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Exercises using  PN Junction Lab 

www.nanohub.org 

 

 

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 junction. 

(d) The electrostatic potential at the junction. 
(e) Make a sketch that are roughly to scale of the charge density, electric field, and 

electrostatic potential as a function of position. 
 

(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 10
17

/cm
3 

and ND = 1 x 10
17

/cm
3
.  Compute the same quantities as in problem 1) and 

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 10
16

/cm
3
 and keep the n-side doping at ND = 10

15
/cm

3
.  Compute the same quantities 

as in problem 1) and compare the results to those of problem 1). 
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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.  

 

When comparing the numerical and analytical results, print out the numerical results and 

sketch the analytical results into the printed page. 

 
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. 

 

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 10
17

/cm
3 
and ND = 1 x 10

17
/cm

3
 and run another simulation.   

When comparing the numerical and analytical results, print out the numerical results and 

sketch the analytical results into the printed page. 
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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 10
16

/cm
3
 and the n-side doping at ND = 10

15
/cm

3
, and 

rerun the simulation. 

When comparing the numerical and analytical results, print out the numerical results and 

sketch the analytical results into the printed page. 

 

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.  

 

8) Set the doping densities to NA = 2 x 10
17

 /cm
3
 and an n-side doping of ND = 10

17
/cm

3
 as in 

problem 2).    Run simulations for Si, Ge, and GaAs diodes at room temperature.  Examine 

the equilibrium charge density plots and explain the differences. 
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Exercise 2: Analytical vs. “Exact” Numerical Solution of the PN Junction 

Under Bias 
 

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 depletion approximation.  Under bias, analytical solutions can be found by assuming 

the so-called “Law of the Junction” and low-level injection as discussed in introductory 

semiconductor device textbooks such as Chapter 6 in R.F. Pierret, Semiconductor Device 

Fundamentals, Addison-Wesley, 1996.   

 

We can eliminate many of the assumptions necessary to obtain an analytical solution by solving 

the semiconductor equations directly by numerical methods.  The resulting simulation not only 

gives us the current vs. voltage characteristic of the PN junction, it also allows us to “look” 

inside the device to see if the quasi-Fermi levels really are flat across the depletion region, if the 

device is in low level injection, etc.  The purpose of this homework exercise is to perform a 

numerical simulation (using the PN Junction Lab) of a one-sided, abrupt N
+
P junction and 

compare the results to the analytical solution.  The objective is to gain some insight into the 

operation of N
+
P junctions and to develop an understanding of when the analytical solution 

applies.  All equation and figure numbers refer to R.F. Pierret, Semiconductor Device 

Fundamentals, Addison-Wesley, 1996. 

 
1) A Si step junction maintained at room temperature has a p-side doping density of NA = 2 x 

1017 /cm3 and an n-side doping of ND = 2 x 1019/cm3,  Set the temperature to 300K, the 
minority carrier lifetimes to 0.1 microseconds, and the applied bias to 1.2V, and run a 
simulation.  Examine the plots of I vs. V on  linear and logarithmic scale, explain the 
general shape of the I-V characteristics in forward bias.  

 

2) Re-run the simulation with the applied bias set to 0.3V. 

 

2a) Examine the energy band plot and label all of the lines on the plot.  Compare this 

plot to Fig. 6.4 in Pierret (which is for forward bias).  Is the assumption that the 

quasi-Fermi levels are constant across the depletion region valid for modest forward 

bias? 

 

2b) Is the “Law of the Junction (eqn. (6.5 in Pierret) valid at V = +0.3V? 

HINT:  You should look at the excess carrier concentration plot.  You will need to 

know what ni  is assumed, and you should be able to deduce it from the equilibrium 

carrier density plot. 

 

2c) Examine the recombination rate, R(x).  Explain the shape of R(x).  That is, why does 

it have a peak in the depletion region?  Also, determine where most of the 

recombination occurs and explain how it relates to log I vs. V curve in part 1b). 

