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ADbstract

In this work, the theoretical study of the optimization of threshold current
density for AlyoGageN/GaN multiple quantum well laser structure is
presented. This study is achieved through determination the best value of the
affecting parameters on the threshold current and threshold current density of
this structure such as wells number, barrier width, from emphases on the
best value of optical confinement factor. Then calculated well width,
reflectivity of cavity mirrors, cavity length, cavity width, average thickness

of active region, mirror losses and threshold gain.

It is found that the best value of the optical confinement factor of
Alg01Gag99N/GaN multiple quantum well laser, when the number of wells
(N,,=2) and barrier width (b=2 nm), when wavelength (A=352 nm) in long
ultraviolet (UVA) (320-400 nm) radiation range.

The optimum value for each of the threshold current density (J;;, = 3743
Al/cm? ) and threshold current (I,;, = 14.97 mA) are obtained when the well
width is (w= 4.3 nm), reflectivity of cavity mirrors (R;=0. 75, R,=0.9), cavity
length (L=2mm), cavity width (W=200 nm), average thickness of active

region (d= 10.6 nm), mirror losses (a,=0.98 cm™) and threshold gain (g,,=

791 cm™) at this optimum values and temperature (T=300K).




Subject Title page No.

D N 1 1] 1 T I
List of contents .......ccoevieiiiiiiiiiiiiiiiiiiiiiiiiiiiiniiinne. 11
List of figures....cccoeviiinniiiiiinnniiiiiinniiieiennnncccsennnnes VI
List of tables......cccviiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiecnnnes IX
List of Abbreviation .......cccceeviiiiiiiiiiiiiiiiiieiininen. X
List of Symbols .....cooviiiiiiiiiiiiiiiiiiiiiiiiiinniiiniinnes XI
Chapter One

Literature Review

1.1. Introduction

1.2 Fundamental of Laser

1.2.1 Absorption, Spontaneous Emission and Stimulated Emission
1.2.2 Population Inversion

1.2.3 Elements of Lasers

1.3 Laser Diode

1.3.1 The p-n Junction

1.3.1.1 The Junction at Zero Bias

1.3.1.2 The Junction under Forward Bias

1.4 Structures of Laser Diode

1.4.1 Homostructure Lasers

1.4.2 Heterostructure Lasers

1.5 Semiconductor Nanostructure

1.5.1 Classification of Semiconductor Nanostructure

11
12



1.5.1.1 Zero Dimensional Nanostructure (0D) 12

1.5.1.2 One Dimensional Nanostructure (1D) 13
1.5.1.3 Two Dimensional Nanostructure (2D) 13
1.5.1.4 Three Dimensional Nanostructure (3D) 14
1.6 Quantum Well Lasers (QW) 14
1.6.1 Single Quantum Well (SQW) 16
1.6.2 Multi Quantum Well (MQW) 17
1.7 Optical Transition 18
1.8 Density of States 19
1.8.1 Bulk Density of States 19
1.8.2 Quantum Well Density of States 21
1.9 111-V Semiconductor Laser Materials 23
1.9.1 GaN Material 23
1.9.2 AlGaN Material 25
1.10 Literature Survey 26
1.11 Aim of the Work 30
Chapter Two

