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Abstract

This paper is emphasized on the analysis of computer aided software design for light emitting
diode modeling in relation with the electronic properties and band diagram design. As the
electronic properties, the current-voltage characteristics, the band-gap energy as a function of
temperature, the temperature dependence of emission intensity are described briefly in this
research work. The properties and associated characteristics of the materials are analyzed with the
result figures. On the other hand, for the band structure design, the research is emphasized by the
homostructure and heterostructure of not only the existing known materials but also the other new
materials. The band-diagram results are approved by the parameters of the materials such as doping
concentrations, effective mass of the materials and so on. The most fundamental materials are
silicon and germanium. Beside the silicon and germanium, the band structure also shows the other
new materials such as ZnO, ZnCdO, CsPbBrz and so on. This research will help the researchers
who analyze the light emitting diodes.

Keywords: Computer Aided Software Design, Light Emitting Diodes Modeling, MATLAB,
Semiconductor Electronics, Computer Software

1. Introduction

The research is emphasized by using computer-based simulation for light emitting diode modeling.
The research trend is to find the new device by using simulation tools like MATLAB, the
characteristics of proposed devices from analysis, and the calculations of the specifications such
as current, voltage of the device in relation with parameters such as temperature. The result is the
data of program and the expected output is achieved by changing the parameters. The research
includes the most suitable parameters for a device fabrication and the recommendations if this
parameter works on such device or not. Nowadays, the use of LED is very widespread, not only
for lighting but also in other fields. LEDs present many advantages over incandescent light sources
including lower energy consumption, longer lifetime, improved robustness, smaller size, and faster
switching. LEDs can produce sufficient light with very smaller power than the traditional light
bulbs or fluorescent tubes. For example, crops are successfully grown in downtown warehouse
without soil and sun by using LED grow light. In these days, light emitting diodes could soon be
the light of the world. Light emitting diodes are made using p-n junction. LED is a two lead
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semiconductor light source which converts electrical signal into optical signal, when it is operated
in forward biased direction. A light-emitting diode (LED) is also a semiconductor light source.

When the junction is forward biased, electrons and holes are injected in the opposite directions
across the junction’s depletion region. As these injected holes and electrons recombine with
electrons and holes on the n and p sides of the junction, light is emitted in the form of photons.
Thus among the four Kkinds of luminescence, namely photoluminescence (PL),
cathodoluminescence (CL), electroluminescence (EL), radioluminescence (RL), light-emitting
diode works for the electroluminescence effect and the color of the light is determined by the
energy gap of the semiconductor. The optimization of the device design is usually done by
computer simulation, and this must be based upon the physical processes which actually occur in
the devices and must use appropriate values for material parameters. Simulations agree well with
experimental data for diode current as a function of temperature for a variety of device structures.
A comprehensive temperature analysis of the LED devices is performed based on the temperature
dependencies of the physical parameters [1].

The research includes the comparison of electrical and optical characteristics, the temperature
dependence of emission intensity, the band gap energy as a function of temperature, the voltage-
current (V-1) characteristics, with a reference of LED. In this research, the results of a self-
consistent numerical simulation of light emitting diodes could be confirmed by experimental
results. All material parameters based on recent literature values as well as our own experimental
data are evaluated. However, experimental data does not exist for many material parameters in
these simulations and reasonable estimations have to be used. Simulations using the programs
provided the opportunity to study the effect of different device parameters on the overall device
performance. The performance of the device was improved until an optimal device configuration
was created for a particular application [2].

This research work is done on computer-based simulation for light emitting diode modeling. The
researchers who analyze light emitting diodes are making experiments practically. Then, after the
experiments, results are proved right by the theoretical point of view. Since this method is
experiment dependant and the experiment is not affordable, it will not be worked.

For that condition, computer simulation will be a great assistance. So, computer-based method is
the most appropriate method. Based on not very few amounts of characteristic equations, the
associated characteristic curves are drawn in this paper. As the band-gap structures vary, the
operating principals done by the light emitting diodes vary. They are not the same. These facts
which are based on the development of computer-based simulation design for LED modeling are
all gathered in this paper.

The research is to find out the most suitable parameters for a device. The research includes
simulation the program using equations which are derived from existing system of literature
background and the characteristic curves and the recommendation whether this parameter works
on such device or not. The algorithms are implemented by using MATLAB programming. And
the performance of the proposed system is evaluated and compared the results with the associated
properties.
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2. Light Emitting Diode

A light emitting diode (LED) is a two-lead semiconductor light source. It is a p-n junction diode,
which converts electrical signal into optical signal. When the junction is forward biased, electrons
and holes are injected in opposite directions across the junction’s depletion region. As these
injected holes and electrons recombine with electrons and holes on the n and p sides of the junction,
light is emitted from the diode in the form of photons. LED is a p-n junction opto-semiconductor
that emits a monochromatic (single color) light when operated in a forward biased direction. When
p-n diode is forward biased, annihilation of holes and electrons takes place close to the junction
and some energy is released in the junction. In Ge, Si, this energy is in the form of heat. In GaAs
(gallium arsenide), the energy is released in the form of radiation. This phenomenon is known as
electro-luminescence and the diode based upon this phenomenon is called LED. When a suitable
voltage is applied to the leads, electrons are able to recombine with electron holes within the
device, releasing energy in the form of photons. Electroluminescence can be defined as the
emission of light from a semiconductor under the influence of an electric field. The color of the
light is determined by the energy band gap of the semiconductor. The wavelength of the light
emitted, and thus its color, depends on the band gap energy of the materials forming the p-n
junction. Band gap refers to the energy difference (eV) between the top of the valence band and
the bottom of the conduction band in insulators and semiconductors LED is capable of emitting a
fairly narrow bandwidth of visible or invisible light when its internal diode junction attains a
forward electric current or voltage. LEDs are of two kinds: visible and invisible colors. The visible
lights that an LED emits are orange, red, yellow, or green. The invisible light includes the infrared
light. Red is the most common color among them. The differences in the LED colors are due to
the differences in the semiconductor substrate material such as gallium arsenide, gallium arsenide
phosphide and the associated wavelength. LED denotes high power, good efficiency and faster
response time of 0.1us. LED technology has now developed to the point where there are several
different types of LED. Light emitting diodes are one of the fastest growing sectors in the
electronic component industry. Applications of light emitting diode are sensor applications, mobile
applications, sign applications, LED signals, indicators, traffic light, barcode scanner, LED street
lights, LED lamps, LED displays, LED car brake lights and so many other electronic things.

