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We present here a computer program—theSemiconductor Device Simulator—which simulates the
working of threep–n junction devices: the light-emitting diode, the solar cell, and the tunnel diode.
This program enables students to create the device starting with two pieces of intrinsic
semiconductor material, and doping them appropriately to create ap–n junction device of their
choice. While creating the device, students can observe the changes in the energy bands and Fermi
level as a response to doping. The device, once created, can then be incorporated into a circuit where
the students can observe the energy bands, theI –V graph, as well as the intensity spectrum of the
device in response to the changes in applied voltage and/or incident light. No prior knowledge of
higher level mathematics is required to use the program. The program is available for Windows™
and Macintosh™ platforms. The flexibility of the program allows it to be used by students over a
range of academic levels. We have field tested the program along with associated materials in both
high school and university environments. The current version of the program contains modifications
based on these field tests. ©1997 American Association of Physics Teachers.
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I. INTRODUCTION

The Visual Quantum Mechanics1,2 project is developing
materials to help students learn quantum physics. The
mary audience for these materials is high school or introd
tory undergraduate students who do not have a backgro
in higher level mathematics or quantum physics. To re
these students we are concentrating on the developme
activities which integrate hands-on experiments, compu
visualizations, and multimedia materials in addition to t
more traditional written materials.
During the first eight months of this project we have co

centrated on developing activities with a device that requ
knowledge of quantum physics to understand how it wor
The ubiquitous light-emitting diode~LED! is recognized by
almost every student as a small red or green light that in
cates that some electronic gadget such as a CD playe
computer disk drive is operating. To capitalize on this re
ognition, we have designed and tested a series of activ
that will enable the students to explain qualitatively how
LED is able to emit light. Since the primary goal of th
activities is to enable students to understand the quan
effects in a LED, the students must be able to understand
relationship between the energy bands of the material o
LED and its electrical and spectral characteristics. To und
stand this relationship the students must learn how the
ergy bands respond to changes in applied voltage or inci
light. Most standard introductory texts do not mention t
quantum properties of LEDs or any similar devices. Mo
advanced texts discuss these devices quantitatively and
relatively few visualization tools. Hence these books a
other instructional materials are unsuitable for our intend
audiences.
This lacuna in the available instructional materials mo

vated us to develop a computer program that would enab
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user who has no knowledge of higher level mathematics
physics to understand how the electrical and spectral pro
ties of ap–n junction device can be explained using ener
bands. Although the original purpose of the program was
explain how an LED worked, we decided that it could
designed to address the operation of anyp–n junction de-
vice. Also while the program was originally meant for use
who did not have a knowledge of semiconductor physics,
program in its current version can be used by students stu
ing solid state physics, semiconductors, or electronics a
higher level.

II. PROGRAM DESCRIPTION

The program begins by displaying two cubes on eith
side of the screen. These cubes represent two pieces o
trinsic semiconductor material, as shown in Fig. 1. Althou
the default semiconductor is silicon, the user can cho
from a range of commonly used semiconductors. Advan
users can also ‘‘create’’ their own hypothetical semicond
tor with any desired energy gap, electron and hole mobilit
effective masses and some other parameters. The en
band diagram showing the conduction band edge (Ec), the
valence band edge (Ev), and the Fermi energy (Ef) for the
intrinsic semiconductor is displayed directly below each c
responding cube. The user can also change the temper
to observe the changes in Fermi energy.
Next, the user adds dopant atoms to each of the semi

ductor blocks. Ap-type material is represented by the add
tion of acceptors and ann-type material is represented by th
addition of donors~see Fig. 2!. If acceptors are added to th
left cube and donors are added to the right cube, the left c
becomes ap-type semiconductor and the right cube becom
an n-type semiconductor. The user can also see a repre
765© 1997 American Association of Physics Teachers



th
h
d
w
d
g
co

uc

a
id
m
e
th

e
o

can
ey
ey
or,
mall
e
the

rrent
rve
ear
ur-
the
ple
ete

age
s a
ent.

w
os

w
h
by

nger
tation of the internal atomic structure of ap-type orn-type
semiconductor that reveals the acceptor or donor atom wi
the semiconductor lattice structure, as shown in Fig. 2. T
Fermi energy of the side where acceptors are added
creases and becomes closer to the valence band edge,
those on the side where donors are added increases an
comes closer to the conduction band edge. By addin
single acceptor or donor, the user increments the carrier
centration~p or n, respectively! by a fixed amount.
Having doped the two sides of the blocks of semicond

tor material appropriately~i.e., one isp-type and the other
n-type!, the user can then bring the two blocks in physic
contact with one another and make the Fermi levels coinc
The energy bands on either side would consequently be
aligned. ~See Fig. 3.! The misalignment depends upon th
degree of doping on either side and is responsible for
built-in potential.
Having created thep–n junction the user can now choos

to use it in any of the three devices—LED, solar cell,

Fig. 1. The opening screen of theSemiconductor Device Simulatorprogram
showing the two semiconductor~silicon! blocks and the energy bands belo
each. Silicon is the default semiconductor although others can be ch
using the ‘‘Device’’ menu.