Theoretical Investigation

2.1 Introduction 31
2.2 The Schrodinger wave equation 31
2.2.1 Free electrons 32

2.2.2 Bound electron in an infinitely deep potential well 33



2.3 Resonator modes
2.3.1 Longitudinal modes

2.3.2 Transverse modes
2.3.2.1 Transverse magnetic (TM) modes
2.3.2.2 Transverse electric (TE) modes

2.4 Recombination Carrier Lifetime

2.4.1 Radiative Recombination

2.4.2 Nonradiative Recombination

2.4.2.1 Defects recombination
2.4.2.2 Auger recombination

2.5 Quasi Fermi Level
2.6 Optical Transitions

2.7 The Optical Confinement Factor

2.8 Optical Gain in Semiconductor Laser
2.9 Threshold Current Density

2.10 Threshold Current

Chapter Three

Results and Discussion

3.1 Introduction

3.2 Scope of the Work

3.3 Parameters Affecting the Optical Confinement Factor

3.3.1 The Well Width (w), Well Number (N,,) and Barrier Width (b)

34

34

35
35
36
36

36

38
39
39
41

43

45
47
48
49

51
51
55
95



3.4 Parameters Affecting the Threshold Current Density and Threshold

Current

3.4.1 Well Width

3.4.2 Mirrors Reflectivity

3.4.3 Cavity Width

3.4.4 Average Thickness of Active Region (d)
3.4.5 Cavity Length

3.4.6 Mirror Loss

3.4.7 Threshold Gain

Chapter Four
4.1 Conclusion
4.2 Future Work

Reference

57
57
61
62
63
64
68
69

71
73
74



LIST OF FIGURES

Figure No. Figure caption Page No.
(1-1) Three kinds of radiative band to band transition in 3
semiconductor, a) spontaneous emission, b)
absorption, ¢) stimulated emission.
(1-2) Elements of laser. 4
(1-3) Light current curve of a semiconductor lasers. 5
(1-4) The energy band diagram for the p-n junction in 6
thermal equilibrium.
(1-5) The depletion region. 7
(1-6) The energy band diagram for a p-n junction under 7
forward bias.
(1-7) The schematic of homojunction laser. 8
(1-8) The show single heterojunction laser. 9
(1-9) The structure of a double-heterostructure laser. 10
(1-10) The double heterostructure carrier and optical mode 11
confinement from top to bottom: material structure,
energy diagram, refractive index profile and the
optical mode profile.
(1-12) The quantum well structure. 15
(1-12) The types of quantum well structure: a) SQW, b) 18
SCH, C) GRIN -SCH, d) MQW, ) modified MQW.
(1-13) The band energy diagram direct and indirect 19
semiconductors.
(1-14) A plot of density of states as a function of energy. 21
(1-15) A plot of density of states as a function of energy in 22
gquantum well.
(1-16) The diagram of the transition quantum well. 23
(2-17) The crystal structure of GaN. 25
(2-1) The relationship between energy E and wave vector k. 33
(2-2) The diagram of the ground state and two excited state 34

energy levels and associated wave function for an

\




infinity deep square potential well.

(2-3) Radiative recombination and nonradiative Auger 36
recombination.

(2-4) Definition of the quasi Fermi levels and electron and 42
hole energies.

(2-5) Allowed and disallowed interband and intraband 45
transitions in bulk and quantum well semiconductor.

(2-6) Distribution of light intensity. 46

(2-7) Variation output power with current curve. 49

(3-1) Block diagram of laser diode parameters of the work 53
scope.

(3-2) Optical confinement factor as versus well width for the 56
different barrier width (a) Nw=2, (b) Ny =3,
(c) Nw=4, (d) Ny=5.

(3-3) Threshold current density as a function well width for 57
different cavity length.

(3-4) Threshold current density versus well width for the 58
different temperature (a) TE mode forlh  (b) TM
mode for Ih  (c) TE mode for hh  (d) TM mode for
hh.

(3-5) Threshold current density versus well width for the 59
different temperature (a) TE mode (b) TM mode

(3-6) Threshold current density versus well width for the 60
different temperature.

(3-7) Threshold current versus well width for different 60
temperature.

(3-8) Threshold current density as a function well width for 61
the different reflectivity.

(3-9) Threshold current versus the well width for different 62
reflectivity.

(3-10) Threshold current as a function well width for the 62
different cavity width.

(3-11) Threshold current density as a function of average 63

thickness of active region for the different

Vil




temperatures.

(3-12) Threshold current as a function of average thickness of 64
active region for the different temperatures.

(3-13) Threshold current density as a function of cavity 65
length for the different temperatures.

