Junction under Forward Bias

- Assume steady state

𝑝𝑛 = 𝑝𝑛0 + 𝛿𝑝𝑛

𝑛𝑝 = 𝑛𝑝0 + 𝛿𝑛𝑝

𝑝𝑛(+𝑥𝑛)

𝑛𝑝(−𝑥𝑝)

𝑒(𝑉𝑏𝑖 − 𝑉𝑎)

𝑉𝑎
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Forward Bias (Steady State)

𝑛𝑝 = 𝑛𝑛0 exp −
𝑒(𝑉𝑏𝑖 − 𝑉𝑎)

𝑘𝑇

= 𝑛𝑛0 exp −
𝑒𝑉𝑏𝑖
𝑘𝑇

exp
𝑒𝑉𝑎
𝑘𝑇

= 𝑛𝑝0 exp
𝑒𝑉𝑎
𝑘𝑇

𝑛𝑝0 = 𝑛𝑛0 exp −
𝑒𝑉𝑏𝑖
𝑘𝑇

= 𝑁𝑑 exp −
𝑒𝑉𝑏𝑖
𝑘𝑇

For thermal equilibrium

Under application of Forward bias

𝑝𝑛 = 𝑝𝑛0 exp
𝑒𝑉𝑎
𝑘𝑇

𝑝𝑛 = 𝑝𝑛0 exp
𝑒𝑉𝑎
𝑘𝑇

𝑛𝑝 = 𝑛𝑝0 exp
𝑒𝑉𝑎
𝑘𝑇

𝑝𝑛(+𝑥𝑛) = 𝑝𝑛0 exp
𝑒𝑉𝑎
𝑘𝑇

𝑛𝑝(−𝑥𝑝) = 𝑛𝑝0 exp
𝑒𝑉𝑎
𝑘𝑇
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Forward Bias (Steady State)

𝑝𝑛 = 𝑝𝑛0 exp
𝑒𝑉𝑎
𝑘𝑇

𝑛𝑝 = 𝑛𝑝0 exp
𝑒𝑉𝑎
𝑘𝑇

𝑝𝑛(+𝑥𝑛) = 𝑝𝑛0 exp
𝑒𝑉𝑎
𝑘𝑇

𝑛𝑝(−𝑥𝑝) = 𝑛𝑝0 exp
𝑒𝑉𝑎
𝑘𝑇
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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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Forward Bias (Steady State) for n-type Region

𝑝𝑛(+𝑥𝑛) = 𝑝𝑛0 exp
𝑒𝑉𝑎
𝑘𝑇

Boundary conditions

𝑥 = +𝑥𝑛

𝑥 → ∞

𝑝𝑛(+𝑥𝑛) = 𝑝𝑛0 exp
𝑒𝑉𝑎
𝑘𝑇

𝑝𝑛(𝑥 → ∞) = 𝑝𝑛0

𝛿𝑝𝑛 +𝑥𝑛 = 𝑝𝑛0 exp
𝑒𝑉𝑎
𝑘𝑇

− 𝑝𝑛0

= 𝑝𝑛0 exp
𝑒𝑉𝑎
𝑘𝑇

− 1

𝛿𝑝𝑛 𝑥 → ∞ = 0

𝑥 = +𝑥𝑛

𝑥 → ∞

𝛿𝑝𝑛 +𝑥𝑛 = 𝐵 = 𝑝𝑛0 exp
𝑒𝑉𝑎
𝑘𝑇

− 1

𝛿𝑝𝑛 𝑥 → ∞ = 0, 𝐴 = 0

𝛿𝑝𝑛 𝑥 = 𝐴 exp +
𝑥 − 𝑥𝑛
𝐿𝑝

+ 𝐵 exp −
𝑥 − 𝑥𝑛
𝐿𝑝

(𝑥 ≥ +𝑥𝑛)

𝛿𝑝𝑛 𝑥 = 𝑝𝑛0 exp
𝑒𝑉𝑎
𝑘𝑇

− 1 exp −
𝑥 − 𝑥𝑛
𝐿𝑝

𝛿𝑝𝑛 𝑥 = 𝐴 exp +
𝑥

𝐿𝑝
+ 𝐵 exp −

𝑥

𝐿𝑝

(𝑥 ≥ +𝑥𝑛)