Fig. 2. The two semiconductor blocks after the acceptor~A! and donor~D!
atoms are added to each. The inset shows the internal atomic structure
acceptor atoms, viewed using the magnifying tool. The addition of eac
or D increments the acceptor and donor concentration, respectively,
31022 m23.
766 Am. J. Phys., Vol. 65, No. 8, August 1997
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tunnel diode. For the LED and tunnel diode, the users
either place the device in an ideal simple circuit where th
control the applied voltage across it with a scroll bar, or th
place it in a more realistic circuit with a battery, a resist
and a potentiometer. The potentiometer appears as a s
box with a circular knob~see Fig. 4!. The users can chang
the setting of the potentiometer, by clicking and dragging
dot on the knob~i.e., ‘‘rotating’’ the knob!. In response to
these changes, the voltage across the device, and the cu
through it will change. In either mode the user can obse
changes in the energy bands of the device, which app
directly below the circuit. The user can also observe the c
rent versus voltage graph of the device which appears at
bottom right of the screen. If the device is used in the sim
circuit with a scroll bar, the user can observe the compl
I –V graph~i.e., both negative and positive!, by moving the
scroll bar to negative and positive voltages, respectively~see
Fig. 5!. In this sense the scroll bar represents an ideal volt
source. It would be similar to connecting the device acros
curve tracer or some other more sophisticated equipm

en

ith
A
1

Fig. 3. When Fermi levels are aligned, the energy bands are no lo
aligned. The acceptor concentration on the left is 431022 m23, while the
donor concentration on the right is 731022 m23.

Fig. 4. The screen for theLED with Resistanceoption for the LED. The
dopant density on both then- andp-sides of this GaP~gallium phosphide!
LED is 631022 m23. The I –V graph is simulated for a device with a
junction area of 531027 m22, at 27 °C.
766Sanjay Rebelloet al.
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The device used in a circuit with a potentiometer mo
closely resembles a real situation. Hence it will not be p
sible for the viewer to observe both the positive and nega
aspects of theI –V graph simultaneously, because in real l
one would have to change the polarity of the battery midw
to do that.
The most significant difference between theI –V graphs

for the two situations can be observed for the tunnel dio
When the tunnel diode is placed in a simple circuit with
scroll bar representing an ideal voltage source, theI –V
graph is complete with a peak and a valley. When the tun
diode is in a simple circuit with a scroll bar representing
variable battery, the resultingI –V curve @Fig. 6~a!# re-
sembles one measured by an instrument such as a c
tracer with a very high impedance, so that it is possible
vary the voltage across the device without affecting the c
rent through it. ThisI –V graph shows the peak and valle
voltage of the tunnel diode when it is forward biased.
When the tunnel diode is in the circuit with a potentiom

eter, however, theI –V graph @Fig. 6~b!# corresponds to a
situation in which the current and not the voltage is be
regulated. This situation arises because the potentiomete
current controller. So at voltages between the peak and
ley voltages, the current remains constant at the peak va

Fig. 5. The screen for theSimple Circuitoption for the LED. The dopant
density on both then- andp-sides of this GaP~gallium phosphide! LED is
631022 m23. The I –V graph is simulated for a device with a junction ar
of 531027 m22, at 27 °C.

Fig. 6. TheI –V graphs for the tunnel diode in~a! theSimple Circuitoption
~b! Tunnel Diode with Resistanceoption. For both~a! and ~b!, the dopant
density is 531022 m23 on both then- and p-sides of this silicon tunnel
diode. BothI –V graphs are simulated for devices with a junction area
531027 m22, at 27 °C.
767 Am. J. Phys., Vol. 65, No. 8, August 1997
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unlike the earlier case where the current decreases in g
from the peak to the valley. When the potentiometer is be
‘‘rotated’’ in the opposite direction to decrease the curre
no increase in current is observed in between the valley
peak voltages. In addition, the current remains at its low
valley value before going to zero at 0 V. Hence in the case
the tunnel diode theI –V graphs are not the same for increa
ing and decreasing current.
In case of the LED the user can also observe the spect

of the emitted light, which appears at the top right of t
screen~see Fig. 5!. The intensity of the emitted light is pro
portional to the current through the LED, while the color
the emitted light depends upon the energy gap of the mate
of the LED. For simplicity, the program assumes an id
though unrealistic situation in which no transitions occur
or from intermediate states in the band gap. Hence the low
energy of the emitted light is the energy of the band g
Wavelengths corresponding to higher energies are em
with lower intensities which are proportional to the low
occupancies of the initial and final states corresponding
these energies.
Besides the LED and the tunnel diode, thep–n junction

can also be used as a solar cell. The solar cell can opera
two modes: the output measurement mode or the cir
mode. In the output measurement mode, the user obse
either the open-circuit voltage or the short-circuit curre
generated by the solar cell when a user-defined spectrum
light is incident on it. The user can control the intensities
various colors of light that are incident on the solar cell
clicking in the appropriate intensity spectrum that appear
the bottom right of the screen~see Fig. 7!. A flashlight ap-
pears with light of the appropriate color, depending upon
color and intensities chosen by the user in the intensity sp
trum ~see Fig. 7!. When used in the circuit with a battery an
a potentiometer, the user can observe theI –V graph of the
solar cells for different intensities of light to see the effect
the intensity spectrum~see Fig. 8!.
The program provides the user with complete flexibil

over the parameters. For instance, the user can switch
tween two devices midway through the simulation, wh
keeping other parameters the same. Or the user can s
how theI –V graph or intensity spectrum would be differe
f