(3-14) Threshold current as a function of cavity length for 65
the different temperatures.

(3-15) Threshold current density as a function of cavity 66
length for the different number of wells.

(3-16) Threshold current as a function of cavity length for the 67
different number of wells.

(3-17) Threshold current density as a function of cavity 68
length for the different reflectivity.

(3-18) Threshold current density versus mirror loss. 68

(3-19) Threshold current as a function of mirror loss. 69

(3-20) Threshold current density versus threshold gain. 70

(3-21) Threshold current as a function of threshold gain. 70

VI




LIST OF Tables

Table No. Table caption Page No.
(3-1) The list of constant. 52
(3-2) The properties of GaN. 52
(3-3) The properties of AIN. 52
(3-4) The optical confinement factor versus the mole 54

fraction x for difference number of well.
(4-1) The result values for AlggiGagggN/GaN multiple 72

quantum well laser.




List Of Abbreviation

Semiconductor lasers

SLs

LD Laser Diode
LDs Laser Diodes

CB Conduction Band

CV Valence Band
LED Light emitting diode

DH Double heterojunction

SH Single heterojunction

CD Compact Disk

HEMTSs High Electron Mobility Transistors

0D Zero Dimension

1D One Dimension

2D Two Dimension

QW Quantum Well

QWR Quantum Wire

QD Quantum Dot

DOS Density of States

SQW Single quantum well

MQW Multiple quantum well

TE Transverse electric

™ Transvers magnetic

CHCC Conduction-hole conduction-conduction
CHSH Conduction-heavy-hole-spin-split off
CHLH Conduction-hole-light-heavy-hole




List of Symbols

Symbols Description Unite
h Planck'’s constant J.sec
h Plank's constant divided by 2 J.sec
e Electron charge C
Vg Potential barrier V
\Y Voltage V
\Y/ Potential energy \Y
N Carrier concentration cm™3
w Well width nm
d average thickness of active region nm
R Reflectivity none
N, Refractive index non
Ngir Refractive index of the air non
Enxnynz The quantized energy levels eV
Ny, Ny, Ny Number of states non
L Cavity length mm
W Cavity width nm
E, Energy gap eV
Qw -
E; Energy band gap in the QW eV
N, P Electron and hole concentrations cm™3
m, Free electron mass kg
me Electron effective mass kg
Mp, Hole effective mass kg
Mhh Heavy hole mass kg
2
IMavel Average of the squared of the momentum kg?eV?
|M,,|? The matrix element of the electron-electron 52 /kg?
interaction g
2
IM,| The transition matrix element kg. eV
Mrg Average of the squared momentum matrix kg?eV?

Xi




element for the TE mode

My Average of the squared momentum matrix Katel?
element for the TM mode 9
(M?)pnrE The squared momentum matrix element of the Katel?
electron - heavy hole for the TE mode g
(M?)i 1 The squared momentum matrix element of the Katel?
electron -light hole for the TE mode g
(M?)pnm The squared momentum matrix element of the katel?
electron - heavy hole for the TM mode g-e
(M?)1nrm The squared momentum matrix element of the katel?
electron - light hole for the TM mode 9
B, Split off energy eV
A B Constants none
Rraa Radiative recombination coefficient cm3.s71
Rp Defect recombination rate s~ tem™3
Ap Monomolecular recombination coefficient s71
Raug Auger recombination rate s~ tem™3
Cn Auger coefficient electron cm®.s71
Cp Auger coefficient hole cm®.s71
L4 Auger carrier lifetime st
Caug Auger recombination coefficient cm®.s71
for fo the Fermi Dirac distribution function for non
electron and hole
Ef¢, Efy Quasi Fermi levels in the conduction and oV
valence bands
Ee, En Electron and hole energies eV
E.E, Above the conduction band energy and below eV
the valence band energy
N., N, Effective density of states for electrons and _3
cm
holes
The density of allowed transition between two _3
D:(E) bands cm
M Momentum matrix element kg eV