3. Generation and Recombination in Semiconductors

Quantum mechanics is the science of the very small. Quantum mechanics is also the body of
scientific laws that describe the behavior of photons, electrons and the other particles that make up
the universe. A quantum-mechanical approach can be taken using the time-dependent perturbation
theory, Fermi’s golden rule. In general, these generation-recombination processes can be classified
as radiative or non-radiative. The radiative transitions involve the creation or annihilation of
photons. The non-radiative transitions do not involve photons. They may involve the interaction
with phonons or the exchange of energy and momentum with another electron or hole. The
generation rate is

G, =G, =e,eisanemission rate.

n
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Figure 1 Energy Band Diagram for Generation of an Electron-Hole Pair
For the recombination of electron-hole pair, the recombination rate is

R =R _=cn . -
" P P Where c is the capture coefficient.
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Figure 2 Energy Band Diagram for Recombination of Electron-Hole Pair
The net recombination rate is given as follows.

R=R -G =R -G =cnp —e

4. Radiative and Non-radiative Recombination

Electrons and hole recombine either radiatively or non-radiatively. However, radiative
recombination is clearly a preferred process because it emits light emission. There are three bands
to measure the electronic band-gap; the conduction band, valence band and the interband. So, the
laser excitation excited the semiconductor sample. At this condition, the recombination process
takes place. Electrons only recombine with holes that have the same momentum. Electrons and
holes in semiconductors recombine either radiatively or non-radiatively [3].
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Figure 3 Illustration of Electron-Hole Recombination [3]
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5. Radiative Electron-Hole Recombination

Radiative recombination is clearly the better process than non-radiative recombination. Radiative
recombination results in light emission. During radiative recombination, electron and holes
recombine with each other and light is emitted in the form of photons [4].

Free Electron

Figure 4 Radiative Recombination of an Electron-Hole Pair Accompanied by the Emission a Photon with Energy hv=Eg [4]

There are two types of free carriers, namely, electrons and holes. At a given temperature under
equilibrium conditions, the product of the electron and hole concentrations is a constant.

2
NePo =N,
where ng and po are the equilibrium electron and hole concentrations and niis the intrinsic carrier

concentration. The followings are the bimolecular and monomolecular rate equations for n-type
and p-type semiconductors. Bimolecular rate equation is

Monomolecular rate equations are

For p-type semiconductors,

9 ()= )
dt T

n

For n-type semiconductors,

LI (1) 2 (t)

dt T
p

International Journal of Computing and Related Technologies Volume 2 Issue 2 19



Computer Aided Software Design (CASD) for Light Emitting Diode Modeling

where B is the recombination coefficient. After a short optical excitation pulse, the carrier decay
in semiconductors can be measured by the decay of the luminescence. The recombination rate for
low and high excitation cases are defined as follows [4].

For low-level excitation,

dn (t) An .
dt T

For high-level excitation,

dn(t): -B

dt (Bt + An 071 )Z
6. Non-radiative Recombination

In non-radiative recombination events, the energy released during the electron-hole recombination
is converted to phonons. During non-radiative recombination, the electron energy is converted to
vibrational energy of lattice atoms, i.e. phonons. Thus, the electron energy is converted to heat.
For obvious reasons, non-radiative recombination events are unwanted in light-emitting devices.
The most common cause for non-radiative recombination events are defects in the crystal structure.
There are many defects in semiconductor material [5].

The diagram for non-radiative recombination is shown in Figure 3.6. The first portion of the band
diagram of non-radiative recombination is via deep level. The transition is between the energy gap.
The recombination of free carriers via deep levels was first analyzed by Shockley, Read and Hall.

WVibrating atoms (Phonons)

Figure 5 Non-Radiative Recombination Process [5]

p,An + n Ap + AnAp

(NTvpcsp)_l(n0 +n1+An)+(NTvn<sn)71(p0 +p,+Ap)
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where An=Ap; vn and vpare the electron and hole thermal velocities and o, and op are the capture
cross sections of the traps.
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Figure 6 Band Diagram of Non-Radiative Recombination (a) via a Deep Level (b) via an Auger Recombination and (c) Radiative
Recombination[5]

The second portion of another important non-radiative recombination mechanism is Auger
recombination. Auger recombination is a three carrier process which may be band-to-band. In
auger recombination, the energy is given to a third carrier, which is excited to a higher energy level
without moving to another energy band. Auger effects mean that a second electron absorbs the
energy given up by the first electron. In this process, the energy becoming available through
electron-hole recombination is dissipated by the excitation of a free electron high into the
conduction band, or by a hole deeply excited into the valence band. Auger recombination is
proportional to the square of the carrier concentration since two carriers of the same type are
required for the recombination process [5]. The last portion is radiative recombination. When
electron and hole recombine with each other, light is emitted in the form of photons.

7. Surface Recombination
Non-radiative recombination can also occur at semiconductor surfaces. Surface recombination is

the another important type of non-radiative recombination. Surface recombination occurs, when
the optical laser excitation pulse at the surface, they absorb the energy.

Table 1The Surface Recombination Velocity for Some Semiconductors [6]

Semiconductor Surface recombination velocity
GaAs S=10°cm/s
InP S=10%cm/s
Si S=10'cm/s
GaN S =5x10% cm/s
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Figure 7 Illuminated p-type semiconductor and band diagram [6]

The transition process between bands occur, at each level of the surface states. Surface
recombination leads to a reduced luminescence efficiency and also to heating of the surface due to
non-radiative recombination at the surface. Both effects are unwanted in electroluminescent
devices. So, surface recombination is not beneficial for light emitting diodes. The surface
recombination velocities for some semiconductors are summarized in the following table [6].

8. Carrier Distribution in p-n Junction

A p-n junction with a donor concentration of Np and an acceptor concentration of Na has the free
electron concentration of n=Np and the free hole concentration of p=Na. It is further assumed that
no compensation of the dopants occurs by unintentional impurities and defects. During an unbiased
p-n junction, electrons originating from donors on the n-type side diffuse over to the p-type side
where they encounter many holes with which they recombine. A corresponding process occurs
with holes that diffuse to the n-type side. As a result, a region near the p-n junction is depleted of
free carriers. This region is known as the depletion region.In the absence of free carriers in the
depletion region, the only charge in the depletion region is from ionized donors and acceptors.
These dopants form a space charge region, i.e. donors on the n-type side and acceptors on the p-
type side. The space charge region produces a potential that is called the diffusion voltage Vp. The
diffusion voltage is given by

KT NN
V, = —In —2-2
2
e n,

where Na and Np is the acceptor and donor concentration. n; is the intrinsic carrier concentration
of the semiconductor [7].

The diffusion voltage represents the barrier that free carriers must overcome in order to reach the
neutral region of opposite conductivity type. The width of the depletion region, the charge in the
depletion region and the diffusion voltage are related by the Poisson equation [8].