Fig. 7. Screen for theOutput Measurementoption of the solar cell in the
short circuit current mode. Both sides of the GaAs solar cell are dope
631022 m23. The solar cell is primarily irradiated with red light.
767Sanjay Rebelloet al.
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if a different semiconductor were used instead or if the d
ing density or temperature or junction area were different
case of the LED, if the material chosen is one that is
usually used to make LEDs~e.g., Si due to its relatively
small band gap!, the program will display a message appr
ing the user of this difficulty. In case of the tunnel diode, t
doping density has to be above a certain threshold valu
that the p- and n-sides are degenerately doped, i.e.,
Fermi level on thep-side is below the valence band and t
Fermi level on then-side is above the conduction band. T
program will prompt the user to ensure that the doping
appropriate for thep–n junction device to function as a
tunnel diode.

III. MODELING THE SEMICONDUCTOR DEVICES

The equations that describe the physics of ap–n junction
device can be found in books on solid state physics3,4 or
semiconductor devices.5,6Here we will present a summary o
some of the equations used in the simulation.

A. Calculating the Fermi energies and built-in voltage

The first task is to calculate the Fermi energies of thep-
and n-side, as they change in response to the addition
acceptors and donors, respectively. The intrinsic Fermi e
gies on either side are given by

Ef i5
kBT

2q
lnSNC

NV
D , ~1!

where

Nc5
2

h3
~2pmekBT!3/2, Nv5

2

h3
~2pmhkBT!3/2 ~2!

and the symbols have their usual meanings.
The electron and hole effective masses~me andmh!, de-

pend upon the semiconductor chosen by the user. The de
value of the temperatureT, is 300 K but can be changed b
the user. The values of theNc andNv are calculated by the
program as per Eq.~2!, and the Fermi energy of the intrinsi
material is calculated using Eq.~1! and displayed in the en
ergy band diagram on the screen.

Fig. 8. Screen for theSolar Cell in Circuitmode. Both sides of the GaA
solar cell are doped at 631022 m23. The solar cell is primarily irradiated
with red light.
768 Am. J. Phys., Vol. 65, No. 8, August 1997
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When acceptor and donor atoms are added, the Ferm
ergies change so that the side that has more acceptors
donors isn-type and the one with more donors than acce
tors is p-type. Thus for both the semiconductor blocks,
the left (L) and right (R), we have

pL5 1
2$NAL1ANAL

2 14ni
2%,

~3!
nL5 1

2$NDL1ANDL
2 14ni

2%,

pR5 1
2$NAR1ANAR

2 14ni
2%,

~4!
nL5 1

2$NDR1ANDR
2 14ni

2%,

wherep andn stand for the electron and hole concentratio
andNA andND are the acceptor and donor concentrations
either side. Equations~3! and ~4! are valid only if the
n-type material is doped only with donors and thep-type
material is doped only with acceptors. These equations
not valid for partially compensated semiconductors. The v
ues ofNA andND change when the user places donor a
acceptor ‘‘atoms’’ in the two cubes representing the tw
pieces of intrinsic semiconductor on the screen. Each t
the user adds a donor or acceptor ‘‘atom,’’ the value ofNA

andND is incremented by a fixed amount.
The intrinsic carrier concentration,ni is given by

ni5ANcNn expS qEg2kBT
D . ~5!

Then, the Fermi energies on each side are given by

EfL5Ef i1
kBT

q
lnS nLpLD on the left, ~6!

EfR5Ef i1
kBT

q
lnS nRpRD on the right. ~7!

At room temperature (T5300 K) the intrinsic Fermi energy
is almost 0 eV, so that after doping, the side with the posit
Fermi energy is then-side and the one with the negativ
Fermi energy is thep-side. The program displays the Ferm
energies on either side of the energy band diagram~see Fig.
2!.
When the two blocks of doped semiconductor are brou

together, the built-in voltage across thep–n junction is

VB5EfL2EfR . ~8!

If VB is positive then the block on the left isn-doped and
the one on the right isp-doped.
If VB is negative then the block on the left isp-doped and

the one on the right isn-doped.
The built-in voltage is represented by the fact that wh

Fermi energies on thep-side andn-side are equilibrated, the
energy bands on the two sides are not. This difference in
energy bands on the two sides is visible in the energy b
diagram on the screen~see Fig. 3!.

B. Calculating the depletion widths and band edges
within the depletion region

The widths of the depletion region are calculated using
value of the built-in voltage:
768Sanjay Rebelloet al.
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dp5A 2eVB~pp2np!

q~nn2pn!~pp2np1nn2pn!
, ~9!

dn5A 2eVB~nn2pn!

q~pp2nn!~pp2np1nn2pn!
, ~10!

where the symbols have their usual meanings.
The value of the conduction band edge for the reg

within the two depletion layers is

Ec~x!5Ecp2
q~pp2np!

2e
~x1dp!

2, 2dp<x<0, ~11!