Xl




E, Activation energy eV
Jen Threshold current density Alcm?
Nin Threshold carrier density cm™3
N, Transparency carrier density cm ™3
Iin Threshold Current mA
Jen Threshold gain cm™!
Jo Gain coefficient cm™
T Temperature K
Py Wavelength nm
C Velocity light m/s
D Normalized thickness of the active region none
b Barrier width nm
rsew 1:Single quantum well optical confinement none
actor
rMew Multi quantum well optical confinement factor none
N, Number of well none
N, Number of barrier none
a, Internal Loss cm™!
o Mirror loss cm™!
ky Boltzmann's constant eV/K
X Mole fraction none
Ef Fermi energy eV
E, Total energy eV
v The velocity wave m/s
T Recombination Lifetime S
T, Radaitive lifetime S
Tp Defect lifetime S
T, Temperature constant K
Ny Refractive index of active region none
Nyc Refractive index of cladding none
Ny Average index refraction none

X




CHAPTER ONE

Introduction and LITERATURE
REVIEW




Chapter one Introduction and Literature Review

1.1 Introduction

The technology of semiconductor lasers and since the invention of laser in
the sixties of the last century to the present time has developed a tremendous
development. In fact, laser, in various forms, entered in almost all life fields;
scientific, military, medical, industrial and agricultural, due to its unique
properties such as the coherency and peak powers.

Semiconductor lasers (SLs) are used in many applications such as
communications and image transmission, compact disc (CD) player, bar-code
readers, computer interconnects, network, cable TV signal transmission, laser
printers and many military applications [1]. The semiconductor laser is a main
element of optical communication systems. Because of its suitability include
compact size [2, 3], high reliability, suitable wavelength range [2] and the fact
that its power can be directly modulated through variation of the injection
current [3].

The semiconductor laser and light emitting diode (LED) belong to the
luminescent device family [4]. Semiconductor laser is emitting coherent light
generated by stimulated emission process. The process of light emission in
semiconductor laser is more complex than that in light emitting diodes
(LEDs), where light produced in light emitting diodes by a spontaneous
emission process. LEDs the widely used in various types of systems and
equipment, the emitting from blue to red light. LED has used in optical fiber
communication systems, remote controllers, data links, etc. [5].

In recent years, small dimensional semiconductor laser systems have
generated great interest. This system called nanostructure semiconductor
laser, where small dimensional system refers to the materials that show
unusual structure because of the confinement of electrons to less than three
directions from their ordinary bulk materials. Depending on how many
dimensions lay within the range of nanoscale, generally speaks of two
dimension (2D) such as quantum well (QW), one dimension (1D) such as

1
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quantum wire (QWR) and zero dimension (0OD) such as quantum dot (QD)
[6]. The quantum confinement occurs when one or more of the dimensions of
a nanocrystal are made very small so that these physical dimensions approach
the size of an exciton in bulk crystal. Quantum confinement is defined as the
physical size of a structure is nearly equal to that of the normal electron orbit
[7].

In this chapter, explain Fundamental of Laser, Laser Diode, Structures of
Laser Diode (homostructure and heterostructure lasers), semiconductor
nanostructure with classification, quantum well lasers, density of states of
quantum well, optical transition (direct and in direct band gap), -V

semiconductor laser materials, the literature survey, and the aim of this work

1.2 Fundamental of Laser
1.2.1 Absorption, Spontaneous Emission and Stimulated Emission

The figure (1.1) shows absorption, spontaneous emission and stimulated
emission. Figure (1.1a) illustrates the spontaneous emission where the
emission photon is created by recombination of electrons-holes pairs and
photons are random in phase, direction, and time resulting in incoherent light.
This emission is the process in LEDs [8]. Figure (1.1b) shows absorption
process that is the electron transfer from lower energy level to a higher energy
level through absorption the energy of the incident light. Also called as the
induced absorption, due to that transition is induced through the incident light.
Figure (1.1c) shows stimulated emission which is the incident light leads to
radiative transition electron excited, and light emitted due to the stimulated
emission which has the same phase, wavelength and direction as the incident
light. Therefore, the light generated by stimulated emission is coherent, highly
monochromatic and direction. The incident photon in the stimulated emission

generates two photons, one is the same incident photon, and the other is an
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emitted photon due to the stimulated emission. This process works to amplify
the incident light [9].