(𝑥 → 𝑥 − 𝑥𝑛)
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Forward Bias (Steady State)

𝑝𝑛(+𝑥𝑛) = 𝑝𝑛0 exp
𝑒𝑉𝑎
𝑘𝑇

𝑛𝑝(−𝑥𝑝) = 𝑛𝑝0 exp
𝑒𝑉𝑎
𝑘𝑇

𝛿𝑝𝑛 𝑥 = 𝑝𝑛0 exp
𝑒𝑉𝑎
𝑘𝑇

− 1 exp −
𝑥 − 𝑥𝑛
𝐿𝑝

= 𝑝𝑛0 exp
𝑒𝑉𝑎
𝑘𝑇

− 1 exp
𝑥𝑛 − 𝑥

𝐿𝑝

(𝑥 ≥ +𝑥𝑛)

𝛿𝑛𝑝 𝑥 = 𝑛𝑝0 exp
𝑒𝑉𝑎
𝑘𝑇

− 1 exp −
−(𝑥 + 𝑥𝑝)

𝐿𝑛

= 𝑛𝑝0 exp
𝑒𝑉𝑎
𝑘𝑇

− 1 exp
𝑥𝑝 + 𝑥

𝐿𝑛

(𝑥 ≤ −𝑥𝑝)

For n-type region

For p-type region
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Ideal PN Junction Current under Forward Bias
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Ideal PN Junction Current under Forward Bias

𝐽𝑝 𝑥 = 𝐽𝑝|𝑑𝑖𝑓𝑓 = −𝑞𝐷𝑝
𝑑𝑝𝑛 𝑥

𝑑𝑥
= −𝑒𝐷𝑝

𝑑𝛿𝑝𝑛 𝑥

𝑑𝑥

For n-type region

𝛿𝑝𝑛 𝑥 = 𝑝𝑛0 exp
𝑒𝑉𝑎
𝑘𝑇

− 1 exp
𝑥𝑛 − 𝑥

𝐿𝑝

𝐽𝑝 𝑥 =
𝑒𝐷𝑝
𝐿𝑝

𝑝𝑛0 exp
𝑒𝑉𝑎
𝑘𝑇

− 1 exp
𝑥𝑛 − 𝑥

𝐿𝑝
𝐽𝑝 𝑥𝑛 =

𝑒𝐷𝑝
𝐿𝑝

𝑝𝑛0 exp
𝑒𝑉𝑎
𝑘𝑇

− 1

(𝑥 = +𝑥𝑛)
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Ideal PN Junction Current under Forward Bias

𝐽𝑛 𝑥 = 𝐽𝑛|𝑑𝑖𝑓𝑓 = +𝑞𝐷𝑛
𝑑𝑛𝑝 𝑥

𝑑𝑥
= +𝑒𝐷𝑛

𝑑𝛿𝑛𝑝 𝑥

𝑑𝑥

For p-type region

𝐽𝑛 𝑥 =
𝑒𝐷𝑛
𝐿𝑛

𝑛𝑝0 exp
𝑒𝑉𝑎
𝑘𝑇

− 1 exp
𝑥𝑝 + 𝑥

𝐿𝑛
𝐽𝑛 −𝑥𝑝 =

𝑒𝐷𝑛
𝐿𝑛

𝑛𝑝0 exp
𝑒𝑉𝑎
𝑘𝑇

− 1

(𝑥 = −𝑥𝑝)

𝛿𝑛𝑝 𝑥 = 𝑛𝑝0 exp
𝑒𝑉𝑎
𝑘𝑇

− 1 exp
𝑥𝑝 + 𝑥

𝐿𝑛
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Ideal PN Junction Current under Forward Bias