Ec~x!5Ecn1
q~nn2pn!

2e
~dn2x!2, 0<x<1dn .

~12!

Equations~11! and ~12! assume that thep-side is to the left
of the junction and then-side is to the right of the junction
The equations for a case where this situation is reversed
be similar to the equations above.
The valence band edges in the depletion layer can the

calculated:

En~x!5Ec~x!2Eg . ~13!

The band edges, once calculated from Eqs.~12! and~13!, are
displayed in the energy band diagram on the screen as sh
in Fig. 3. The quadratic dependence of the energy band e
on position is indicated in the gradual transition in ener
bands in going from thep-side to then-side.

C. The I –V characteristics of the LED

When the user applies a voltage,VA across the LED, by
moving the scroll bar in the ‘‘Simple Circuit’’ option~see
Fig. 4!, the band structure changes and current flows thro
it depending upon the polarity of the voltage. The change
the energy bands is calculated by simply recalculating
depletion layer widths and band edges with the built-in vo
age reduced or increased by the applied voltage so tha
new value of the built-in voltage is:

VB→VB2VA , ~14!

where VA is the applied voltage, which is positive if th
junction is forward biased and negative if the junction
reverse biased. Thus, in case of a forward biasedp–n junc-
tion the effective built-in voltage barrier is decreased wh
for the reverse biased case, the built-in voltage barrie
increased.
The current across thep–n junction for both the forward

and reverse biased cases is given by

I5I 0~e
qVA /kBT21!, ~15!

where

I 05Ani
2S Dh

Le~nn2pn!
1

De

Lh~pp2np!
D , ~16!

whereA5 junction area,Le,h5effective diffusion length for
electrons or holes,De5mekBT/q is the diffusion constant for
electrons, whereme is the electron mobility, andDh

5mhkBT/q is the diffusion constant for holes, wheremh is
the hole mobility. For most widely used semiconductors,
mobility varies asT23/2.
769 Am. J. Phys., Vol. 65, No. 8, August 1997
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The current calculated in Eq.~15! is plotted in theI –V
graph at the bottom right corner of the screen as shown
Fig. 4.
When the LED is in a circuit with a battery, a potentiom

eter, and another fixed resistance~see Fig. 5!, the user
changes the voltage by ‘‘rotating’’ the knob of the poten
ometer. The voltage of the battery is shared by the LED,
potentiometer, and a fixed resistance;

Vbattery5I ~Rpotentiometer1Rfixed!1VA , ~17!

where ‘‘I , ’’ the current through all three elements, howeve
is the same because they are in series, andVA is the voltage
that appears across the LED.
Since the current ‘‘I ’’ is through the LED, it will depend

upon the voltage that appears across the LED, so that

I5I 0~e
qVA /kBT21!. ~18!

The program solves Eqs.~17! and ~18! simultaneously in
order to determine the current and the voltage appea
across the LED, and display them in the multimeters on
screen. The program uses these quantities to plot theI –V
graph for the device which appears at the bottom right of
screen as shown in Fig. 4.

D. The intensity spectrum of the LED

The intensity spectrum that is displayed on the screen
flects the relative intensities by dividing the light spectru
~including infrared and ultraviolet! into seven different col-
ors of light. The relative intensity for each of the seven c
ors is proportional to the product of the electron occupan
of the energy level in the conduction band and the cor
sponding hole occupancy of an energy level in the vale
band at an energy less than the conduction band elec
energy by an amount equal to the energy of the emitted lig
Thus the relative intensity as a function of energy is given

I ~E!}I E
E85Eg

E85`
f e~E8!De~E8! f h~E82E!

3Dh~E82E!dE8, ~19!

whereI is the current flowing through the LED as calculat
in Eq. ~15! or ~18!, f (E)5Fermi function for electrons or
holes, andD(E)5density of states function for electrons o
holes.
The program determines the intensity value correspond

to each of the seven energy values corresponding to the
ors of the visible spectrum, infrared and ultraviolet, and d
plays the intensity for each in the graph at the top right of
screen~see Figs. 4 and 5!.

E. The illumination current of the solar cell

The current through the solar cell due to the incident lig
depends upon the energy of the incident light as well as
energy gap of the material of the solar cell:

I illumination}AE
E5Eg

`
AE2EgdE, ~20!

whereA is the area of illumination andE is the energy of the
incident photon.
The user changes the energy of the incident light in

program by clicking in the desired region of the intens
spectrum at the bottom right of the screen~see Fig. 7!. The
769Sanjay Rebelloet al.
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vertical position of the click determines the intensity and
horizontal position determines the color and energy of lig
According to Eq.~20!, there is no illumination curren

when the energy,E, of the incident light is less than th
energy gap.
The short-circuit current, which is the current through

resistance-free wire joining the two terminals of the solar c
is:

I short circuit52~ I 01L illumination!, ~21!

and the open-circuit voltage, which is the voltage across
two terminals of the solar cell when they are disconnect
is:

Vopen circuit5
kBT

q
lnS I illuminationI 0

11D , ~22!

whereI 0 is given by Eq.~16!.
The short-circuit current or open-circuit voltage, as co

puted in Eqs.~21! and~22!, respectively, is displayed in th
multimeter that is connected across the terminals of the s
cell, as shown in Fig. 7. The user can choose whethe
display the short-circuit current or open-circuit voltage.
When the solar cell is in a circuit with a battery, a pote

tiometer, and another fixed resistance~see Fig. 8!, the volt-
age of the battery is shared by the solar cell, the potenti
eter, and fixed resistance:

Vbattery5I ~Rpotentiometer1Rfixed!1VA , ~23!

whereI is the current through all three elements, andVA is
the voltage that appears across the solar cell.
Since the currentI is through the solar cell, it will depend

upon the voltage that appears across the solar cell and
the illumination current as determined by Eq.~20!, so that

I5I 0~e
qVA /kBT21!1I illumination. ~24!