Conduction Band  * Electron 2 ’ i E
Eg . PDF Reducer Demo heo
Photon
Valence Band | Hole | ; ‘5
(@) (b) (©)

Figure (1-1): Three kinds of radiative band to band transition in semiconductor,

a) Spontaneous emission b) absorption c) stimulated emission [8].

1.2.2 Population Inversion

The population inversion arises when the number of electrons in the upper
energy level exceeds the number of electrons in the lower energy level. This
also the rate of stimulated emission is higher than the absorption rate.
Population inversion in semiconductor happen when the number of electrons
in the conduction band (CB) increases and the number of electrons in the
valence band (VB) decreases and this is done by forward biasing the p-n
junction. Once the population inversion is achieved, the rate of stimulated
emission must be increased beyond that of the spontaneous emission and to

do this is required optical feedback [10].

1.2.3 Elements of Lasers

Laser is an acronym for light amplification by stimulated emission of
radiation [11, 12]. A laser consists of three elements are active medium,
pumping source and optical resonator as shown in figure (1-2). The active
medium consists from group of the atoms, molecules or ions as (solid, liquid
or gas) .The pumping source provides population inversion between a pair

from energy levels in the atomic system and turn the light beam input can be
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amplified through stimulated emission [11], can be a chemical reaction, a
high voltage discharge, diode, flash lamp another laser. The optical resonator
consists of cavity contains on lasing medium, with two parallel mirrors on
both sides. One completely mirror reflective and other partially reflective
mirror, and allows some of the light to leave the cavity to produce the laser
beam output this is called the output coupler [12].The reflectivity of the
mirror R is defined as the fraction of the incident intensity reflected by the

mirror and can be given by the simplified equation [10]

— . )2
R = (ny—Ngir) (1_1)

(Nr+ngir)?
n, is the refractive index of the laser medium and n;, is the refractive index

of the air equal 1.

r 1

S, |

Mlfirmesr s = e 1
1P Rellecting hliror
— TP Hefllactme

Figure (1-2): The elements of laser [11].

1.3 Laser Diode (LD)

Laser Diode also known as the semiconductor lasers [13]. The structure of
semiconductor lasers is based on the p-n junction of the semiconductor
materials and the oscillation of laser is realized by the emission of light due to
the recombination of electrons in conduction band with holes in valence band

[14]. There are three processes of band to band transition which are
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absorption, spontaneous emission and stimulated emissions. In laser diodes
(LDs), the stable laser beams are produced when three conditions are
satisfied. There conditions are the optical gain, population inversion and the
stable laser oscillation [8].

A main characteristic of a laser diode is the light current curve. Figure (1-3)
shows the output optical power as a function of the pump current. The more
linear is this curve, or the larger is its slope, or the closer is the starting point
of the curve to the origin, the better is the semiconductor laser. The current
density at the starter of lasing is called the threshold current density ( ;). The
lower (/) is the higher output optical power at a given injection current
density. The threshold current density dependent on temperature can be
experimentally termed by an exponential function, where T, is the
characteristic temperature. The higher T, is the temperature stability of /.
Lowering J;, and improving its temperature stability have been important

objects in the development of laser diodes [15].

=

Output optical power

Injection current density j

Figure (1-3): Light current curve of a semiconductor lasers [15].
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1.3.1 p-n Junction

PN junction is formed in a single crystal of semiconductor through making
one end of the crystal p-type by doping with acceptor atoms and the other end
making n-type by doping with donor atoms. Meeting area p- type and n- type
is the junction [16].

