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Abstract— This paper is done on the analysis of computer-based
simulation design for laser diode modeling. The research is
emphasized by the relation of electrical and optical properties of
the band structure design. For the electrical properties, threshold
current temperature dependence, light-current, external
differential quantum efficiency, voltage-current, temperature
dependence of emission intensity, band-gap energy versus
temperature curves, and band diagram are discussed briefly. On
the other hand, for the band structure design, the research is
emphasized by 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. Beside the
fundamental materials, the band structure also shows the other
new materials such as GaAs/GalnAs , and so on. This research
will help the researchers who analyze the laser diodes.
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I. INTRODUCTION

LASER diode (LD) is a semiconductor optical amplifier (SOA)
that has an optical feedback. A semiconductor optical amplifier
is a forward-biased heavily-doped p+-n+ junction fabricated
from a direct-bandgap semiconductor material. A LD device may
be any element that converts electrical into light. LDs are used
for optical storage (high-dendity Blu-ray™ dics), laser printing
and scanning, high-resolution lithography, and future pico-
projection applications [1]. Since the first demonstration of blue
LDs by Nakamura and co-workers in the mid 90s, the
knowledge on Ill-nitride materials and the crystalline quality of
epitaxial layers have constantly progressed [2].

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. The |-V characteristics of the LD
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 gallium nitride [3].

The band structures of semiconductors for p-GaAs/N-
Alg3Gag,As, and n-GaAs/P-Alg;Gag;As are discussed with
figures. The band diagrams are designed for heterojunctions. 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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1. GENERATION AND RECOMBINATION PROCESS

These generation-recombination processes can be classified as
radiative or nonradiative. The radiative transitions involve the
creation or annihilation of photons. The nonradiative 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 recombination rate of electrons and holes
should be proportional to the product of the electron and hole
concentrations

R - 1
R,=R, =cnp )
The generation rate may be written as

)
G,=G,=e

where c is a capture coefficient and e is an emission rate [4].
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Figure 1. The energy band diagrams for (a) recombination and
(b) generation of an electron-hole pair.

I11. AUGER GENERATION-RECOMBINATION PROCESS
For band-to-bound state transitions, the following processes

1. Electron captures with the released energy taken by an
electron or a hole. The recombination rate is given by
R, =(chn+cpphN, - 1,)
@)

where we note that the capture coefficient C, is SRH

recombinations has been replaced by c n+c” p, since the two
possible processes for electron captures are proportional to the
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concentration of the electron or hole that gains the energy
released by the electron capture.

2. Electron emissions with the required energy supplied by
an energetic electron or hole:
G, = (erTn +ef p)Nt f, (4)
3. Hole captures with the released energy taken by an
electron or a hole:
— [N p
RP _(Cpn+cp p)pNt f, (5)
4. Hole emissions with the required energy supplied by an
energetic electron or hole:
G, :(e;n+e§ p)Nt(l— f) (6)
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 [5].

1V. CURRENT-VOLTAGE CHARACTERISTICS OF
SEMICONDUCTOR

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

5, 29PNy _ o of 1Dy 1 [D, )
L, L, No\Vz, N.\r7,
where ~n,pand Brenthe 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 1-V characteristic of the laser diode is

av, j 1
«T 8
KT
where, J = the saturation current density
= the current
Dnypz electron and hole diffusion constants
7, , = €lectron and hole minority carrier
lifetime
N, = Ny =acceptor and donor concentration
N, =intrinsic carrier concentration
A =area

| =AxJ | exp

Laser diodes have voltage-current characteristics like other
diodes. A substantial current flows only above for certain critical
voltage, which depends on the used material system. Above the
critical voltage, the current rises rapidly with increasing voltage.
A laser diode is normally not operated by applying a fixed
voltage, and could also be substantially affected by the device
temperature. 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 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 current-voltage
characteristics of GaAs, GaAsP, and GalnN are shown in figure
2. 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.
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Figure 2. Current-voltage characteristics made from different
semiconductors.

