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1. The Basics of the pn Junction 
1.1 Basic Structure of the pn junction  



Electron Affinity and Work-function for Semiconductors 
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eχSi = eχGaAs = 4.05 eV 

The workfunction for a semiconductor is 
given by Eo-EF and not Eo-Ec (affinity), 
despite the fact that there are no 
electrons at the energy EF (in contrast 
to metals for example). Thermal 
equilibrium requires that only a fraction of 
electrons are in conduction band. When an 
electron is removed from the conduction 
band, thermal equilibrium can be only 
maintained if an electron is excited from 
VB to CB, which involves absorbing heat 
(energy) from the environment; thus it 
takes more energy than          to remove an 
electron. 

eχ 







 
1.2 Space Charge Width and Electric Field  

How to Draw Energy Bands for a pn-junction? 

p-type semiconductor n-type semiconductor 



Before Connection of p and n regions 
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FERMI-DIRAC DISTRIBUTION 
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  The Fermi-Dirac distribution function for electrons is defined as: 

 

 

 

And describes probability to find an electron at energy E, provided that there are energy 
states available at that energy E. 

  The parameter (energy level) EF is called the FERMI LEVEL. 

  This level is a reference energy where the probability of carrier occupancy is defined to 
be 1/2 for any temperature. 



FERMI-DIRAC DISTRIBUTION 
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  The probability of hole occupancy (missing electron) is denoted by: 

  We recognize that this is the probability that a state is vacated by an electron. 

  This level is a reference energy where the probability of carrier occupancy is defined to 
be 1/2 for any temperature. 
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FERMI-DIRAC DISTRIBUTION 



FERMI-DIRAC DISTRIBUTION 
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F(
E)

E-EF

At 0 K, F(E) is a step 
function. 

The majority of change in F
(E) happens for energies 
within 3kT of Ef. 

The function is almost linear 
over this region (-3kT,+3kT). 

kT at 300k = (8.62x10-5 eV/K)(300 K)=0.0259 eV 

3kT at 300k = 0.0777 eV 



FERMI-DIRAC DISTRIBUTION 
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F(
E)

E-EF

For energies less than 3kT, the 
exponential becomes smaller 
than 0.05 
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In this regime, BOLTZMAN 
statistics may accurately 
describe F(E) 



FERMI-DIRAC DISTRIBUTION 
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Probability of Occupancy

  We may re-plot the hole and electron occupancy functions on the same graph (note: 
the probability is shown on the x-axis): 



Electron distribution, n(E) 
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Hole distribution, p(E) 
fp(E) 
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Finding no and po 
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Energy Band Diagram 
intrinisic semiconductor:  no=po=ni 
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where Ei is the intrinsic Fermi level 



Energy Band Diagram 
n-type semiconductor:  no>po 
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Energy Band Diagram 
p-type semiconductor:  po>no 
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A very useful relationship 
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…which is independent of the Fermi Energy 
 

Recall that ni = no= po for an intrinsic semiconductor, so 
  

nopo = ni
2 

 

for all non-degenerate semiconductors. 
(that is as long as EF is not within a few kT of the band edge) 
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The intrinsic carrier density 
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is sensitive to the energy bandgap, temperature, and m* 
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The intrinsic Fermi Energy (Ei) 
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For an intrinsic semiconductor, no=po and EF=Ei 

which gives 
 
Ei = (EC + EV)/2 + (kT/2)ln(NV/NC) 
 
so the intrinsic Fermi level is approximately 
in the middle of the bandgap. 
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Fermi level indicates only a probability of occupancy. It does not contain 
any information about available states for occupancy. The information 
about the availibility of states is given by g(E) – density of available states. 
 
The actual distribution of electrons is given by the product g(E)fD(E). 

Recall: Fermi Level  
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Before Connection of p and n regions 
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How to Draw Energy Bands for a pn-junction? 