𝐽𝑛 −𝑥𝑝 =
𝑒𝐷𝑛
𝐿𝑛

𝑛𝑝0 exp
𝑒𝑉𝑎
𝑘𝑇

− 1 𝐽𝑝 𝑥𝑛 =
𝑒𝐷𝑝
𝐿𝑝

𝑝𝑛0 exp
𝑒𝑉𝑎
𝑘𝑇

− 1

𝐽𝑇𝑜𝑡𝑎𝑙 = 𝐽𝑝 𝑥𝑛 + 𝐽𝑛 −𝑥𝑝 =
𝑒𝐷𝑛
𝐿𝑛

𝑛𝑝0 +
𝑒𝐷𝑝
𝐿𝑝

𝑝𝑛0 exp
𝑒𝑉𝑎
𝑘𝑇

− 1

= 𝐽𝑠 exp
𝑒𝑉𝑎
𝑘𝑇

− 1

Depletion region total current density = Total current density 
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Ideal I-V (Current-Voltage) Characteristics of a PN Junction Diode (Linear Plot)

𝐽𝑇𝑜𝑡𝑎𝑙 = 𝐽𝑠 exp
𝑒𝑉𝑎
𝑘𝑇

− 1
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Ideal I-V (Current-Voltage) Characteristics of a PN Junction Diode (Semilog Plot)

𝐽𝑇𝑜𝑡𝑎𝑙 = 𝐽𝑠 exp
𝑒𝑉𝑎
𝑘𝑇

− 1 ≅ 𝐽𝑠 exp
𝑒𝑉𝑎
𝑘𝑇

𝑖𝑓 exp
𝑒𝑉𝑎
𝑘𝑇

≫ 1

log(𝐽𝑇𝑜𝑡𝑎𝑙) ≅ log exp
𝑒𝑉𝑎
𝑘𝑇

+ log 𝐽𝑠

=
ln exp

𝑒𝑉𝑎
𝑘𝑇

ln 10
+ log 𝐽𝑠 =

𝑒𝑉𝑎
𝑘𝑇
ln 10

+ log 𝐽𝑠

𝑆𝑙𝑜𝑝𝑒 =
𝑑 log(𝐽𝑇𝑜𝑡𝑎𝑙)

𝑑𝑉𝑎
=

𝑒
𝑘𝑇
ln 10

≅ 16.76

1

𝑆𝑙𝑜𝑝𝑒
=

𝑑𝑉𝑎
𝑑 log(𝐽𝑇𝑜𝑡𝑎𝑙)

≅
1

16.76 
= 0.060 V/dec = 60[mV/dec]
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Temperature Effects

𝐽𝑇𝑜𝑡𝑎𝑙 = 𝐽𝑝 𝑥𝑛 + 𝐽𝑛 −𝑥𝑝 =
𝑒𝐷𝑛
𝐿𝑛

𝑛𝑝0 +
𝑒𝐷𝑝
𝐿𝑝

𝑝𝑛0 exp
𝑒𝑉𝑎
𝑘𝑇

− 1

= 𝐽𝑠 exp
𝑒𝑉𝑎
𝑘𝑇

− 1

Depletion region total current density = Total current density 

𝐽𝑇𝑜𝑡𝑎𝑙 ≅
𝑒𝐷𝑛
𝐿𝑛

𝑛𝑝0 +
𝑒𝐷𝑝
𝐿𝑝

𝑝𝑛0 ≅ 𝐽𝑠

For reverse bias

For forward bias

𝐽𝑇𝑜𝑡𝑎𝑙 ≅ 𝐽𝑠 exp
𝑒𝑉𝑎
𝑘𝑇

𝑝𝑛0 =
𝑛𝑖
2

𝑁𝑑
𝑛𝑝0 =

𝑛𝑖
2

𝑁𝑎
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Generation-Recombination Currents (Recombination effects, Forward Bias)
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Generation-Recombination Currents (Recombination effects)

𝐽𝑇𝑜𝑡𝑎𝑙 = 𝐽𝑠 exp
𝑒𝑉𝑎
𝑘𝑇

At low bias region with recombination

𝐽𝑇𝑜𝑡𝑎𝑙 = 𝐽𝑠 exp
𝑒𝑉𝑎
2𝑘𝑇
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Generation-Recombination Currents (Generation effects, Reverse Bias)
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I-V Characteristics of a PN Junction Diode Summary
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Thank you
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Q & A

Website 

Artificial Intelligence Semiconductor device and Sensor 
(AISS) Lab

✓ E-mail: seyongoh89@hanyang.ac.kr

✓ Website: https://seyongoh89site.
wixsite.com/profseyongoh/about-9
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