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Section 20
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Section 20
PN Diode I-V Characteristics

• 20.1 Band diagram with applied bias
• 20.2 Derivation of the forward bias formula
• 20.3 Forward Bias - Non-linear Regime

»Resistive drop
»Ambipolar regime

• 20.4 Non-ideal effects: 
»Junction recombination 
»Tunneling
»Impact ionization
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Forward and Reverse Bias

4

DN AN

DN AN

Forward Bias

Reverse Bias

Current flows 
easily

Current does 
not flow easily
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Applying Bias to p-n Junction 

VA

2

4

5

1

3

6,7

ln(I) 1. Diffusion limited

2. Ambipolar transport

3. High injection

4. R-G in depletion

5. Breakdown

6. Trap-assisted R-G

7. Esaki Tunneling

Forward BiasReverse Bias

IV characteristics of a Diode
To be discussed in detail
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Band Diagram with Applied Bias…
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Next segment / lecture …

Band diagram (this segment)
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Applying a Bias: Poisson Equation

EF-EV

EC-EF

qVbi

EC-Fn

q(Vbi-V)

Fp-EV

-qV

Question: Max value of Vbi?

𝑛𝑛(𝑥𝑥) = 𝑛𝑛𝑖𝑖𝑒𝑒(𝐹𝐹𝑛𝑛−𝐸𝐸𝑖𝑖(𝑥𝑥))𝛽𝛽

𝑝𝑝(𝑥𝑥) = 𝑛𝑛𝑖𝑖𝑒𝑒−(𝐹𝐹𝑝𝑝−𝐸𝐸𝑖𝑖(𝑥𝑥))𝛽𝛽

𝑛𝑛 × 𝑝𝑝 = 𝑛𝑛𝑖𝑖2𝑒𝑒(𝐹𝐹𝑛𝑛−𝐹𝐹𝑝𝑝)𝛽𝛽

No bias

Applied
bias

P-side grounded

Answer: for degenerate s.c., 
if EC-EF=0, EF-EV=0  Eg

𝑛𝑛(𝑥𝑥) = 𝑛𝑛𝑖𝑖𝑒𝑒(𝐸𝐸𝐹𝐹−𝐸𝐸𝑖𝑖(𝑥𝑥))𝛽𝛽

𝑝𝑝(𝑥𝑥) = 𝑛𝑛𝑖𝑖𝑒𝑒−(𝐸𝐸𝐹𝐹−𝐸𝐸𝑖𝑖(𝑥𝑥))𝛽𝛽

𝑛𝑛 × 𝑝𝑝 = 𝑛𝑛𝑖𝑖2

𝑛𝑛 × 𝑝𝑝 = 𝑛𝑛𝑖𝑖2𝑒𝑒𝑞𝑞𝑉𝑉𝐴𝐴𝛽𝛽
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Depletion Widths

( )
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D A pnN = N xx 𝑥𝑥𝑛𝑛 =
2𝑘𝑘𝑠𝑠𝜀𝜀0
𝑞𝑞

𝑁𝑁𝐴𝐴
𝑁𝑁𝐷𝐷 𝑁𝑁𝐴𝐴 + 𝑁𝑁𝐷𝐷

(𝑉𝑉𝑏𝑏𝑖𝑖 − 𝑉𝑉)

𝑥𝑥𝑝𝑝 =
2𝑘𝑘𝑠𝑠𝜀𝜀0
𝑞𝑞

𝑁𝑁𝐷𝐷
𝑁𝑁𝐴𝐴 𝑁𝑁𝐴𝐴 + 𝑁𝑁𝐷𝐷

(𝑉𝑉𝑏𝑏𝑖𝑖 − 𝑉𝑉)

xn xp

GND-V DN AN

From previous lecture 
(homo-junction)

Applied bias



Klimeck – Solid State Devices
10

Fields and Depletion at Forward/Reverse Biases

Charge

Electric Field

Potential

Position

Position

Position

VA=0
VA=0

VA=0

VA=0

VA=0

NP

Zero Bias

𝑥𝑥𝑛𝑛 =
2𝑘𝑘𝑠𝑠𝜀𝜀0
𝑞𝑞

𝑁𝑁𝐴𝐴
𝑁𝑁𝐷𝐷 𝑁𝑁𝐴𝐴 + 𝑁𝑁𝐷𝐷

(𝑉𝑉𝑏𝑏𝑖𝑖 − 𝑉𝑉)

𝑥𝑥𝑝𝑝 =
2𝑘𝑘𝑠𝑠𝜀𝜀0
𝑞𝑞

𝑁𝑁𝐷𝐷
𝑁𝑁𝐴𝐴 𝑁𝑁𝐴𝐴 + 𝑁𝑁𝐷𝐷

(𝑉𝑉𝑏𝑏𝑖𝑖 − 𝑉𝑉)
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Fields and Depletion at Forward/Reverse Biases

Charge

Electric Field

Potential

Position

Position

Position

VA>0

VA>0

VA>0

VA=0

VA=0

NP

VA>0

VA>0

Forward Bias

𝑥𝑥𝑛𝑛 =
2𝑘𝑘𝑠𝑠𝜀𝜀0
𝑞𝑞

𝑁𝑁𝐴𝐴
𝑁𝑁𝐷𝐷 𝑁𝑁𝐴𝐴 + 𝑁𝑁𝐷𝐷

(𝑉𝑉𝑏𝑏𝑖𝑖 − 𝑉𝑉)

𝑥𝑥𝑝𝑝 =
2𝑘𝑘𝑠𝑠𝜀𝜀0
𝑞𝑞

𝑁𝑁𝐷𝐷
𝑁𝑁𝐴𝐴 𝑁𝑁𝐴𝐴 + 𝑁𝑁𝐷𝐷

(𝑉𝑉𝑏𝑏𝑖𝑖 − 𝑉𝑉)
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Fields and Depletion at Forward/Reverse Biases