The depletion layer width is
WD — \/2_8(\/ _ VD)[L+ LJ
e N, N,
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where ¢ = ¢ ¢, IS the dielectric permittivity of the semiconductor and V is the diode bias voltage.

Upon application of the bias voltage to the p-n junction, the voltage is going to drop across the
depletion region. This region is highly resistive due to the fact that it is depleted of free carriers.
An external bias therefore decreases or increases the p-n junction barrier for forward or reverse
bias. Under forward bias conditions, electrons and holes are injected into the region with opposite
conductivity type and current flow increases. The carriers diffuse into the regions of opposite
conductivity type where they will eventually recombine, thereby emitting a photon [9].

9. Carrier Distribution in p-n Homojunctions

The carrier distribution in p-n homojunctions means that the p-n junctions consisting of a single
material. In homojunction, the carriers diffuse over the diffusion length, before recombination.
The large recombination region in homojunctions is not beneficial for efficient recombination. The
mean distance a minority carrier diffuses before recombination is defined by the diffusion length.

L =D 1 and L =./D 1

n n-n P PP
where 1n and tp are the electron and hole minority carrier lifetimes [10].

Also, the carrier distribution in p-n homojunctions depends on the diffusion constant of the
carriers. The diffusion constant of carriers is not easily measured. The diffusion constant can be
inferred from the carrier mobility by the Einstein relation for non-degenerate semiconductors is
given by

KT KT
D, = —u, and D, =—u,
e e

Figure 8 Homojunction Under Forward Bias [9]

10.  Carrier Distribution in p-n Heterojunctions

Heterostructures confine free carriers to the small well region. They are frequently employed to
obtain high carrier concentrations and thus short carrier lifetimes. All high intensity light emitting
diodes do not use the homojunction design but rather employ heterojunctions, which have clear
advantages over homojunction devices.

International Journal of Computing and Related Technologies Volume 2 Issue 2 23



Computer Aided Software Design (CASD) for Light Emitting Diode Modeling

Wy - -

Ec Wm

Figure 9 Heterojunction Under Forward Bias [11]

Heterojunction devices employ two types of semiconductors, namely a small-bandgap active
region and a large-bandgap barrier region. In heterojunctions, carriers are confined to the well
region. Bimolecular recombination equation is

R = Bnp
B is the recombination coefficient [11].
11. Double Heterostructure

If a structure consists of two barriers, i.e. two large-bandgap semiconductors, then the structure is
called a double heterostructure. Double heterostructures are used for quantum well active regions.
Today, all high efficiency LEDs use double heterostructure designs. A double heterostructure
consists of a quantum well active region and two confinement layers. The confinement layers are
frequently called cladding layers. A double heterostructure (DH) consists of the active region in
which recombinations occur and two confinement layers cladding the active region. The two
cladding or confinement layers have a larger band-gap than the active region [12]. There are two
types of double heterostructure, namely, graded design and ungraded design. If the bandgap
difference between the active and the confinement regions is AEg then the band discontinuities
occurring in the conduction and valence band follow the relation.

E o lceang ~Eglemwe = AE, = AE ( + AE
Transparent Light-emitting  Transparent
confinement region  active region confinement region

N S | |
I 1 i 1

o o o 00 0

|00 i}ﬂﬂl

Figure 10 Double Heterostructure with Optically Transparent Confinement Regions [12]
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12. Electron Blocking Layers

Carrier-blocking layers are used when carriers tend to escape from the active layer of an LED into
the confinement layers. To reduce carrier leakage out of the active region, electron-blocking layers
or electron blockers are used in many LED structures to reduce electron escape out of the active
region.

Such electron blockers are regions with a high bandgap energy located at the confinement-active
interface. The band diagram of a GalnN LED with an electron-blocking layer has been
demonstrated.

The LED has AlGaN confinement layers and a GalnN/GaN multiple quantum well active regions.
An AlGaN electron-blocking layer is included in the p-type confinement layer at the confinement-
active interface.

In Figure.12 (a), showing the undoped structure, AlGaN electron-blocking layer creates a barrier
to current flow in both the conduction band as well as the valence band. However in Figure.12 (b),
showing the doped structure, there is no barrier to the flow of holes in the p-type confinement layer
[13].

Electron MOW  active Confinement laver
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blocking laver region
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Figure 11 Illustration of an AlGaN Current-Blocking Layer in an AlGaN/GaN/ GalnN Multiquantum Well LED Structure. (a)
Band Diagram without Doping (b) Band Diagram with Doping [13]
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13.  Current Equation

The Shockley equation for a diode with cross sectional area A is

D, n’ [D, n’
| = eA p i 4 n i (eeV/kT _1)
T, N, T, N,

where Dnp and tpare the electron and hole diffusion constants and the electron and hole minority
carrier lifetimes.

Under reverse bias conditions, the diode current saturates and the saturation current is given by the
factor preceding the exponential function in the Shockley equation. The basic equation from the
theory of semiconductors that mathematically describes the I-V characteristic of the light-emitting
diode is

| _ Is(eeV/kT _1)
k =1.38 x10 2 JK
T = 300K
e=16x10 “cC

Isis the saturation current.

[ D, n’ D n’ |l
I, =eA| |[——+ L
L T, N, T, NAJ

A= cross-sectional area D= hole diffusion constant

n = electron diffusion constant n; = intrinsic carrier concentration
Tp= hole minority carrier lifetime t, = electron minority carrier lifetime
o= hole minority carrier lifetime 1, = electron minority carrier lifetime
Np = donor concentration Na = acceptor concentration
k = Boltzmann’s constant T=room temperature
e=elementary charge

Under typical forward bias conditions, the diode voltage is V>>kT/e, and thus
[ (eVKT )-1]= exp (eVIkT ).

D D
p n e(V-Vy Kt
|=eA</ N, + | ND>(e )
Tp ‘I.'n

The current strongly increases as the diode voltage approaches the diffusion voltage, i.e. V~Vbp.
The voltage at which the current strongly increases is called the threshold voltage and this voltage
is given by Vin=Vp. Several diode |-V characteristics of semiconductors made from different
materials are along with the bandgap energy of the materials. The comparison with the bandgap
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energy of different materials indicates that the energy gap and the threshold voltage indeed agree
reasonably well.

14.  Temperature Dependence of Band-Gap Energy

As the temperature increases, the energy gap of semiconductors decreases. The temperature
dependence of the energy gap of a semiconductor can be expressed by the formula called the
Varshni Formula (Varshni, 1967).

