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The purpose of this paper is to provide an alternative and innovative method of studying the
semiconductor PN junctions which form the basis of all modern electronic devices. We have
developed a student-oriented computer program which can be used for analyzing the character-
istics of a semiconductor junction made of silicon, germanium or gallium arsenide on a personal
computer. The program is written in FORTRAN 77 and the graphics have been incorporated
using a package called GRAFMATIC. The program has been used to study the ideal static and
dynamic current-voltage characteristics of the step PN junctions under forward and reverse bias
conditions at different operating temperatures. The effects of varying the doping concentrations
and the junction cross-sectional areas have also been studied. It can also be used to study the
dependence of the reverse-bias breakdown voltage of the junction on the donor and acceptor
concentrations. The program has also been used to analyze the effects of the generation and
recombination in the depletion layer. The software modules have been run successfully on
microcomputers and are suitable for inclusion in microcomputer-based microelectronics

education.

INTRODUCTION

DURING the last few years, the laiest techno-
logical advancements and the low cost of personal
computers has led to their increasing use in
computer-based instruction (CBI) in several
disciplines such as calculus [1], statistics [2],
computer programming [3-6], French language | 7],
physics (8], chemistry 9], engineering [10-14], and
so on. In the area of engineering curricula, although
CBI has not and perhaps will not replace the tradi-
tional methods of education, yet it offers some
significant advantages. Research has shown that
students using CBI demonstrate increased motiva-
tion [15] and that increased motivation translates
into improved achievement of course objectives.
Furthermore, particularly for the engineering
education, CBI makes it possible to train students
in problem-solving skills by designing programs
that require student problem solving through
realistic simulations in a wider range of applica-
tions and using various types of problem-solving
approaches [16,17].In short, the CBI method using
personal computers seems to best complement the
engineering education.

Microelectronics is an area within electrical/
electronics engineering that deals with solid state
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devices such as p-n diodes, p-n-p and n-p-n
transistors, metal-semiconductor field effect tran-
sistors (MESFETs), metal-oxide-semiconductor
field effect transistors (MOSFETs) and so on, and
their fabrication and characterization on the very
large scale integrated (VLSI) chips. Understanding
of PN junctions is essential to the study of all solid
state electronic devices. In this paper, a student-
oriented computer program which can be used to
study the characteristics of a PN junction on a
personal computer is described. The program has
been used to study the various characteristics of PN
junctions made of silicon (Si), germanium (Ge) or
gallium arsenide (GaAs).

PROGRAM DEVELOPMENT

We have developed a program called ‘Micro-
computer Simulation of Semiconductor Junction
Characteristics’ (MSSJC) which ‘can be used to
study the forward and reverse-bias current-voltage
(I-V) characteristics of the step PN junctions and
the dependence of the breakdown voltage of a PN
junction on the doping concentrations. The pro-
gram supports PN junctions made of any one of the
three semiconductor materials: Si, Ge or GaAs.
The user has the option of including the effects of
recombination for the forward bias or those of
generation for the reverse bias. The program can
also be used to study the dependences of the I-V
characteristics on temperature, electron doping
concentration, hole doping concentration and the
cross section area of the PN junction. The results
can be displayed graphically on the monitor screen
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for anyone of the chosen variables. The various
symbols and constants (in MKS units) used in the
equations below are defined as follows:

A = Cross sectional area of the PN junction

75 = Diffusion constant for electrons

D, = Diffusion constant for holes

E,(T) = Energy gap in the semiconductor
material at 7(°K)

E,(0) = Energygapat0°K

I, = Saturation current

L = Electron diffusion length

L, = Hole diffusion length

M, = Effective mass of the electrons in the
conduction band in the material

M, = Effective mass of the holes in the
valence band in the material

N. = Effective density of states in the
conduction band

N, = Effective density of states in the
valence band

n; = Intrinsic carrier density

N, = Doping concentration of holes

N, = Doping concentration of electrons

pis = Equilibrium hole density on the N side
of the PN junction

Ny = Equilibrium electron density on the P
side of the PN junction

4 = Temperature in °K

T = Electron carrier lifetime

T, = Hole carrier lifetime

U, = Intrinsic mobility of electrons

U, = Intrinsic mobility of holes

V = Voltage, in volts

&, = Voltage equivalent of temperature

Yo = Diffusion potential

K, = Dielectric constant of the material

h = Planck’s constant = 6.625 X 1073 J s

K = Boltzmann’s constant = 1.38 X 1023
J/’K

q = Electron charge=1.6 X 107 C

€, = Permittivity of free space = 8.854 X
107 F/cm

n = 3.142

a = 4.73.%X 10*

B = 636.0.

In the program, the current flowing through the
PN junction is calculated by using the equation
[18-21].
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The energy gaps at temperature 7(°K) for Si, Ge
and GaAs are calculated by using the equations
[19]:
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respectively. Additional currents due to recom-
bination and generation are given by [18,21 J:
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Yo=¢rln [—‘1—“] (20)

The dependence of the breakdown voltage (BV)
on the doping concentration was determined by
using the expression [18]

e KAE
z 2gN,

where the critical field (E, ) for Si, Ge and GaAs was
determined by fitting with the known experimental
data [20].