The current (I ) vs voltage (VA) graph computed using Eq
~23! appears at the bottom left of the screen~see Fig. 8!.

F. The I –V characteristics of the tunnel diode

A p–n junction can function as a tunnel diode only if th
doping on either side is degenerate, i.e., the Fermi leve
the n-side should be above the conduction band edge
that on thep-side should be below the valence band edg
The first task is to determine the range of energies of e

trons which would tunnel from one side, through the jun
tion, to the other side. This range of energies is determi
by the location of the Fermi energies on then- andp-sides as
well as the conduction and valence band edges on either
The energy range of the tunneling electrons on then-side is
based upon the presence of vacant available states on
n-side. For instance for ap–n junction under forward bias
the lowest possible energy of tunneling electrons is the Fe
energy on then-side, while the highest energy is the Ferm
energy on thep-side ~see Fig. 9!.
The tunneling current is determined by integrating t

product of the electron density and the transmission coe
cient over the aforementioned energy range so that

I tunnel~VA!}E
Efp

Efn
n~E!T~VA!qn~E!dE, ~25!
770 Am. J. Phys., Vol. 65, No. 8, August 1997
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wheren(E)5 f (E)D(E) is the concentration of electrons o
the n-side in the energy rangeE and E1dE, n(E)
5A@2(E2Efn)/m# is the thermal velocity of the tunneling
electrons of energyE, andT(VA)}exp(2Eg

3/2/F(VA)) is the
tunneling probability of the electron, whereF(VA)5(VB

2VA)/W, whereW is the width of the depletion region.
The I –V graph of the tunnel diode is determined by ca

culating the total current, which includes the tunneling c
rent as determined in Eq.~25! as well as the standard forwar
biased diode current in Eq.~15!, so that

I5I 0S expqVAkBT
21D1I tunnel. ~26!

The total current computed as per Eq.~24! is plotted in the
I –V graph at the bottom right of the screen. The two ca
where the tunnel diode is used in a ‘‘simple circuit’’ or
‘‘circuit with resistance’’ result in differentI –V graphs@see
Figs. 6~a! and 6~b!# for reasons discussed in the previo
section.
The formalism presented above describes the equat

that have been used to model the variousp–n junction de-
vices that have been simulated in this program. There
several simplifying assumptions made in these models, id
tical to the ones that are typically made in several stand
texts in semiconductor or solid state physics.

IV. LIMITATIONS OF THE SIMULATION

While theSemiconductor Device Simulatoris designed to
enable the student to learn about energy bands inp–n junc-
tion devices and how these can be used to explain the e
trical and spectral characteristics of these devices, the si
lation is not accurate in certain situations.
The calculation of the electron and hole concentrations

either side of thep–n junction are not valid for a partially
compensated semiconductor. It assumes that all the acce
and donors are completely ionized. The simulation also
sumes that the semiconductor has a direct band gap. Sili
for instance, which is the default semiconductor used in
simulation has an indirect band gap and hence is not suit
for making LEDs. While the program shows the user a m
sage indicating that silicon is not typically used to ma
LEDs, the user is not provided with any reasons as to w
this is the case. The temperature dependence of theI –V
characteristics is not completely accurate for all semicond

Fig. 9. Energy band diagram for the tunnel diode showing the range
energies of electrons on then-side that can tunnel to thep-side.
770Sanjay Rebelloet al.
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ice
tor materials. The program does not take into account
temperature dependence of the energy gap. The temper
dependence of the electron and hole mobilities is assume
follow a T23/2 dependence, although this behavior is tr
only for silicon. For indirect semiconductors, the intensity
the light emitted by LEDs increases dramatically at low
temperatures. This is because in LEDs made out of indi
semiconductors, the phonon modes are frozen out at
low temperatures~i.e., no energy is lost to lattice vibrations!,
consequently the energy emitted when the electrons
holes recombine is all given out in the form of light, there
increasing its intensity. In fact, changes in both the freque
as well as the intensity of light have been documented w
a GaP~gallium phosphide! LED, doped with As~arsenic! is
immersed in liquid nitrogen.7 The authors, however, cautio
that LEDs with multiple emission peaks arising from an
troduction of impurities can exhibit more complex tempe
ture effects. Another aspect of the simulation that could
potentially misleading is the intensity spectrum of the LED
The intensity spectrum is plotted on a logarithmic scale~al-
though no such indication is provided to the user in the p
gram!. So colors that would not normally be visible to th
naked eye, or even through a spectroscope are shown
emitted in the intensity spectrum. For instance, an LED t
is simulated using GaP as the semiconductor materia
shown to emit blue and ultraviolet light in its spectrum
addition to green light which has the greatest intensity. Si
the intensity spectrum is on a logarithmic scale, the sligh
lower intensity bar on the spectrum for blue compared
green represents an intensity value which is several orde
magnitude smaller, and hence, would not be visible in a
experiment. Another feature of the intensity spectrum is t
the lowest value of the energy~frequency! of emitted light
corresponds to that of the energy gap. This spectrum is o
valid under the idealized assumption that no donor or acc
tor states exist within the band gap which participate in
transitions. This assumption is not true for actual LEDs.
deed, semiconductor materials used to make LEDs are o
doped with nitrogen, phosphorous, arsenic, etc., to introd
these additional states, and alter their spectral characteris
The resulting intensity spectrum of an actual LED thus c
tains colors that have both energies, slightly higher a
slightly lower than the band gap energy. The simulation d
not show this feature. Also in the simulation, the color
light emitted by the LED in the diagram is not always com
mensurate with that on the spectrum. While the former
meant to be a visual indication that the LED emits light, t
latter can be used for semi-quantitative analysis.
In spite of all the aforementioned anomalies and appro