2

oT

E,=E,(0K )-
T+B

9

where Eg= band-gap energy, T = temperature (K), o and 3 = fitting parameters

The fitting parameters are frequently called the Varshni parameters. The Varshni parameters of
common semiconductors are summarized in the table. The bandgap energy versus temperature for
several semiconductors is along with the values for a and . Assuming that the change in band-
gap energy is the dominant factor in determining the temperature dependence of the diode voltage,
the temperature dependence of the forward voltage follows directly from the temperature.

Table 2 The Varshni Parameters of Semiconductors

Eq(0K) a (10* eV/K) B (K)
GaN 3.470 7.70 600
GaP 2.340 6.20 460
GaAs 1.519 5.41 204
InP 1.425 4.50 327
Si 1.170 4.73 636
Ge 0.744 4,77 235
AIN 6.026 18.0 1462
GaSh 0.813 3.78 94
InN 1.994 2.45 624
InAs 0.415 2.76 83

15.  The Temperature Dependence of Emission Intensity

The temperature dependence of emission intensity is defined by the following equation.

I =1, ep( -TT,)

0K

where Tz is the characteristic temperature that describes the temperature dependence of the LED.
A high characteristic temperature is desirable, which implies a small temperature dependence. It
is interesting to note that both LEDs as well as semiconductor lasers have a distinct temperature
dependence of the emission intensity. In LEDs, the decrease is expressed in terms of “T1 equation”.
The characteristic temperature with the associate wavelength and colors of LEDs are summarized
in the following table. The emission intensity of LEDs decreases with increasing temperature.
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This decrease of the emission intensity is due to several temperature-dependent factors including
(i) non-radiative recombination via deep levels, (ii) surface recombination, and (iii) carrier loss
over heterostructure barriers. The characteristic temperature with wavelength is described in the
following.

Table 3 The Characteristic Temperature with the Associate Wavelength and Colors

GalnN/GaN Green LEDs 525nm T1=295K
GalnN/GaN Blue LEDs 470nm T1 = 1600K
AlGalnP/GaAs Red LEDs 625nm T1=95K
GalnN Cyan LEDs 505nm T1=832K
AlGalnP Red LEDs 625nm T1=199K
GalnN Green LEDs 527nm T1=341K

16. Band Diagram of a p-GaAs/N-Alo.sGao.7As Heterojunction
The energy band structure for p-GaAs/N-Alo3Gao7As heterojunction is analysed by using the
appropriate parameters. The mole fraction (x) is 0.3. By analyzing the energy band structure, the

effect of the forward voltage or barrier voltage can be observed, especially from the differences in
energy gap. For p-GaAs/N-AlxGai-xAs (x=0.3), acceptor concentration for p side is

N, =1x10 ®cem °
Donor concentration for N side is
N, =2x10"cm "’

Assume that the density of states hole effective mass (0 < x <0.45) is

m,(x)= (050 +02%x )m,

Electron effective mass is

m_(x)= (00665 + 0083 )m

0

The energy gap is

E,(x)= (1424 +1247x )(eV)
Dielectric constant for (0 < x <0.45),
e(x)= (131 -3x )e,

X is the mole fraction of aluminium.
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£, =884 x10 " As/ (Vem )

k, = 86175 x10 "eVIK

For x=0.3,
The band edge discontinuities are

AE | = 1.247x
AE | =067 AE,

AE | =033 AE

Table 4.

Table 4 Band Structure Parameters for p-GaAs/N-AlGaAs
p-GaAs N-AlxGaixAs
m, = 00665m m, = 00914m |
m, = 050m m, = 0587Tm
ap:l3.l €, SN:12.2 €,
E, = 142V E, = 17%eV

The concentrations are
N 312
wlmo T i
N, =251 x10 | —] cm
| m, 300 |
32
fm. T 1
N, =251x10"| —~—]| cm”’
| m, 300 |
rEVp_Fp—| rEvn_Fp—|
p = Na = NVF1/2|—|= Nvexp|—|
k 5T ] L k s T ]
F,—E, =—kgTh N
[F. - E | [F. —E 1
N =N, NcF1/2| : cN|:NceXp| - cN|
kT ] L keT ]
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[ 1
| |
| 28pV0 |
Xp:| | ND
|qNaND[ND+Na]|
] e )]
XP
X = N,
ND
XW=X +XN

17.  Band Diagram of n-GaAs/P-Alo.3Gao.7As Heterojunction

The energy band structure for n-GaAs/P-Alo3Gao7As heterojunction is analysed by using the
appropriate parameters. The mole fraction (x) is 0.3. For the energy band design, the step by step
procedure to find the band structure is similar to that of the homojunction except that there are no
band edge discontinuities in homojunction.

For n-GaAs/P-Alo3Gao.7As, the parameter usages are as follows.

Acceptor concentration for n region is

3

N, =4x10"*cm

d
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Donor concentration for P region is

N =2x10"cm °

A

Assume that the density of states hole effective mass (0 < x <0.45) is

m,(x)= (050 +02%x )m,

Electron effective mass is

m_(x)= (00665 + 008x )m

The energy gap is

E,(x)= (1424 +1247x )(eV)
Dielectric constant for (0 < x <0.45),
e(x)= (131 -3x)e,

X is the mole fraction of aluminium.

£, =884 x10 " As/ (Vem )

k, = 86175 x10 "eVIK

The band edge discontinuities are

AE | = 1.247x
AE | =067 AE,

AE | =033 AE

Table 5 Band Structure Parameters for n-GaAs/P-AlGaAs

n-GaAs P-Alo3Gag.7As
m . = 00665m m . = 00914m
m, = 050m m, = 0587Tm
g, =131 ¢, g, =122 ¢

E,, =142V E. = 1798V
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. 312
wlm, T »
N, =251 x10 7| —| cm
| m, 300 |
32
m” T 1
N, =251x10"| —~—| cm "’
| m, 300 |
[F, -E, | [F, -E, |
n=N,=NF,| ———|=Nexp| ——"|
keT ] L keT |
E, -F, = -k Tih —*
NC
[E, - F, | [E, - F, |
P:NA NVF1,2| |:Nvexp| |
s T ] | k,T ]
F, —E, =-k,Th —2
N

The contact potential is as follows.

Ege — AE c_(Ecn _Fn)_(FP_EvP)

vV, =
q
The depletion widths
12
[ |
| |
2¢e V
Xn:i — I N,
|quNA[NA+ nNd]|
L & )]
Xn N
X =
P NA d
X =X_ + X

The voltage drop across the n-side
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18. Band Diagram of an Unbiased n-InN/P-GaN Heterojunction

The energy band structure for n-InN/P-GaN heterojunction is analysed by using the appropriate
parameters. The step by step procedure to find the n-P band structure is similar to that of the p-N
design.