USING ‘MSSJC

The program ‘MSSJC’ has been used to study the
dependences of the current-voltage characteristics
of Si, Ge and‘GaAs PN junctions under forward-
and reverse-bias conditions on the various para-
meters such as temperature, doping concentration
of electrons or holes and cross sectional area of the
PN junction. It has also been used to study the
dependences of the reverse-bias breakdown
voltages for any PN junction on the doping
concentrations of electrons or holes on the N- or
P-side, respectively. The program allows the option
of including or excluding the effects of recombina-
tion under the forward-bias or those of generation
under the reverse-bias conditions. Unless other-
wise changed by the user, the program chooses the
following typical values for the various parameters:
temperature = 300 °K, doping concentration of
electrons on the N-side = 1X10'%/cm? doping
concentration of holes on the P-side = 1X10'%/cm?
and cross sectional area of the PN junction = 0.01
cm?. Effective masses of electrons and holes
depend on the material chosen. For Si, Ge and
GaAs these are 3X10731,2X1073! and 5.73X1073!
kg, respectively for electrons and 4.55X1073!,
2.82X1073" and 4.55X1073! kg, respectively for
holes. Lifetimes of electrons and holes depend on
the material also. For Si, Ge and GaAs these are
2.5X107%, 1X107% and 1X107° seconds, respect-
ively for electrons as well as holes. In the results
presented below, the effects of recombination/
generation have been included and typical values
are chosen for all the parameters except for the one
being varied.

The output screen showing the forward-bias I-V
curves for the Si PN junctions for temperatures of
200, 300 and 400°K is shown in Fig. 1. Students
can use these curves to study the dependence of the
threshold voltage for a given PN junction on the
temperature. For the Ge PN junction, the forward-
bias I-V curves for two different values of the
junction cross sectional area are shown in Fig. 2. It
can be noticed from this figure that the threshold
voltages for Ge are much lower than those for Si or
GaAs. Students can be encouraged to explain this
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Fig. 1. The monitor screen showing the forward-bias I-V
characteristics for the silicon PN junctions at temperatures of
200,300 and 400°K.
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Fig. 2. The monitor screen showing the forward-bias I-V
characteristics for the germanium PN junctions for two values of
the cross sectional area.

difference in terms of the energy gaps of the three
materials. The output screens showing the forward-
bias I-V curves for the GaAs PN junctions for
electron and hole concentration values of 1X10'*
and 1X10'8/cm?® are shown in Figs3 and 4,
respectively. Students can be encouraged to
analyze the small differences between these two
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Fig. 3. The monitor screen showing the forward-bias I-V
characteristics for the gallium arsenide PN junctions for donor
concentrations of 1X10'*and 1X10'$/cm’.
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SEMICONDUCTOR JUNCTION CHARACTERISITCS

i (mR) (Gallium Arsenide PN Junction)
16.08 v 4
. 4
8.08 . <
| Na (/ca™3)
. < b 4008 14
o 1 1.868E 18
. 4
4.00 . 4
. 4
2.80
* 4
v .
* 4 4
0.00 e

0.8 8.2 8.4 8.6 8.8 1.0 1.2

U (Volts)

Fig. 4. The monitor screen showing the forward-bias I-V
characteristics for the gallium arsenide PN junctions for
acceptor concentrations of 1X10'and 1X10'%/cm?,

figures in terms of the different effective masses of
electrons and holes in GaAs.

The output screen showing the reverse-bias I-V
curves for the Si PN junctions for temperatures of
300 and 325°K is shown in Fig. 5. Students can use
these curves to study the effect of a small change in
temperature on the reverse-bias saturation
currents in PN diodes. The output screen showing
the effect of changing the concentration of donor
atoms on-the reverse-bias I-V curves for the Ge PN
junctions is shown in Fig. 6. Students can be
encouraged to explain the physical reasons for the
variations in the reverse-bias saturation currents as
well as those in the breakdown voltages when the
concentration of free electrons in the material is
changed. The output screen showing the reverse-
bias I-V curves for cross-sectional areas of 0.005
and 0.1 cm? of the GaAs PN junctions is shown in
Fig. 7. Students can note that only the reverse-bias
current and not the breakdown voltage depends on
the cross sectional area, as expected. The monitor
screens showing the dependences of the reverse-
bias breakdown voltages on the concentrations of
electrons or holes in the range 1X10' to 1X10'¢/
cm? for the Si, Ge and GaAs PN junctions are
shown in Figs 8, 9 and 10, respectively. From these
results, students can see that under similar condi-
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Fig. 5. The monitor screen showing the reverse-bias I-V curves
for the silicon PN junctions at temperatures of 300 and 325°K.
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Fig. 6. The monitor screen showing the reverse-bias I-V curves
for the germanium PN junctions for donor concentrations of
1X10"and 2X10'/cm?.
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Fig. 7. The monitor screen showing the reverse-bias I-V curves
for the gallium arsenide PN junctions for junetion cross
sectional areas of 0.005 and 0.1 cm®,
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Fig. 8. The monitor screen showing the dependence of the
reverse-bias breakdown voltage on the doping concentration in
the range 10'*—10'7/cm? for the silicon PN junctions.

tions, the reverse-bias breakdown voltage for Ge
PN junctions is the lowest while that for the GaAs
PN junction is the highest. Students can be
encouraged to think about the suitability of using
Si, Ge or GaAs PN diodes for different applica-
tions.
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Fig. 9. The monitor screen showing the dependence of the

reverse-bias breakdown voltage on the doping concentration in
the range 10'*—10'"/cm? for the germanium PN junctions.
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Fig. 10. The monitor screen showing the dependence of the

reverse-bias breakdown voltage on the doping concentration in
the range 10'*—10""/cm’ for the gallium arsenide PN junctions.

SUMMARY successfully on the IBM personal computers and is

suitable for inclusion in the microcomputer-based

We have developed a student-oriented program microelectronics education.

which can be used to analyze the behaviors of Si,

Ge and G%AS PN .Jun‘ctlonsv und'er forw?rd and Acknowledgements—The authors would like to thank Ms
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junction parameters. The program has been run work.
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