How to Draw Energy Bands for a pn-junction? 

built-in potential barrier 



Electrostatic Potential in pn-junction 



Electric Field in pn-junction 

Can we calculate  
built-in potential? 
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Depletion Region 
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Carrier distribution 

Analytical Analysis of the pn junction 

idealized 
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Junction Potential and Electric Field- Overview 
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Electric Field Distribution 
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Electric Field Distribution 
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Maximum Electric Field 
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Potential Distribution 
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Potential Distribution 
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Built-in Potential (Second Equation)  
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Depletion Width Expressions 
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Depletion Width Expressions 
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Recall: Built-in Potential  (Diffusion Potential) 

( )22

2 pAnDbi xNxNeV +=
ε



if  

D

bi
n eN

εVxW 2
=≅

One-side Abrupt Junction: Na >> Nd 
Important for s/d regions of a MOSFET and emitter of BJT  
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Reverse-biased Junction 
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= -4x104V/cm 



Forward- and reversed biased Junction 



Sharp boundary of the space 
charge region. 
 
This is an idealization; in 
reality the transition is not 
sharp but gradual 
characterized by the 
Debye length LD. 
 
Depletion approximation 
 
How precise is this 
approximation? 
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Debye length is a characteristic length associated with the 
spatial variation of the potential. The potential varies 
exponentially with distance near the edges of the space 
charge region equal to the Debye length. Because the carrier 
concentration itself depends exponentially on the potential, 
the carrier concentration changes rapidly from the dopant 
concentration to essentially zero within a few Debye lengths. 
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For Nd=1016 cm-3 we get LD=40 nm,  
 
for Nd=1018 cm-3 we get LD=4nm. 
 



Debye length 



Imagine that we hold a positively charged 
plate at some (small) distance to the 
surface of a material having mobile 
negative charges (a metal, a suitable ionic 
conductor, a n-doped semiconductor, ...). In 
other words, the positively charged plate 
and the material are insulated, and no 
currents of any kind can flow between the 
two. However, there will be an electrical 
field, with field lines starting at the positive 
charges on the plate and ending on the 
negative charges inside the material. We 
have the following situation as depicted: 
 In a naive (and wrong) view, enough negatively charged carriers in the material would 
move to the surface to screen the field completely, i.e. prevent its penetration into the 
material. "Enough", to be more precise, means just the right number so that every field 
line originating from some charge in the positively charged plate ends on a negatively 
charged carrier inside the material. 
 
But that would mean that the concentration of carriers at the surface would be pretty 
much a δ- function, or at least a function with a very steep slope. That does not seem 
to be physically sensible. We certainly would expect that the concentration varies 
smoothly within a certain distance, and this distance we call Debye length. 

Debye length 



 
pn Junction: Depletion Capacitance 

The junction depletion layer capacitance per unit area is defined as: 

dV
dQC j =

Where dQ is the incremental charge in depletion layer charge 
 per unit area for an incremental change in the applied voltage dV. 

1.4 Junction Capacitance under Reverse Bias  





pn Junction Depletion Capacity 



pn Junction Depletion Capacity 
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Capacitance of an Abrupt Junction 
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Source/drain capacitances are important for the switching speed of a MOSFET 



Junction Capacitance – Parallel-plate Capacitance 

W
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1.5 One-sided Abrupt Junction under Reverse Bias  



One-sided Abrupt Junction under Reverse Bias  

à Information on Vbi and Nd 





One-sided Abrupt Junction under Reverse Bias  



2. Non-uniformly Doped Junctions 
 

2.1 Linearly Graded Junctions   



Linearly Graded Junction - Overview 

impurity distribution 

electric field distribution 

potential distribution 

energy band diagram 



E=0   at x=xo=W/2 

Linearly Graded Junction - Evaluation 

Quadratic  
dependence on x 



Cube 
dependence on x 



Still equivalent to 
plate-capacitance 
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Built-in Voltage of Linearly Graded Junction 

Vbi for GaAs much higher 
than for Si because of 
much lower intrinsic carrier 
concentration ni for GaAs. 
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Key Conclusions 
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