For n-InN/P-GaN (heterostructure), the parameter usages are as follows.

Table 6 Band Structure Parameters for n-InN/P-GaN

n-inN P-GaN

m_ = 0llm m. =020m

m, =02/m m, =08m |

g, =13 ¢, e, =89 ¢,

E, = 077V Eg = 34eV
Donor concentration is N, =47 x10 “cem ~* (nregion)
Acceptor concentration is N, =1x10 “cm ~* (P region)
Dielectric constant is £, =884 x10 " As/ (vem )
Boltzmann’s constant k, = 86175 x10 "eVIK

19. Band Diagram of a p-ZnCdO/N-ZnCdO Homojunction

The energy band structure for p-ZnCdO/N-ZnCdO homojunction is analysed by using the
appropriate parameters. The step by step procedure to find the band structure is similar to that of
the homojunction except that there are no band edge discontinuities in homojunction.

For ZnCdO (homostructure), the parameter usages are as follows.

N, =1x10"cm * (pside)
N, =1x120"“cm ~° (N side)

£, =884 x10 " As/ (vem )

International Journal of Computing and Related Technologies Volume 2 Issue 2 33



Computer Aided Software Design (CASD) for Light Emitting Diode Modeling

(m, 71
N, =25 x10°| —~——| cm ~’

Table 7 Band Structure Parameters for p-ZnCdO/N-ZnCdO

p-ZnCdO N-ZnCdO
m. = 024m | m. = 024m |
m, = 06m m, = 06m
sp:8.45 €, g, =845 g
E = 31leV E =31V
gp g
32
(m, T |
N, =251 x10" | —~——| cm’
| m, 300 |
[E, —F, [E, —F, |
p: a_NvF1/2| |:Nvexp| |
kT ] L kT ]
F,-E, = -k Th —
NV
[F, —E | [F, —E |
N =N, NcF1/2| s = |:NceXp| - CN|
keT | L keT |
E. -F, =-k_ Th —=
cN B N
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X
p
X = N
a
ND
X, =X+ X,

20. Band Diagram of an Unbiased n-ZnO/P-Alo.16Gao.saN Heterojunction

The band structure for n-ZnO/P-Alo.16Gao.ssN heterojunction is analysed by using the appropriate
parameters. The mole fraction of the material (x) is 0.16. For n-ZnO/P-Alp16Gao.ssN , the

parameter usages are as follows.

Table 8 Band structure parameters for n-ZnO/P-AlGaN

n-ZnO P-AlGaN
m. =028m m. =036m
m, = 059m m, =08m
e, =85¢ e, =89 ¢
E, =337V E. = 34eV

The doping concentrations for the heterojunction are in the following.

N, =1x10"cm ~° (nregion)

d

N, =2x10“cm ° (P region)

A

g, =884 x10 " As/ (Vem )

k, = 86175 x10 "eVIK

21. Band Diagram of a p-Si/N-Si Homojunction

The energy band structure for p-Si/N-Si homojunction is analysed by using the appropriate
parameters.

For silicon (homostructure), the parameter usages are as follows.

Table 9 Band Structure Parameters for p-Si/N-Si

p-Si N-Si

m. =098m m_ =098m
m, = 049m m, = 049m
g, =117 ¢, g, =17 ¢,
E, =112V E . =112V
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N, =3x10 “cm * (pside)
N, =1x120“cm ~° (N side)

g, =884 x10 " As/ (Vem )

k, = 86175 x10 "eVIK

22. Band Diagram of a p-Ge/N-Ge Homojunction
The energy band structure for p-Si/N-Si homojunction is analysed by using the appropriate parameters.
For germanium (homostructure), the parameter usages are as follows.

N, =1x10 “cm ° (p side)
N, =5x10"cm ~° (N side)

£, =884 x10 ' As/ (vem )

0

Table 10 Band Structure Parameters for p-Ge/N-Ge

-Ge N-Ge

m. =16m | m. =16m
m, =028m m, = 028m
e, =162 ¢, g, =162 ¢,
E, = 066V E, = 066eV

23. Band Diagram of a p-CsPbBrs/N- CsPbBrs Homojunction

The energy band structure for p-CsPbBrs/N-CsPbBrs homojunction is analysed by using the
appropriate parameters. From the design of the band diagram, the conditions of the drift current or
diffusion current flowing across the homojunction can be observed.

For CsPbBr3z homostructure, the parameter usages are as follows.

Table 11 Band Structure Parameters for p-CsPbBr3/N-CsPbBr3

p-CsPbBr3 N-CsPbBrs
m. = 015m m_ = 015m
m, = 0l4m m, = 0l4m
g, =5¢, g, = 5¢g,

E o = 225V En = 225V

International Journal of Computing and Related Technologies Volume 2 Issue 2 36



Computer Aided Software Design (CASD) for Light Emitting Diode Modeling

For CsPbBr3 (homostructure), p-CsPbBrs /N-CsPbBr3,
N, =2x10 “cm ° (pside)

N, =5x20"cm *° (N side)

£, =884 x10 " As/ (Vem )

24.  Current-Voltage Characteristics of Materials

The proper V-I characteristics of some materials used for light emitting diodes are described. The
material systems include the p-N and n-P for both homojunction and heterojunction structure. The
required data for the materials such as concentration, diffusion constant, carrier lifetime are
mentioned in this article. The associate current-voltage characteristics curves are shown with
figures in the following. For p-GaAs/N-Alo.3Gao.7As, the current equation is

| = Is(eeV/kT _1)

Cross-sectional area, A = 2x10 “cm ?
Acceptor concentration, N, =1x10 *em ~°

Donor concentration, N, = 2x10 " em

Intrinsic carrier concentration for GaAs, n, = 2x10 *em
Intrinsic carrier concentration for AlIGaAs, n, = 21 x10 *em
Electron diffusion constant, b | = 57.5cm  */s

Hole diffusion constant, b & =10cm °/s

9

Electron carrier lifetimes, «, =19 x10 s
8

Hole carrier lifetimes, T, =1x10 s
The saturation current is

DP ni2 Dn ni2 24
I, =eA —+ — ) =7.042 x10 A
T, N, T, N,

The current equation is 1 =1 (e®"" -1)
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Current-“Yoltage Characteristics
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Figure 12 Current-Voltage Characteristics of p-GaAs/N-Al0.3Ga0.7As

For n-GaAs/P-Aly3Gap 7As, cross-sectional area, A = 2x10 “cm?