 

3) Re-run the simulation with the applied bias set to 0.6V. 
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3a) Examine the energy band plot and label all of the lines on the plot.  Compare this 

plot to Fig. 6.4 in Pierret (which is for forward bias).  Is the assumption that the 

quasi-Fermi levels are constant across the depletion region valid for modest forward 

bias? 

 

3b) Is the “Law of the Junction (eqn. (6.5 in Pierret) valid at V = +0.6V? 

 

3c) Examine the electrostatic potential vs. position under 0.6V applied bias and compare 

is to the same plot in equilibrium. 

 

3d) Examine the recombination rate, R(x).  Explain the shape of R(x).  That is, why does 

it have a peak in the depletion region?  Also, determine where most of the 

recombination occurs and explain how it relates to log I vs. V curve in part 1b). 

 

3e) Examine the excess carrier concentration plot.  Explain why n p  on most of the 

P-side  of  the junction.  Near the junction, the excess hole concentration has a peak 

value of p 1017 cm-3.  Explain why. 

 

 

4) Re-run the simulation with the applied bias set to 0.9V. 

 

4a) Examine the energy band plot and label all of the lines on the plot.  Compare this 

plot to Fig. 6.4 in Pierret (which is for forward bias).  Is the assumption that the 

quasi-Fermi levels are constant across the depletion region valid for modest forward 

bias? 

 

4b) Is the “Law of the Junction (eqn. (6.5 in Pierret) valid at V = +0.9V? 

 

4c) Examine the electrostatic potential vs. position under 0.9V applied bias and compare 

is to the same plot in equilibrium. 

 

4d) Examine the recombination rate, R(x).  In this case, where does most of the 

recombination occur?  Explain how the location of the recombination relates to log I 

vs. V curve in part 1b). 

 

5) Re-run the simulation with the applied bias set to 1.2V. 

 

5a) Examine the energy band plot and label all of the lines on the plot.  Compare this 

plot to Fig. 6.4 in Pierret.  Is the assumption that the quasi-Fermi levels are constant 

across the depletion region valid for strong forward bias? 

 

5b) Is the “Law of the Junction (eqn. (6.5 in Pierret) valid at V = +1.2V? 

HINT:  You should look at the carrier concentration plot. 
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5c) Examine the electrostatic potential vs. position under 1.2V applied bias and compare 

is to the same plot in equilibrium. 

 

5d) Examine the recombination rate, R(x).  In this case, where does most of the 

recombination occur?  Explain how the location of the recombination relates to log I 

vs. V curve in part 1b). 

 

5e) Examine the  carrier density in the P-region.  because of the high forward bias, you 

will see a high concentration of electrons.   The  concentration of holes is also higher, 

much higher than the p-type doping density.  Explain why.  

 

 

6) Re-run the simulation with the applied bias set to -0.3V 

 

6a) Examine the recombination rate plot.  The solid line is the recombination rate (the 

integrand of eqn. (6.42) in Pierret and is read on the left axis and the dashed line is 

the integrated recombination rate from x = 0 to a position, x, within the device.  It is 

normalized so that the total integrated recombination rate is 1.0). Explain why the 

recombination rate is negative in the depletion region.   Hint:  See the discussion in 

Pierret, Sec. 6.2.3. 

 

6b) Is the assumption that the quasi-Fermi levels are constant across the depletion 

region valid at V = +0.3V?  Make a notation on the plot to answer this question. 

 

 
7) Astep junction maintained at room temperature has a p-side doping density of NA = 2 x 1017 

/cm3 and an n-side doping of ND = 2 x 1019/cm3,  Set the temperature to 300K, the minority 
carrier lifetimes to 0.1 microseconds, and the applied bias to 1.2V, and run simulations for 
Ge, Si, and GaAs diodes.  Examine the plots of I vs. V on  linear and logarithmic scale, 
explain the general shape of the I-V characteristics in forward bias and the differences 
among the three cases.  Hint:  You may find it useful to examine some of the other internal 
quantities. 

 