1.3.1.1 The Junction at Zero Bias

If assume that no voltage (V) is applied through the p-n junction .In thermal
equilibrium figure (1-4) shows the energy band diagram for the p-n junction.
The conduction and valence band energies must bend as we go through the
space charge region, since the relative position of the conduction and valence
bands with respect to the Fermi energy changes between p and n regions.

Electrons in conduction band of the n region see a potential barrier (Vg) in
trying to move into the conduction band of the p region. The built in potential
barrier keeps equilibrium between majority carrier electrons in the n region
and minority carrier electrons in the p region, and also between majority
carrier holes in the p region and minority carrier holes in the n region. The

Fermi level is constant through the entire system [17].

 Minority electrons
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Figure (1-4): The energy band diagram for the p-n junction in thermal equilibrium [16].
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The depletion region is defined a region that lack of carrier of certain

thickness is made at both side of the junction, as shown fig (1- 5) [16].
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Figure (1-5): The depletion region [18].

1.3.1.2 The Junction under Forward Bias

When the applied voltage to the p-n junction (positive polarity applied to
the p-side and negative to the n-side), the potential barrier across the junction
will decrease to (Vg -V). In this case, the potential barrier for the majority
carriers at the junction is reduced, and the depletion layer width is decreased,
the current flow increases. Figure (1-6) shows the energy band diagram for a
p-n junction under forward bias [19].

The Fermi levels in the valence band for the p-type Eg, and in the

conduction band for the n-type Eg,,, two Fermi levels become separated by
AE= eV [20].

Minority electrons

E & Majority electrons
¢ eee e
Ec

- ‘EF

-
-

£,
‘-’---i\ E,

Majority holes ®
Minority holes

Figure (1-6): The energy band diagram for a p-n junction under forward bias [16].
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1.4 Structures of Laser Diode
1.4.1 Homostructure Lasers

Homostructure Lasers comprised from two layers made from the same
material, generally GaAs. one layer of this structure doped with donor atoms
material which it add extra electrons to the conduction band to create a n-type
semiconductor, and the other layer doped with acceptor atoms material that
generated holes in the valence band to create a p-type material. The two layers
separated by the junction zone. This structure also called homojunction lasers

[21]. Figure (1-7) shows the schematic of homojunction laser [22].
'

p-Type GaAs q

\\ V4 Mirrors
_ _ (Cleaved
Active Region —» Surfaces)
n-Type GaAs 7 |

Figure (1-7): Show the schematic of homojunction laser [22].

The index of refraction of a doped semiconductor depends on the particular
dopant used. As well as the doping level. In a homojunction device, the p-n
junction region is actually lightly doped p-type material, which creates a
region with a higher index of refraction. The surrounding n-type material and
more heavily doped than p-type material have a lower index of refraction than
the junction region .The small index of refraction junction surrounded by the
higher index of refraction material forms an optical waveguide structure that
helps to confine the laser light to the active junction region. The total internal
reflection material can happen when light travels from a high index of
refraction. The disadvantage of homojunction lasers is that the efficiency is
low and the threshold current density for laser operation is high [23].

8
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1.4.2 Heterostructure Lasers

In this structure the junction arises between two semiconductors with
different energy gap, they are called heterojunctions [24]. The heterostructure
lasers are classified into two type's single heterostructure (SH) and double
heterostructure (DH) lasers depending on whether the active region is
surrounded by one or two cladding layers [25].Single heterostructure consists
of only one heterojunction [26], figure (1-8) show single heterojunction laser

[27], and double heterojunction consists of two heterojunction [26].

Metal contact

p-(GoAl) As

Metal contact

Figure (1-8): Show single heterojunction laser [27].