Acceptor concentration, N, = 2x10 " em

Donor concentration, N, = 4x10 “cm

Intrinsic carrier concentration for GaAs, n, = 2x10 *em
Intrinsic carrier concentration for AlIGaAs, n, = 21 x10 *em
Electron diffusion constant, b | = 57.5cm  */s

Hole diffusion constant, b & =10cm °/s

9

Electron carrier lifetimes, ©, =19 x10 s
Hole carrier lifetimes, « =1x10 °s

22

n.
— ) =1.012 x10 © A

The saturation currentis 1, = eA

The current equation is

| = Is(eeV/kT _1)
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Current-“Yoltage Characteristics
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Figure 13 Current-Voltage Characteristics of n-GaAs/P-Al0.3Ga0.7As

For n-InN/P-GaN, the current equation is

| = Is(eeVlkT _1)

Cross-sectional area, A = 2x10 *cm ?
Acceptor concentration, N, =1x10 “cm

Donor concentration, N, = 47 x10 “cm

Intrinsic carrier concentration for InN, n, = 920cm
Intrinsic carrier concentration for GaN, n, =19 x10 “cm
Electron diffusion constant, b = 39em /s

Hole diffusion constant, D, = 0.75cm /s

8

Electron carrier lifetimes, «, =1x10 s
Hole carrier lifetimes, T, =1x10 s

-32

n.
— )= 499072 x10 A

The saturation currentis 1 = eA
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Current-“oltage Characteristics
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Figure 14 Current-Voltage Characteristics of n-InN/P-GaN

For ZnCdO, the current equationis 1 =1_(e™™ -1)

The relative parameters are as follows.
Cross-sectional area, A = 2x10 “cm ?
Acceptor concentration, N, =1x10 " em
Donor concentration, N =1x10 *cm
Intrinsic carrier concentration, n, =1x10 *cem
Electron diffusion constant, b, = 001em  °/s
Hole diffusion constant, b & = 0.02cm “/s

Carrier lifetimes, t =t =21x10 °s

The saturation currentis 1, = eA

7

=7.971 x10 A

The result figure is in the following.

International Journal of Computing and Related Technologies Volume 2 Issue 2

40



Computer Aided Software Design (CASD) for Light Emitting Diode Modeling

Current-valtage Characteristics
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Figure 15 Current-Voltage Characteristics of ZnCdO

For n-ZnO/P-Alo.16GaosaN, the current equationis 1 =1_(e™ -1)

Cross-sectional area, A = 2x10 *cm ?
Acceptor concentration, N, = 2x10 “em ~°

Donor concentration, N, =1x10 " cm

Intrinsic carrier concentration for ZnO, n, = 106cm
Intrinsic carrier concentration for AlGaN, n, = 29 x10 *cm ~°
Electron diffusion constant, b, = 4ocm */s

Hole diffusion constant, D | = 0.012cm */s

Electron carrier lifetimes, ©, =1x10 s
Hole carrier lifetimes, « | = 2x10 s

. . D n?
The saturation currentis 1_ = eA L) -881 x10 *A
Tn N A

International Journal of Computing and Related Technologies Volume 2 Issue 2 41



Computer Aided Software Design (CASD) for Light Emitting Diode Modeling

Current-Yoltage Characteristics
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Figure 16 Current-Voltage Characteristics of n-ZnO/P-Al0.16Ga0.84N

For silicon, the current equation is

| = Is(eeV/kT _1)

Cross-sectional area, A = 2x10 “cm *
Acceptor concentration, N, =3x10 “cm
Donor concentration, N , =10 ** cm ~°

Intrinsic carrier concentration,n, =1x10 “cm
Electron diffusion constant, b = 39em /s
Hole diffusion constant, D, =12cm */s

Carrier lifetimes, =1, =1x10 °s

The saturation current is

D n n| -15
I, — )= 7.7698 x10 T A
T, N,

The result figure of the current-voltage characteristic is in the following.
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Current-“Yoltage Characteristics
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For germanium, the current equation is

| = Is(eeV/kT _1)

Cross-sectional area, A = 2x10 *cm ?
Acceptor concentration, N, =1x10 “*cm

Donor concentration, N, = 5x10 “cm
Intrinsic carrier concentration, n, = 2x10 “cm
Electron diffusion constant, b, = 101em */s
Hole diffusion constant, D = 49cm /s

Carrier lifetimes, « =t =1x10 s

n n i 6

The saturation currentis 1, = eA —— )=1805 x10 A

For germanium, the current-voltage characteristic curve is as shown in Figure.19. The forward
voltage of the device is 0.3 V.

International Journal of Computing and Related Technologies Volume 2 Issue 2 43



Current ()

Computer Aided Software Design (CASD) for Light Emitting Diode Modeling

Current-"oltage Characteristics
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Figure 19 Current-Voltage Characteristic of Germanium

For CsPbBr3, the current equation is

| = Is(eeVlkT _1)

Cross-sectional area, A = 2x10 “cm ?
Acceptor concentration, N, = 2x10 “cm ~°

Donor concentration, N, =5x10 ' cm
Intrinsic carrier concentration, n, = 201cm
Electron diffusion constant, D, = 5x10 cm */s

Hole diffusion constant, D , =3x10 “em s

9

Carrier lifetimes, © =1, =123 x10 s

The saturation current is in the following.

Dn r.]iz -34
I —— ) =417 x10 A
Tn NA

The associated current-voltage characteristic is in the following figure.
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w0 Current-%oltage Characteristics
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Figure 20 Current-Voltage Characteristics of CsPbBr3

The current-voltage (I-V) characteristic of a p-n junction was first developed by Shockley. For I-
V curve of a p-n junction diode, the equation is referred by the Shockley equation. The Shockley
equation for a diode with cross-sectional area A is

D, n? /D n’
| = eA p i i n i (eeV/kT 71)
T, N, T, N,

The diode current saturates and the saturation current is given by the factor preceding the
exponential function in the Shockley equation, under reverse bias conditions. The threshold
voltage as well as the series resistance of the diode increases as the diode is cooled. If the device
were driven at a constant voltage, a large current change would result from a change in
temperature.

25.  Band-Gap Energy as a Function of Temperature

The change in band-gap energy as a function of temperature is shown with the associated result
figures. The eleven materials are tested for the band-gap as a function of temperature. In Figure.21,
the band-gap energy is the main factor for the temperature dependence of diode voltage. The
inspections of the figures reveal that the temperature increases, the energy gap of the

semiconductors decreases. Therefore, the energy gap is time dependent for the materials of the
device.
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Bandgap energy of Gals InP,5i,Ge as a function of termperature
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Figure 21 Band-Gap Energy of GaAs, InP, Si and Ge as a Function of Temperature

The band-gap energy of GaN and GaP as a function of temperature is shown in Figure 22 and 23.
As the temperature increases, the energy band-gap of (GaN) gallium nitride and gallium phosphide
(GaP) also decreases. Also, the band-gap energy of AIN, GaSb, InN, InAs and InSb as a function
of temperature is shown in Figure.24.