mations in the models used, we believe that theSemiconduc-
tor Device Simulatorcan serve as a useful pedagogical to
In the following section we present a brief tutorial on ho
the program could be used by students in the classroom

V. A BRIEF TUTORIAL

TheSemiconductor Device Simulatorprogram was prima-
rily designed to reach introductory students who do not h
a strong background in higher level mathematics or phys
Consequently, not all the mathematical computations are
ible to the user. The program, however, does provide p
erful visual representations of how the energy band,I –V
curves, and intensity spectra ofp–n junction devices are
interrelated and dependent upon other external factors
771 Am. J. Phys., Vol. 65, No. 8, August 1997
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the user can vary. Hence the program can be used by
dents over a range of academic levels. In theSolids and
Light8 instructional unit, the program is used by introducto
students who are led through a sequence of steps so that
can explain their experimental observations using the p
gram. In this section, however, we outline some simple
tivities that would be suitable for students at a slightly high
level than the ones for whom the program was origina
designed. We believe that many of the activities that
described below could also be adapted to students at in
ductory levels.
Step 1: Selecting the semiconductor.The opening screen

of the program is seen in Fig. 1. Students begin by choos
the semiconductor from theDevicemenu in the top menu
bar. Using this menu, students could also read off the vari
parameters associated with each of the semiconductors
vided. This knowledge would enable students to choos
correct semiconductor that best matches the application
sired. More advanced students could create their own hy
thetical semiconductor. Students could be supplied with a
of performance requirements of the device and could be
pected to work backwards to determine the semicondu
that would best meet these requirements, e.g., the semi
ductor that would most likely be used to create:

~1! an LED with a peak wavelength of 645 nm,
~2! a tunnel diode with a peak voltage of 0.4 V and vall

voltage of 0.6 V,
~3! a solar cell with an output voltage of 0.7 V when irrad

ated with red light.

Step 2: Doping the Semiconductor.Next students have to
dope the semiconductors with acceptors and donors~Fig. 2!.
Each acceptor and donor ‘‘atom’’ that they implant corr
sponds to an increment in the value of the acceptor and
nor concentration. Students observe the change in the F
energy with the implantation of dopant atoms. Stude
could be asked to discuss the following:

~1! How does the Fermi energy change when we add
nors? Acceptors?

~2! Does the Fermi energy increase/decrease linearly, ex
nentially, or logarithmically, with addition of donors
acceptors?

~3! What happens to the Fermi energy if we add both don
and acceptors to the same block? Why?

Step 3: Creating the p–n junction. Having appropriately
doped each semiconductor block, so that one of them
p-type and the othern-type, students bring the two semicon
ductor blocks together by clicking the ‘‘Connect’’ button
and then click the ‘‘Equilibrate’’ button~Fig. 3! to make the
Fermi levels on the two sides align. They also observe
built-in voltage indicated in the energy band diagram, as w
as the depletion layer width. At this point students could
asked:

~1! Why should the two Fermi levels align on the two side
~2! How does the built-in voltage change with the level

doping on each side?
~3! How does the depletion layer width change with the do

ing on each side?

Step 4: Creating the device.After creating thep–n junc-
tion, students can now create a device such as an LED, s
cell, or tunnel diode by clicking the ‘‘Choose Circuit’’ but
ton and choosing the menu options that follow. Each dev
771Sanjay Rebelloet al.
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can be used in two different modes. In the case of the L
and tunnel diode, the ‘‘Simple Circuit’’ mode~Fig. 5! allows
the student to observe the behavior of the device when
connected to an idealized variable voltage source, while
the ‘‘•••with Resistance’’ mode~Fig. 4!, the device appear
in a more realistic circuit where a potentiometer controls
flow of current through it.
In case of the LED, the student can change the voltag

resistance of the potentiometer and observe changes in
energy bands,I –V graph, and intensity spectrum. The st
dents could be asked a variety of questions using LED si
lations including:

~1! Why does the LED turn on only above a certain voltag
~2! How are the intensity spectrum and turn-on voltage

the LED related to the material used?
~3! What effect does the level of doping have on the turn

voltage and intensity spectrum of an LED?
~4! How does the turn-on voltage of the LED vary wi

temperature?
~5! What effect does increasing the junction area have on

I –V graph and intensity spectrum of the LED?

