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CHAPTER 3: PN JUNCTION ELECTROSTATICS - PN JUNCTION DIODE: I-V CHARACTERISTICS 
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PN JUNCTION ELECTROSTATICS 

• Suppose a pn junction formed by diffusing p-dopant into n-doped wafer 

     

    near surface: NA > ND 

    deeper inside semi: NA < ND 

    metallurgical junction: NA = ND 

Doping profile – net 

doping vs. position 
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PN JUNCTION ELECTROSTATICS 

• Poisson’s equation: quantitative solutions for electrostatic variables 

3-D case 1-D case 

Ks : semiconductor dielectric constant 

o : permittivity of free space 

: charge density 

Assume dopants to be totally ionized 
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PN JUNCTION ELECTROSTATICS 

• Quanlitative solution for 1D junction, equilibrium conditions 
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PN JUNCTION ELECTROSTATICS 
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PN JUNCTION ELECTROSTATICS 

Space charge region/depletion region 

Diffusion current = Drift current 
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PN JUNCTION ELECTROSTATICS 

• Built-in Potential (Vbi) 

 Built-in potential = voltage drop across depletion region under 

equilibrium conditions 

 Assume nondegenerated doped p-n junction 

 We know  

Integrating across the depletion region: 
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PN JUNCTION ELECTROSTATICS 

• Under equilibrium conditions 

Combine with Einstein relationship, we have 

if 

Common values for non 

degeneratedly doped Ge, Si and 

GaAs diodes, at 300K: 0.66V, 

1.12V and 1.42V, respectively 

(*) 
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PN JUNCTION ELECTROSTATICS 

• Another way: 

 

 

 

or 

< Eg/2 < Eg/2 

Nondegenerately doped junction under equilibrium conditions 

(*) 
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PN JUNCTION ELECTROSTATICS 
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PN JUNCTION DIODE: I-V CHARACTERISTICS 

 

PN JUNCTION ELECTROSTATICS 
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PN JUNCTION DIODE: I-V CHARACTERISTICS 

 

PN JUNCTION ELECTROSTATICS 
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PN JUNCTION DIODE: I-V CHARACTERISTICS 

• The depletion approximation 

 Solve Poisson’s equation  quantitative solution for electrostatic 

variables 

 Depletion approximation  enable to obtain closed-form solutions 

because of no information of carrier cncentrations 

 

 

 1D Poisson’s equation simplifies to 

 

PN JUNCTION ELECTROSTATICS 
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PN JUNCTION DIODE: I-V CHARACTERISTICS 

• Quantitative electrostatic relationships 

 Assumptions/Definitions: 1D, VA applied voltage 

PN JUNCTION ELECTROSTATICS 
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PN JUNCTION DIODE: I-V CHARACTERISTICS 

• Junction with VA = 0 

 Solution for  from depletion approximation 

 

 

 

 

 

 Solution for  by substitute  into Poisson’s equation 

PN JUNCTION ELECTROSTATICS 
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PN JUNCTION DIODE: I-V CHARACTERISTICS 

• For p-side of the depletion region 

 

 

• For n-side of the depletion region 

 

 

• Note: total charge in depletion region  sum to zero 

PN JUNCTION ELECTROSTATICS 
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PN JUNCTION DIODE: I-V CHARACTERISTICS 

• Solution for V 

 Since 

 

 

  

 

 boundary conditions  

PN JUNCTION ELECTROSTATICS 
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PN JUNCTION DIODE: I-V CHARACTERISTICS 

• For p-side of the depletion region 

 

 

 

• For n-side of the depletion region 

 

 

 

• At x = 0 

  

PN JUNCTION ELECTROSTATICS 

CuuDuongThanCong.com https://fb.com/tailieudientucntt

cu
u d

uo
ng

 th
an

 co
ng

 . c
om

http://cuuduongthancong.com?src=pdf
https://fb.com/tailieudientucntt


PN JUNCTION DIODE: I-V CHARACTERISTICS 

• Solution for xn and xp 

 Combine 

 

 

 and 

Depletion width 

PN JUNCTION ELECTROSTATICS 
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PN JUNCTION DIODE: I-V CHARACTERISTICS 

• Example 

PN JUNCTION ELECTROSTATICS 
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PN JUNCTION DIODE: I-V CHARACTERISTICS PN JUNCTION ELECTROSTATICS 
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PN JUNCTION DIODE: I-V CHARACTERISTICS 

 

PN JUNCTION ELECTROSTATICS 
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PN JUNCTION DIODE: I-V CHARACTERISTICS 

• Junction with VA  0 

In depletion region: Vbi - VA 

PN JUNCTION ELECTROSTATICS 
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PN JUNCTION DIODE: I-V CHARACTERISTICS 

Simply replace all Vbi by Vbi – VA 

 

 

 

 

 

 

 

and 

PN JUNCTION ELECTROSTATICS 
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PN JUNCTION DIODE: I-V CHARACTERISTICS 
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PN JUNCTION DIODE: I-V CHARACTERISTICS 
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PN JUNCTION DIODE: I-V CHARACTERISTICS 
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PN JUNCTION DIODE: I-V CHARACTERISTICS 

 