As the temperature increases, the energy band-gap of (AIN) alluminium, (GaSb) gallium
antimonide, (InN) indium nitride, (InAs) indium arsenide and (InSb) indium antimonide also
decreases. Among the materials, indium antimonide (InSb) has the lowest energy band-gap.The
energy band gap of semiconductors tends to decrease as the temperature is increased. This means
that the interatomic spacing increases when the amplitude of the atomic vibrations increases due
to the increased thermal energy. This effect is quantified by the linear expansion coefficient.
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Figure 22 Band-Gap Energy of GaN as a Function of Temperature
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Figure 24 Band-Gap Energy of AIN, GaSb, InN, InAs and InSb as a Function of Temperature
26.  Temperature Dependence of Emission Intensity
The result of the temperature dependence of the emission intensity are shown in Figure.25. The

inspection of the figure reveals that the temperature dependence of the emission intensity at a
constant current decreases with increasing temperature. This decrease of the emission intensity is
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due to several temperature-dependent factors including (i) non-radiative recombination via deep
levels, (ii) surface recombination, and (iii) carrier loss over heterostructure barriers.The
temperature dependance of intensity is an important factor for light emitting diodes. When the
temperature is high, the LED intensity drops. The temperature dependence of emission intensity
is defined by the following equation.

=1, ep( -T/T))

where Ty is the characteristic temperature that describes the temperature dependence of the LED.

Temperature Dependence of Emission Intensity
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Figure 25 Temperature Dependence of Emission Intensity

27. Band Diagram of a p-GaAs/N-Alo.sGao.7As Heterojunction

Figure 26 shows that a p-type narrow-gap semiconductor in contact with an N-type wide band-gap
semiconductor of heterojunction. The Fermi level will line up to be a constant across the junction
under thermal equilibrium conditions without any voltage bias, when the two crystals are in
contact. The band structure plot is often first simplified in the form of a band diagram to know
how band structure changes relative to the Fermi level. In a semiconductor, the Fermi level is
surrounded by a band gap. The closest band above the band gap is called the conduction band and
the closest band beneath the band gap is called the valence band.

As a result, the total width of the depletion region is 0.114 um. The conduction band is very close
to the Fermi level than the valence band. For p-type, the conduction band edge is 1367.6 meV.
From the design of the band diagram, the conditions of the drift current or diffusion current flowing
across the heterojunction can be observed. By analyzing the energy band structure, the effect of
the forward voltage or barrier voltage can be observed, especially from the differences in energy

gap.
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Figure 26 Band Diagram of a p-GaAs/N-Al0.3Ga0.7As Heterojunction
28.  Band Diagram of n-GaAs/P-Alo3Gao.7As Heterojunction

The band structure of semiconductor n-P heterojunction is shown in Figure.27. The step by step
procedure to find the band diagram of n-P heterojunction is similar to that of the p-N
heterojunction. The figure reveals that the wide-gap semiconductor is doped P-type and the narrow
gap semiconductor is doped n-type. When the heterojunction is formed, a space charge region will
exist due to the diffusion or redistribution of free carriers at thermal equilibrium. As a result, the
total width of the depletion region is 0.24 um and the conduction band is very close to the Fermi
level than the valence band.

The n-N heterojunction theory is very useful for modeling high electron mobility transistors.
However, depending on the model, the results may be different. The figure shows that the energy
gap of P-type semiconductor is a little wider than n-type doped. The excess electrons on the n side
near the junction may spill over the P side and the holes on the P side near the junction may spill
over the n side.

International Journal of Computing and Related Technologies Volume 2 Issue 2 49



Computer Aided Software Design (CASD) for Light Emitting Diode Modeling

n-GaAs P-Aly:Gag,As
1800 l l 1} l ] ] ] l L) ]

AEc=250.
1200 c=250.6me

600 =
2 !} Fo
E 0 3
> - P b Y e -
S -600 - —
g N -'
i C 3
-1200 = —_
= P Xn ‘AXP‘ -

-1800 L1 1 [ T N B T B "I T W I W T |
-0.3 -0.2 -0.1 0 0.1 0.2

Position x (um)

Figure 27 Band Diagram of an Unbiased n-GaAs/P-Al0.3Ga0.7As Heterojunction
29. Band Diagram of an Unbiased n-InN/P-GaN Heterojunction

The band structure of n-P heterojunction is shown in Figure.28. The step by step procedure to find
the band diagram of n-P heterojunction is similar to that of the p-N heterojunction. The n-N
heterojunction theory is very useful for modeling high electron mobility transistors. However,
depending on the model, the results may be different. The figure shows that the energy gap of P-
type semiconductor is a little wider than n-type doped. The excess electrons on the n side near the
junction may spill over the P side and the holes on the P side near the junction may spill over the
n side.

As a result, the total width of the depletion region is 0.06 um and the conduction band is very close
to the Fermi level than the valence band. The Fermi level will line up to be a constant across the
junction under thermal equilibrium conditions without any voltage bias, when the two crystals are
in contact. The conduction band edge discontinuities is 430meV and the valence band edge
discontinuities is 1000meV.
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Figure 28 Band Diagram of an Unbiased n-InN/P-GaN Heterojunction

30. Band Diagram of a p-ZnCdO/N-ZnCdO Homojunction

The band diagram of p-ZnCdO/N-ZnCdO homojunction with N,=1x10% cm in the p region and
Np=1x10'® cm™ in the N region is shown in Figure.29. The procedure to design homojunction is
similar to that of the heterojunction, except that there are no band edge discontinuities for both
conduction and valence band.

The Fermi level will line up to be a constant across the junction under thermal equilibrium
conditions without any voltage bias, when the two crystals are in contact. The conduction band
edge is 2977meV. From this edge, the band decreases sharply 2679meV. Then, the band decreases
slightly 268meV. A similar configuration can be observed for valence band. As a result, the total
width of the depletion region is 0.17413 pum.