Charge

Electric Field

Potential

Position

Position

Position

VA<0

VA=0

VA=0

NP

VA>0

VA>0

VA<0

VA<0

Reverse Bias

𝑥𝑥𝑛𝑛 =
2𝑘𝑘𝑠𝑠𝜀𝜀0
𝑞𝑞

𝑁𝑁𝐴𝐴
𝑁𝑁𝐷𝐷 𝑁𝑁𝐴𝐴 + 𝑁𝑁𝐷𝐷

(𝑉𝑉𝑏𝑏𝑖𝑖 − 𝑉𝑉)

𝑥𝑥𝑝𝑝 =
2𝑘𝑘𝑠𝑠𝜀𝜀0
𝑞𝑞

𝑁𝑁𝐷𝐷
𝑁𝑁𝐴𝐴 𝑁𝑁𝐴𝐴 + 𝑁𝑁𝐷𝐷

(𝑉𝑉𝑏𝑏𝑖𝑖 − 𝑉𝑉)
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Fields and Depletion at Forward/Reverse Biases

Charge

Electric Field

Potential

Position

Position

Position

VA<0

VA=0

NP

VA>0

VA<0

VA<0

Reverse Bias

𝑥𝑥𝑛𝑛 =
2𝑘𝑘𝑠𝑠𝜀𝜀0
𝑞𝑞

𝑁𝑁𝐴𝐴
𝑁𝑁𝐷𝐷 𝑁𝑁𝐴𝐴 + 𝑁𝑁𝐷𝐷

(𝑉𝑉𝑏𝑏𝑖𝑖 − 𝑉𝑉)

𝑥𝑥𝑝𝑝 =
2𝑘𝑘𝑠𝑠𝜀𝜀0
𝑞𝑞

𝑁𝑁𝐷𝐷
𝑁𝑁𝐴𝐴 𝑁𝑁𝐴𝐴 + 𝑁𝑁𝐷𝐷

(𝑉𝑉𝑏𝑏𝑖𝑖 − 𝑉𝑉)
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Fields and Depletion at Forward/Reverse Biases

Charge

Electric Field

Potential

Position

Position

Position

VA=0
VA=0

VA>0

VA=0

VA=0

NP

Zero Bias

VA=0
VA>0

VA<0

𝑥𝑥𝑛𝑛 =
2𝑘𝑘𝑠𝑠𝜀𝜀0
𝑞𝑞

𝑁𝑁𝐴𝐴
𝑁𝑁𝐷𝐷 𝑁𝑁𝐴𝐴 + 𝑁𝑁𝐷𝐷

(𝑉𝑉𝑏𝑏𝑖𝑖 − 𝑉𝑉)

𝑥𝑥𝑝𝑝 =
2𝑘𝑘𝑠𝑠𝜀𝜀0
𝑞𝑞

𝑁𝑁𝐷𝐷
𝑁𝑁𝐴𝐴 𝑁𝑁𝐴𝐴 + 𝑁𝑁𝐷𝐷

(𝑉𝑉𝑏𝑏𝑖𝑖 − 𝑉𝑉)
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Fields and Depletion at Forward/Reverse Biases

Charge

Electric Field

Potential

Position

Position

Position

VA>0

NP

VA>0 Forward Bias

VA=0
VA>0

VA<0

𝑥𝑥𝑛𝑛 =
2𝑘𝑘𝑠𝑠𝜀𝜀0
𝑞𝑞

𝑁𝑁𝐴𝐴
𝑁𝑁𝐷𝐷 𝑁𝑁𝐴𝐴 + 𝑁𝑁𝐷𝐷

(𝑉𝑉𝑏𝑏𝑖𝑖 − 𝑉𝑉)

𝑥𝑥𝑝𝑝 =
2𝑘𝑘𝑠𝑠𝜀𝜀0
𝑞𝑞

𝑁𝑁𝐷𝐷
𝑁𝑁𝐴𝐴 𝑁𝑁𝐴𝐴 + 𝑁𝑁𝐷𝐷

(𝑉𝑉𝑏𝑏𝑖𝑖 − 𝑉𝑉)



Klimeck – Solid State Devices
16

Fields and Depletion at Forward/Reverse Biases

Charge

Electric Field

Potential

Position

Position

Position

VA=0
VA=0

VA>0

VA=0

VA=0

NP

Zero Bias

VA=0
VA>0

VA<0

Barrier height is reduced
at forward biases

Significant increase of 
peak field at reverse
bias

𝑥𝑥𝑛𝑛 =
2𝑘𝑘𝑠𝑠𝜀𝜀0
𝑞𝑞

𝑁𝑁𝐴𝐴
𝑁𝑁𝐷𝐷 𝑁𝑁𝐴𝐴 + 𝑁𝑁𝐷𝐷

(𝑉𝑉𝑏𝑏𝑖𝑖 − 𝑉𝑉)

𝑥𝑥𝑝𝑝 =
2𝑘𝑘𝑠𝑠𝜀𝜀0
𝑞𝑞

𝑁𝑁𝐷𝐷
𝑁𝑁𝐴𝐴 𝑁𝑁𝐴𝐴 + 𝑁𝑁𝐷𝐷

(𝑉𝑉𝑏𝑏𝑖𝑖 − 𝑉𝑉)
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Section 20
PN Diode I-V Characteristics

• 20.1 Band diagram with applied bias
• 20.2 Derivation of the forward bias formula
• 20.3 Forward Bias - Non-linear Regime

»Resistive drop
»Ambipolar regime

• 20.4 Non-ideal effects: 
»Junction recombination 
»Tunneling
»Impact ionization

status

V
V

V
V
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