PN JUNCTION ELECTROSTATICS 
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PN JUNCTION DIODE: I-V CHARACTERISTICS 

• Examination/Extrapolation of results 

 The width W decrease under forward bias (Vbi –VA) and increase under 

reverse bias (Vbi + VA). Electric field changes respectively 

PN JUNCTION ELECTROSTATICS 
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PN JUNCTION DIODE: I-V CHARACTERISTICS PN JUNCTION ELECTROSTATICS 
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PN JUNCTION DIODE: I-V CHARACTERISTICS PN JUNCTION ELECTROSTATICS 
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PN JUNCTION DIODE: I-V CHARACTERISTICS 

• Linearly graded junctions 

PN JUNCTION ELECTROSTATICS 
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PN JUNCTION DIODE: I-V CHARACTERISTICS 

Depletion approximation 

 

Note 

PN JUNCTION ELECTROSTATICS 
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PN JUNCTION DIODE: I-V CHARACTERISTICS 

For linearly graded junction 

PN JUNCTION ELECTROSTATICS 
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PN JUNCTION DIODE: I-V CHARACTERISTICS 

 Diffusion 

Drift 

I = In + Ip 

Forward bias 

Reverse bias 

Minority 

carriers 

Majority 

carriers 
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• The ideal diode equation 

 Qualitative derivation 

 

• Forward bias:  

reduce potential hill between two sides of junction 

permit majority carriers to be injected across depletion region 

 

• Reverse bias:  

increase potential hill 

cutting off majority carriers injection  

leaving only a small current supplied by minority carriers 

PN JUNCTION DIODE: I-V CHARACTERISTICS 
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PN JUNCTION DIODE: I-V CHARACTERISTICS 
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• Quantitative Solution strategy 

Assumptions 

 

1. The diode is operating under steady state conditions 

2. A nondegenerately doped step junction models the doping profile 

3. The diode is one-dimentional 

4. Low-level injection prevails in quasineutral regions 

5. No process other than drift, diffusion, and thermal recombination-generation inside 

the diode (GL = 0) 

PN JUNCTION DIODE: I-V CHARACTERISTICS 
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General relationships available for computing the current: 

PN JUNCTION DIODE: I-V CHARACTERISTICS 
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• Quasineutral region considerations: 

Minority carrier diffusion equations for p and n quasineutral regions are: 

PN JUNCTION DIODE: I-V CHARACTERISTICS 

np: electron in p-region 

pn: hole in n-region 

(*) 
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Since 

 

carrier current density in quasineutral regions simplify to  

PN JUNCTION DIODE: I-V CHARACTERISTICS 
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• Depletion Region Considerations: 

 Continuity equations simplify to 

 

 

 

 

 

 

Additional assumption: thermal recombination-generation is negligible 

throughout the depletion region 

PN JUNCTION DIODE: I-V CHARACTERISTICS 

~ 0 = 0 = 0 
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• Solution strategy: 

 Solve for the minority carrier current densities in the quasineutral regions 

 Evaluate the current densities at the depletion region edges 

 Add the edge current densities together 

 Finally, multiply by A to obtain the current 

PN JUNCTION DIODE: I-V CHARACTERISTICS 
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• Boundary conditions in solving (*) 

At the Ohmic contacts: 

 

 

 

 

 

At the depletion region edges: 

 

PN JUNCTION DIODE: I-V CHARACTERISTICS 
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To obtain an analytical solution for current flowing in ideal diode as a function of  

the applied voltage: 

1. Solve the minority carrier diffusion equations employing boundary conditions 

to obtain np and pn in quasineutral regions 

PN JUNCTION DIODE: I-V CHARACTERISTICS 
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PN JUNCTION DIODE: I-V CHARACTERISTICS 

2. Compute the minority carrier current densities in the quasineutral regions using 

 

 

 

 

 

3. Evaluate the quasineutral region solutions for JN(x) and JP(X) at the edges of the 

depletion region and the sum the two edge-current densities. 

Finally, multiply the result by the cross section area of the diode 
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PN JUNCTION DIODE: I-V CHARACTERISTICS 

• Derivation 

Let us work with holes on quasineutral n-side of  the junction. 

We must solve 
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PN JUNCTION DIODE: I-V CHARACTERISTICS 

General solution 

 

 

where 
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PN JUNCTION DIODE: I-V CHARACTERISTICS 

• On quasineutral p-side of  the junction. 

 

 

 

 

• So,  

 

CuuDuongThanCong.com https://fb.com/tailieudientucntt

cu
u d

uo
ng

 th
an

 co
ng

 . c
om

http://cuuduongthancong.com?src=pdf
https://fb.com/tailieudientucntt


PN JUNCTION DIODE: I-V CHARACTERISTICS 

• And then, 

 

Shockley equation  
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PN JUNCTION DIODE: I-V CHARACTERISTICS 

• Examination of results 

1. Ideal I-V 
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PN JUNCTION DIODE: I-V CHARACTERISTICS 

• Examination of results 

2. The saturation current 

Note:  

 Io has strong dependence on materials 

 Io has relation to asymetrycally doped junctions 

 

 

 

As a general rule, the heavily doped side of an asymmetrical junction can be ignored in 

determining the electrical characteristics of the junction 
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PN JUNCTION DIODE: I-V CHARACTERISTICS 

• Exercise 
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• Carrier currents: 

 

PN JUNCTION DIODE: I-V CHARACTERISTICS 

Carrier and total current densities vs. position  

inside a forward-biased pn junction diode 
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• Carrier concentrations 

PN JUNCTION DIODE: I-V CHARACTERISTICS 

Forwad biasing Reverse biasing 
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