Double heterostructure laser makes use of a small band gap material which
is sandwiched between two high band gap material layers. GaAs with AlGaAs
is one commonly used pair of materials. The feature of a DH laser over a
homojunction laser is that the area where free electrons and holes are
simultaneously is confined to the thin middle layer [28]. Figure (1-9) shows
the structure double heterostructure laser [29].
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p—Aly 2Gap 7As or p-InP {cladding)

Gads or Iny_, Ga As, Py, (active)

n—-Alg sGag p As or n-InP {cladding)

laser

outpt n-GaAs or n-InP (substrate)

Figure (1-9): Show the structure of a double-heterostructure laser [29].

The band gap difference between the active layer and the cladding layer
confine electrons and holes to the active layer for more effective
recombination. Also the cladding layers with high band gap energy have
lower refractive index compared to the active region. This refractive index
difference confines the optical mode very close to the active layer. This
refractive index difference achieves more optical gain, then the internal losses
decrease. Figure (1-10) shows the charge carrier and the optical mode
confinement in the active region [25].

Heterostructure based electron devices are widely used in many areas of
human activity. life without telecommunication systems utilizing double
heterostructure (DH) lasers, heterostructure bipolar transistors, heterostructure
light emitting diodes, or without the low noise high electron mobility
transistors (HEMTS) for high frequency devices, including satellite television
system is scarcely conceivable. The (DH) laser is now found in virtually
every house as part of the compact disc (CD) player. Solar cells incorporating
heterostructures are used extensively in both space and terrestrial programs
[30].
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Figure (1-10): Double heterostructure carrier and optical mode confinement from top to
bottom: material structure, energy diagram, refractive index profile and the optical mode
profile [25].

1.5 Semiconductor Nanostructure

The low dimensional semiconductor structures have extensive areas of
higher research activity, they have promising potential applications in such
fields as nonlinear optics, light emitting materials, and optoelectronic devices,
as well as new applications that have been opened up in optical
communications. Nanostructure is defined as having at minimum one
dimension between 1 and 100 nm [31].

The nanostructure dimensions are similar to the de Broglie wavelength of
the electron, their properties related for nanoelectronic applications are
described by quantum mechanics, which is in contradiction with classical

microelectronics. Nanostructures can be formed out of different materials,
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either metals, dielectrics, or semiconductors [32], nanostructures produce
from new fabrication technology where size control, shape control and

uniformity can be kept within accuracy of nanometer scale [31].

1.5.1 Classification of Semiconductor Nanostructure

There are many classifications for semiconductor nanostructure materials
which dependent on the method of their manufacture, on their chemical
composition, or on their dimensionality. The most common classification of
semiconductor nanostructures is on their dimensionality. In fact, this
classification, is assumed according to the number of dimensions L,, L,, , L,
which is larger than the characteristic length, L,. The characteristic length is
defined as the depiction of the electrons behavior in semiconductor materials
[31].Thus, there are many L, such as de Broglie wavelength, diffusion length,
and mean free path [33], or Bohr radius [34]. Then the characteristic lengths

differ from material to another [35]. This classification as the following:

1.5.1.1 Zero Dimension Nanostructure (0D)

Zero dimension is a structure capable of confining electrons in all three
dimensions [36], where Lo > Ly, Ly, L, [31], thus letting zero dimensions

(OD) in their degrees of freedom, also known as a quantum box or quantum

dot [36].
The total energy is the sum of three discrete components is given by [36, 37]
E. =E,, +E,, +E, (1-2)

)261:12 2
Ey, = 2 (1-3)

_ njh’n? i

E“y Co2mpL} (1-4)

ghz 2
E,, = ’;mz’é (1-5)
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thus

h2m? (n2  n%  n2
E, = (é +-2+ L—z) (1-6)

* 2
2m} L

Where Ennymn,are the quantized energy levels, m; is the electron effective

mass, n,,n,,n, are the number of states, h is the Planck constant divided by

2n (h/2m).

1.5.1.2 One Dimension Nanostructure (1D)

One dimension is formed when the motion of electron in the conduction
band is confined in two directions (y, z), while it remains free to move in the
remaining direction (x), also known as a quantum wire [36], where L, > Lo >
Ly, L, [31].