When the student attempts to create a tunnel diode,
program checks whether the Fermi energies on then-side
andp-side are above and below their respective conduc
and valence band edges. If this condition is not satisfied,
program asks the user to increase the doping concentra
Unlike the LED, theI –V graphs of the tunnel diode ar
markedly different in the two modes@Figs. 6~a! and 6~b!#. In
the tunnel diode simulation, students could be asked to
dress the following questions:

~1! Why does the tunnel diode need a certain minimum le
of doping concentration to operate?

~2! How do the peak and valley voltages change with
material of the tunnel diode?

~3! How do the peak and valley voltages change with
doping concentration of the tunnel diode?

~4! Why are theI –V graphs of the tunnel diode different i
the two modes, while those of the LED are not?

If a solar cell is created, the student can either measure
output current and voltage of the device or use it in a circ
to measure itsI –V graph. In either case, the student can va
the intensity spectrum of the incident light by clicking in th
appropriate column in the intensity spectrum graph. A fla
light of the appropriate color~which is the weighted averag
of the colors input in the intensity spectrum! appears indicat-
ing that the solar cell is irradiated. In the ‘‘Output Measur
ment’’ mode~Fig. 7!, the student can click on the termina
of the multimeter and make it toggle between an amme
and voltmeter. The student can then measure the short-ci
current and open-circuit voltage of the solar cell, for differe
intensity spectra of the incident light. Pressing the ‘‘Kee
button below the intensity spectrum allows the student
preserve the output measurement settings for the solar
for a given intensity spectrum, before examining the effe
of a different intensity spectrum. Stored intensity spectra
the corresponding output measurements can be accesse
ing the ‘‘Data Sets’’ option in the pull down menu. Th
student could be asked to address the following question

~1! For a given solar cell, how does the open-circuit volta
and short-circuit current vary with the intensity spe
trum?
772 Am. J. Phys., Vol. 65, No. 8, August 1997
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~2! Is there a minimum energy of light that the solar c
must be irradiated with before it produces any current
voltage?

~3! How does this energy vary with the material of the so
cell?

~4! What influence does the doping concentration have
the performance of the solar cell?

When the student uses the ‘‘Solar Cell in Circuit’’ mod
she/he can observe how changes in both the intensity s
trum of the incident light, as well as the potentiometer res
tance affect theI –V graph of the solar cell. Here, sever
I –V graphs can be generated for different intensity spec
Students can address the following questions:

~1! How does the intensity spectrum affect theI –V graph of
the solar cell circuit?

~2! How does the output power of the solar cell vary wi
the intensity spectrum?

~3! Which materials would be most suitable for creating s
lar cells which operate in sun light? In infrared light?

In this section we have presented a brief description
some of the activities that students could perform using
Semiconductor Device Simulator. The exercises outlined
above could be used at the introductory level without
quantitative aspect of some of the questions. The prog
has its limitations, and more advanced students would ben
from discussing the limitations of the models used to sim
late these devices. In the following section we present so
of the pedagogical applications of the program.

VI. PEDAGOGICAL APPLICATIONS

The Semiconductor Device Simulatorprogram is useful
pedagogically for several reasons. The computer program

~1! Is completely interactive. Students must create th
own semiconductor device by appropriately doping ea
piece of semiconductor, and choosing the circuit in wh
they wish to use the device. They must also change the in
parameters—the voltage applied and/or the spectrum of i
dent light.

~2! Can be integrated with hands-on experiments. The
vices can be used in two types of simulated circuits. In o
case, the simulated circuit is simplified for pedagogical r
sons. In the other case, they can be used in a more com
but realistic circuit which is almost identical to one they m
use in an experiment. We have used this program in
activity-based environment where students build a real
cuit using different electrical components on a breadboa
In this kind of a situation, students can use the program
explain their experimental results in terms of energy ban

~3! Does not require any knowledge of higher level ma
ematics or physics. The program relies solely on visuali
tion techniques to enable the student to learn the relation
between the energy bands of a semiconductor and the re
ing electrical and spectral characteristics, with emphasis
qualitative reasoning and understanding. The student n
sees the equations used in calculating the energy bands
tensity spectra, or currents, which were discussed in the
vious section.

~4! Is versatile and can be used by students at virtually
levels from high school to advanced undergraduates in s
state physics or electrical engineering. High school and
troductory college students can use the program to un
stand the electrical characteristics of somep–n junction de-
772Sanjay Rebelloet al.
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vices and compare their results with experiments. M
advanced students of solid state physics or electrical e
neering can use the program to perform a ‘‘what if’’ type
analysis by changing various parameters of these devices
observing the corresponding changes in band structur
well as the resulting changes in the electrical and spec
characteristics.

~5! Dynamically demonstrates the relationship betwe
the energy bands in ap–n junction device and the resultin
electrical and spectral characteristics. These characteri
can be observed on real devices in instructional laborato
These relationships have, so far, only been shown in
pictures in textbooks.

