
 
EE 305 Fall 2005  

Homework #5 
 
 

Note: Part 2 of Exercise 1  uses  “PN Junction Lab” at www.nanohub.org .  You 
will need to create an account on the nanohub (request an account in conjunction 
with EE 305).  The “PN Junction Lab” is available under “Semiconductor Tools”.   

 
 

Exercise 1: Depletion Approximation vs. “Exact” Solution of the PN 
Junction in Equilibrium 

 
To analyze a semiconductor device, we solve the continuity equations for electrons and holes, 
the drift-diffusion equations, which describe how carriers move in response to an electric field, 
along with Poisson’s equation because when charge carriers move, they change the electric field.  
In general, these equations are too complex to solve analytically, so we resort to approximations 
such as the frequently-used depletion approximation.  The depletion approximation is extremely 
useful, when it is valid, so it is important to understand its limitations.  In this exercise, you will 
compare the results of depletion approximation analyses of PN junctions with the “exact” 
solution obtained by solving the semiconductor equations directly by numerical simulation using 
the computer program, PN Junction Lab at www.nanohub.org. 
 
 
Part 1:  Analytical calculations with the depletion approximation: 

 
1) A Si step junction maintained at room temperature under equilibrium conditions has a 

p-side doping density of NA = 2 x 1015 /cm3 and an n-side doping of ND = 1015/cm3.  
Use the depletion approximation to compute: 

 
(a) Vbi
(b) The depletion layer boundaries, xp, xn, and the depletion width, W 
(c)  The electric field at the metallurgical junction. 
(d) The electrostatic potential at the metallurgical junction. 
(e) Make sketches that are to scale for the charge density, electric field, and 

electrostatic potential as a function of position (you can set this up in matlab or 
excel, or simply make hand sketches). 

 
(This is homework problem 5.4 from R.F. Pierret, Semiconductor Device 
Fundamentals, Addison-Wesley, 1996.) 

 
2) Repeat problem 1), still using the depletion approximation, but increase the doping to NA = 

2 x 1017/cm3 and ND = 1 x 1017/cm3.  Compute the same quantities as in problem 1) and 
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briefly compare the results to those of problem 1).  List and briefly discuss the key 
differences. 

 
3) Repeat problem 1), still using the depletion approximation, but set the p-side doping to NA 

= 3 x 1016/cm3 and keep the n-side doping at ND = 1015/cm3.  Compute the same quantities 
as in problem 1) and compare the results to those of problem 1). 

 
 
 
Part 2: Comparison with “exact” numerical simulations: 
 
Check the results of your depletion approximation results by comparing them against numerical 
simulations as follows.  Go to www.nanohub.org, select “Login” and request an account.  Then 
locate the simulation tool, “PN Junction Lab,” and open up a session.   
 
 
4) Set the doping densities on the P and N sides of the junction to correspond to those in 

problem 1) above.  Set the length of the P-region to be 1.0 micrometer and for the N-
region, 2.0 micrometers.  Be sure that you have selected “Si” as the material and that the 
temperature is “300K.”  Push the “Simulate” button and view the results.  Note that you 
can select various output displays (after the simulation completes and a graph opens up on 
the right).  These displays include band diagrams, potential profiles, charge density and 
carrier concentrations. 

 
Using the resulting plots, answer the following questions. 
 
4a) Use the potential vs. position plot to determine the built-in potential of the PN 

junction.  Compare your answer to the depletion approximation result.  (Remember 
that potentials always have an arbitrary reference, so don’t be confused by the fact 
that the potential is not zero on one side of the junction.) 

 
4b) Use the carrier density vs. position plot to estimate the width of the depletion layers 

on the P and N sides, xp and xn.  First, sketch the carrier density vs. position 
assumed in the depletion approximation on numerically generated plot, then 
determine whether the depletion approximation results are reasonable.  Explain. 
HINT:  Use appropriate axes for the plot.  The vertical and horizontal axes should 
be linear with appropriate minimum and maximum limits so that you can resolve 
the profiles. 

 
4c) Use the carrier density vs. position plot to estimate the width of the depletion edge 

on the P and N sides.  Compare the width of each depletion region edges to the 
width of the depletion regions themselves, xp and xn.  (Note: the “edge” is the region 
where the carrier concentration is changing from a small % of the doping density to 
~ 90% of the doping density).  
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4d) On the electric field vs. position plot, sketch the depletion approximation result and 
discuss the differences. 

 
4e) On the charge density vs. position plot, sketch the corresponding depletion 

approximation result and discuss the differences.  You will need to use appropriate 
axes for the plot. 

 
5) Increase the doping to NA = 2 x 1017/cm3 and ND = 1 x 1017/cm3 and run another simulation.   

 
5a) Compare the depletion approximation results to the simulated built-in potential, Vbi, 

depletion layer boundaries, xp, xn, depletion width, W, and electric field at the 
junction.   

 
5b) On the electric field vs. position plot, sketch the depletion approximation result and 

discuss the differences. 
 
5c) On the carrier density vs. position plot, sketch the depletion approximation result 

and discuss the differences. 
 

5d) On the charge density vs. position plot, sketch the depletion approximation result 
and discuss the differences. 

 
 

6) Set the p-side doping to NA = 3 x 1016/cm3 and the n-side doping at ND = 1015/cm3, and 
rerun the simulation. 

 
6a) Compare the depletion approximation results to the simulated built-in potential, Vbi, 

depletion layer boundaries, xp, xn, depletion width, W, and electric field at the 
junction.   

 
6b) On the electric field vs. position plot, superimpose the depletion approximation 

result and discuss the differences. 
 
6c) On the carrier density vs. position plot, superimpose the depletion approximation 

result and discuss the differences. 
 

6d) On the charge density vs. position plot, superimpose the depletion approximation 
result and discuss the differences. 

 
7) For the symmetrical (or nearly symmetrical) PN junction, problem 4 shows that the 

depletion approximation works well, except for some small differences.  For the 
asymmetrical PN junction, however, the depletion approximation produces significant 
errors for the charge density and electric field.  Use the plots to explain why  the  depletion 
approximation fails  for asymmetrical  junctions.  why the depletion approximation breaks 
down for the asymmetrical PN junction.  HINT:  To answer this question, it is useful to 
examine the energy band plot, the carrier density plot, and the charge density plot.  
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