The conduction band is very close to the Fermi level than the valence band. The energy gap of the
p-type doped and N-typed doped are nearly equal. There are no band edge discontinuities in p-
ZnCdO/N-ZnCdO Homojunction. From the design of the band diagram, the conditions of drift
current and diffusion current across the homojunction can be observed. Moreover, by analyzing
the energy band structure, the effect of the forward voltage or barrier voltage can be observed,
especially from the differences in energy gap.
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Figure 29 Band Diagram of a p-ZnCdO/N-ZnCdO Homojunction
31.  Band Diagram of an Unbiased n-ZnO/P-Alo.16Gao.ssN Heterojunction

The band structure of an unbiased n-ZnO/P-Alo.16Gao.ssN heterojunctionis shown in Figure.30. The
figure shows that the position of P-type semiconductor is larger than the n-type semiconductor. As
a result, the total width of the depletion region is 0.4194 um. The band edge discontinuities for
conduction band is 133.678 meV and for valence band is 65.84 meV. The conduction band is very
close to the Fermi level than the valence band.

The conduction band edge for P-type is obtained from the difference in the energy gap and the
fermi level of the P-type material. Then, the band decrease according to the potential drop and
finally close to the fermi level. A similar configuration can be occurred for valence band. From
the design of the band diagram, the conditions of the drift current or diffusion current flowing
across the heterjunction can be observed.
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Figure 30 Band Diagram of an Unbiased n-ZnO/P-Al0.16Ga0.84N Heterojunction
32.  Band Diagram of a p-Si/N-Si Homojunction

The band diagram of a p-Si /N-Sihomojunction with N,=3x10'°cm in the p region and Np=1x10%
cm in the N region is shown in Figure.31. As a result, the total width of the depletion region is
0.632 um and the conduction band is close to the Fermi level than the valence band. The figure
shows that the energy gap of p-type semiconductor is nearly equal to that of the N-type doped.

By analyzing the energy band structure, the effect of the forward voltage or barrier voltage can be
observed, especially from the differences in energy gap. From the design of the band diagram, the
conditions of the drift current or diffusion current can be observed.

The procedure to design homojunction is similar to that of the heterojunction, except that there are
no band edge discontinuities for both conduction and valence band. The Fermi level will line up
to be a constant across the junction under thermal equilibrium conditions without any voltage bias,
when the two crystals are in contact. The effect of the forward voltage or barrier voltage can be
observed.
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Figure 31 Band Diagram of a p-Si/N-Si Homojunction
33. Band Diagram of a p-Ge/N-Ge Homojunction

The band diagram of a p-Ge /N-Gehomojunction with Na=1x10®cm= in the p region and
Np=5x10% cm in the N region is shown in Figure.32.

As aresult, the total width of the depletion region is 2.3115um and the valence band is close to the
Fermi level than the conduction band. The figure shows that the energy gap of p-type
semiconductor is wider than that of the N-type doped. From the design of the band diagram, the
conditions of the drift current or diffusion current flowing across the homojunction can be
observed.

By analyzing the energy band structure, the effect of the forward voltage or barrier voltage can be
observed, especially from the differences in energy gap. Moreover, the effect of the concentrations
can be observed. The procedure to design homojunction is similar to that of the heterojunction,
except that there are no band edge discontinuities for both conduction and valence band. The Fermi
level will line up to be a constant across the junction under thermal equilibrium conditions without
any voltage bias, when the two crystals are in contact. The effect of the forward voltage or barrier
voltage can be observed.
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Figure 32 Band Diagram of a p-Ge/N-Ge Homojunction
34. Band Diagram of a p-CsPbBr3 /N-CsPbBrs Homojunction

The band diagram of a p-CsPbBrs /N-CsPbBrs; homojunction with N,=2x10'¥cm in the p region
and Np=5x10'" cm™ in the N region is shown in Figure.33. As a result, the total width of the
depletion region is 0.0553um and the valence band is close to the Fermi level than the conduction
band. From the design of the band diagram, the conditions of the drift current or diffusion current
flowing across the homojunction can be observed. By analyzing the energy band structure, the
effect of the forward voltage or barrier voltage can be observed, especially from the differences in
energy gap. Moreover, the effect of the concentrations can be observed. The procedure to design
homojunction is similar to that of the heterojunction, except that there are no band edge
discontinuities for both conduction and valence band.

The Fermi level will line up to be a constant across the junction under thermal equilibrium

conditions without any voltage bias, when the two crystals are in contact. The effect of the forward
voltage or barrier voltage can be observed by analyzing the energy band structure design.
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Figure 33 Band Diagram of a p-CsPbBr3 /N-CsPbBr3 Homojunction
35. Discussions and Conclusion

This research strongly focuses on the development the analysis of computer-based simulation
design for light emitting diode modeling using the mathematical equations. Improving the
efficiency of the light emitting diodes is a challenging work, especially in the case of nitride
material system for LEDs. For each characteristic in this modeling, the appropriate algorithms are
employed to obtain the good performance. In these studies the optical properties of the light
emitting diodes are investigated. Detailed reports of the conditions have been discussed previously,
and are summarized here for conclusion. The measurements using the characteristic equations are
conducted for the electrical and optical characteristics of the device. Good electrical characteristics
were observed for the design. This condition is the background for developing high quality
devices.

The analytical results were compared with the experimental measurements. The external quantum
efficiency of the LED was improved by the simulation results. The V-I characteristics of the LED
devices are in good agreement with the properties of the materials used for the crystal growth. The
research approves the existing system from the literature background. The current-voltage
characteristics of the existing materials are mentioned, such as silicon and germanium. The band
gap energy as a function of temperature for the materials such as gallium nitride, gallium
phosphide, gallium arsenide, indium phosphide, silicon and germanium are briefly explained.
From the results, it shows that the fundamental band-gap energy decreases when the temperature
increases. Moreover, the temperature dependence of the emission intensity is discussed.
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The band structures of semiconductors for Si, Ge, ZnCdO, CsPbBrs, InN/GaN, ZnO/AlGaN,
GaAs/AlGaAs are discussed with figures. The band diagrams are designed for both homojunctions
and heterojunctions. The step by step procedure to find the homojunction is the same that of the
heterojunction except that there are no band edge discontinuities for homojunction. Moreover, in
homojunction of the energy band structure design, the energy gaps of the conduction band and the
valence band are same for both type of the material. For p-GaAs/N-Alo3Gao7As, n-GaAs/P-
Alo3Gao.7As, n-InN/P-GaN, n-ZnO/P-Alo.16Gao.ssN, the conduction band is close to the Fermi level
than the valence band. From the design of the band diagram, the conditions of the drift current or
diffusion current flowing across the heterojunction can be observed. By analyzing the energy band
structure, the effect of the forward voltage or barrier voltage can be observed, especially from the
differences in energy gap. A p-type semiconductor is in contact with an N-type band-gap
semiconductor or a n-type semiconductor is in contact with the P-type semiconductor. The Fermi
level will line up to be a constant across the junction under thermal equilibrium conditions without
any voltage bias, when the two crystals are in contact.
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