V. BAND DIAGRAMS OF HETEROJUNCTION

A. Band diagram of a p-GaAs/N-Al,Ga;.,As heterojunction
The doping concentration is N, =1x10"*cm~in the p side
and N = 2x10" cm 2 in the N side (x=0.3).

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

m; (x) = (0.50+0.29x)m, ©)
Electron effective mass is

m: (x) = (0.0665 + 0.083x)m, (10)

The energy gap is
E,(x)=(1.424+1.247x)eV )
Dielectric constant for (0 < x <0.45),
£(x)=(13.1-3x)g,

x is the mole fraction of aluminium.

Table 1. Band structure parameters for GaAs/Al,Ga; xAs

p-GaAs N-Al,Ga; As
m; =0.0665m, m; =0.0914m,
m, =0.50m, m, =0.587m,
&, =13.1¢, ey =12.2¢,
E,, =1.424eV Egn =1.798eV
The band edge discontinuities are
AE, =1.247X
AE, =0.67AE,
AE, = 0.33AE, (1)
The concentrations are
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- -3/2
N, =251x10% Me T | oy (12)
| m, 300 |
T -3/2
N, =2.51x10% ™ 1| cm= (13)
| m, 300 |
E. —F E.—F
=N, =NF | —2_—2 =N exp =~
14
N, (14)
Fp - EVp = —kBT In—= (15)
NV
F,—E F,—E
N=N_,=NF, |-N "N -N exp| N —N
D c l/2|: kB-I- :| c Xp|: kBT :|
_ N (16)
En —Fy =—KksTIn N—'Z (17)
The contact potential
Vo _ Egp + AEc - (Fp B Evp)_(EcN - I:N) (18)
q
The depletion widths
12
2e V,
X, = PO N, (19)
qNaN.{ND +-r NaJ
En
Xp
Xy =——N, (20)
ND
Xy = X, + Xy 1)
The voltage drop across p-side is
_ON, » 22
Vop _Vp = Z Xp (22)
Al idei = qND 2
so, the voltage drop across N-side is V , =V = X
26,(23)

The figure 3 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.

As a result, the total width of the depletion region is 0.114
pm and 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.
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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 3.Band diagram of a p-GaAs/N-Aly sGag 7As
heterojunction with N,=1x10** cm™ in the p region and
Np=2x10* cm™ in the N region.

A. Band diagram of n-GaAs/P-Al,Ga;,As heterojunction
The doping concentration is N, =4x10*cm~in the p
sideand N, =2 x 10" cm 2 in the N side (x=0.3).

The concentrations are as follows.

SO RE

kgT kgT
N, (24)
Ecn - Fn = —kBT In N—c (25)
E,-F E,—F
P=N,=N,F,| "2 —F|=N,exp| £ _"F
A v 1/2{ KT } v Xp{ KT }
Fo —E, = kTInNA o
P b — 0B N_V 27)
The contact potential
EGP _AEC _(Ecn — Fn)_(FP — EvP) (28)

V, =

q
The depletion widths
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1/2

2eV,

X, = n-0 N , (29)
qu NA NA + i Nd
€p
X
X, =——N 30
PN, (30)
The voltage drop across the n-side
N
v, —v = e (31)
2¢,
The voltage drop across the P-side
N, 2
Voo =V =——2X; (32)

2¢p

The band structure of semiconductor n-P heterojunction is
shown in figure 4. 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 pm and the
conduction band is very close to the Fermi level than the valence
band.
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Figure 4. Band diagram of an unbiased n-GaAs/P-Aly3Gag /AS
heterojunction with Ng=4x10® cm™ in the n region and
Na=2x10""cm™ in the P region.

CONCLUSION

Analyzing the mathematical equations and changing the
semiconductor materials will give the new characteristics and
properties with the high accuracy and high performance of laser
diode. The current-voltage characteristics of materials, the
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comparison of optical emission spectra, the energy band-gap
structure have been discussed. The band-gap energy as a
function of temperature has also been described. Therefore, the
development of the device with the help of computerized
analysis will be provided the physical properties and
characteristics of the unknown materials that are used in LDs.
According to this research, the best design for laser diode can be
developed.
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