~6! Allows the user to simulate changes in the semic
ductor device including changes in dopant density, temp
ture, and junction area and observe the resulting change
the electrical characteristics. Hence, the program fills a v
for those students who were not able to study the behavio
individual devices without using more advanced circ
simulators.

VII. FEEDBACK FROM USERS

The program has been tested in various environments.
used the program in an introductory modern physics cou
taken primarily by secondary education majors at Kan
State University. The program was used by students in c
junction with hands-on activities in the classroom with LED
and solar cells and also in the laboratory with bipolar jun
tion transistors and tunnel diodes.
We are currently field-testing the program in high scho

and universities across the nation as a part of the ‘‘Solids
Light’’ instructional unit. The students use the program w
accompanying hands-on activities, other programs, and w
ten materials in the two-week instructional unit which us
LEDs as the pedagogical vehicle to convey concepts of
ergy bands in a solid and the emission of light due to el
tronic transitions. Students begin with the measuremen
the I –V graph of the LED and realize that it cannot be e
plained by Ohm’s law. This observation motivates the s
dents to look at the LED more closely. Through investig
tions of the LED, students learn that, unlike most other lig
sources that they may have encountered, the LED is a s
state device. Since solids are more complex than gases
cause of closely packed atoms, the students attempt to b
by studying a gaseous light source. By observing gas la
whose spectra are discrete lines and using a comp
program,9 students empirically understand that electrons
gases can have only certain allowed energies. This ide
most conveniently represented by modeling an isolated
atom by a square potential energy well. Since solids con
several atoms that are closely spaced, in this representat
solid is an array of closely spaced potential energy we
Another computer program10 enables students to observe t
formation of energy bands in a solid. Having developed
idea of energy bands in a solid, the students reinforce
concept through the observation of the continuous emis
spectrum of an LED. Finally, students use theSemiconductor
Device Simulatorprogram to apply the energy band conce
to explain both the electrical and spectral characteristics
the LED.
The program was also critiqued by the Visual Quant

Mechanics project’s national advisory board, consisting
773 Am. J. Phys., Vol. 65, No. 8, August 1997
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high school and university faculty, and by other research
in the field of physics education based in the U.S, Euro
and the Middle East.

VIII. SUMMARY

The Semiconductor Device Simulatorprogram allows a
user to observe the changes in the energy bands for ap–n
junction device. The user begins by choosing a semicond
tor and doping it with the desired type of dopant. Two d
ferently doped pieces of semiconductor are then brought
gether to create ap–n junction device—an LED, solar cell
or a tunnel diode. The device can be used in a simula
simple circuit with a variable power supply or in a mo
realistic circuit with a battery, a resistance, and a potentio
eter. The user can change the voltage applied across the
vice and observe the resulting changes in band structure
the current as shown on anI –V graph. In the case of the
LED, the user can also observe the spectrum of the emi
light. The user can change several parameters including
dopant density, the junction area, the temperature, and in
case of the solar cell the intensity spectrum of the incid
light. More advanced users can also create their own se
conductor with any desired energy band gap, carrier mo
ity, and effective masses.
We believe that the program has several pedagogical

plications at various levels due to its versatility and us
friendliness. We have field tested the program in high sch
and university environments and the results have been
positive. We have incorporated some of the feedback tha
received in the current version of the program. The progr
was awarded an honorable mention in the Computers
Physics journal’s Seventh Annual Education Softwa
contest11 conducted by the AIP. The current version of th
program for both the Windows™ and Macintosh™ platform
can be downloaded from our World Wide Web site http
bluegiant.phys.ksu.edu.

a!Electronic mail: srebello@phys.ksu.edu
b!Electronic mail: rcmouli@cis.ksu.edu
c!Electronic mail: dzollman@phys.ksu.edu
d!Electronic mail: escalada@phys.ksu.edu
1Supported by the National Science Foundation, under Grant No.
945782.
2More information aboutVisual Quantum Mechanicsmay be obtained at
our World Wide Web site http://bluegiant.phys.ksu.edu
3C. Kittel, Introduction to Solid State Physics~Wiley, New York, 1986!,
6th ed.
4B. G. Streetman,Solid State Electronic Devices~Prentice Hall, Englewood
Cliffs, 1972!.
5M. J. Cooke,Semiconductor Devices~Prentice Hall International, UK,
1990!.
6S. S. Li,Semiconductor Physical Electronics~Plenum, New York, 1993!.
7A. B. Ellis, M. J. Geselbracht, B. J. Johnson, G. C. Lisensky, and W.
Robinson, ‘‘Teaching General Chemistry: A Materials Science Comp
ion,’’ Am. Chem. Soc. 218–226~1993!.
8L. T. Escalada, N. Sanjay Rebello, and D. A. Zollman,Solids & Light—An
Instructional Unit on Quantum Effects in LEDs~Physics Education Re-
search Group, Kansas State University, 1996!.
9Atomic Spectroscopycomputer program, Physics Education Resea
Group, Kansas State University, 1996.

10Energy Band Creatorcomputer program, Physics Education Resea
Group, Kansas State University, 1996.
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