The total energy is the sum of three components is given by [36, 37]

h?k%
E, = + Eny + Ep, (1-7)

2mjy

Where the first term indicates to the kinetic energy of the electrons in X

direction.

1.5.1.3Two Dimension Nanostructure (2D)

Two dimension is formed when the motion of electrons is confined in one
direction (z), while it remains free to move in the other two directions (X, y),
also known as a quantum well [36], where L, L,> Lo> L, [31].

The total energy spectrum for an electron in a quantum well is given by [36,
37]

hz )ZC 2
E =89 g (1-8)

2 m;
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1.5.1.4Three Dimensional Nanostructure (3D)

The three dimensional, there are three degree of freedom directions and
zero confined directions, also known as a bulk materials [38], where Lo< L,,
Ly, L, [31].

The total energy in three dimensions is given by [37]

hZ JZC 2 %
E, = b7 (kxt+ky+kz) (1-9)

2 myg

1.6 Quantum Well Laser (QW)

A quantum well is a special type of heterostructure in which one thin well
layer is surrounded by two barrier layers [39]. The active region of the
quantum well laser structure is a narrow layer a quantum confinement occurs,
according to quantum mechanics. The wavelength of the emitted light for QW
laser is determined by the active region width rather than just the band gap of
the material of which the device is realized [40]. Figure (1-11) shows the
single quantum well and its transition energies [41]. The potential wells
defined as the low energy regions for the electrons in the conduction band and
the holes in the valence band. Also note that in figure (1-11), the vertical line
shows that the energies of carriers decrease with an increase in the height of
the vertical line. Potential well is called quantum well, when the well width L,
is lower than several tens of nanometers. The band gaps energy of barrier

layers (E4(5y) are higher than those of well (Ej,,y) [9]. The band gap energy
well is not the same as the emission wavelength, E¢i-Eppqny [41]. Band

offsets in the interfaces of the quantum well and the barriers, is the energy

differences in the conduction band AE,. and the valence bands AE .. [9].

14



Chapter one

Introduction

and Literature Review

Energy

T

—— L.
AE.

:E'n:}

Ea

Ea v

Eetw) M hv=E. —Emm

Ernamm

hih(Th} AE.
Erny 5

Distance

E,

Figure (1-11): The quantum well structure [41].

The electrons motion in the quantum well layer is confined in the growth

direction when the thickness of the quantum well layer is in the order of the

de Broglie wavelength (A=h/p), where h is the Planck constant and p is the

momentum [42].

The variance between the DH laser and the QW laser is the thickness of the

active region. Typical thickness of the active layer for the DH is (50-300) nm

whereas the thickness of the QW is just (5-10 nm) [8], is much smaller from

the wavelength of IR radiation [43]. A semiconductor quantum well is not on

infinite potential well because the heights of the energy steps at the DH

junctions are finite. However taking the energy quantization of an infinite

potential well as an approximation, we can express the band edges of the

quantized conduction and valence subbands respectively as given

n2m2h?

2miL2

EJV =E .+

n?m?h?

*r2
2mj L2

ngzEv_
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Where n=1, 2, 3... the number of quantized subbands for electrons and holes
depend on the heights of the potential, my, is the hole effective mass, L, is the
well width [26].

The energy band gap can be written [41]

LY (1-12)

Where c is the velocity light and A is the wavelength.

Photon energy required for transition between conduction subband and

valence subband is [26]

n?m?h?  n?m?h?

hv =E; + iz ¥ omiz (1-13)
The energy band gap in the QW can be written

ow _ n?n?h? = n?m?h? i
Egw =Eqg + 2myLz  2mj L2 (1-14)

Quantum well laser is classified into two types single and multiple quantum

well lasers

1.6.1 Single Quantum Well (SQW)

Single quantum well is the structure of the ultra-thin layer with narrow
band gap is inlayed into the central of the two types of material with wide
band gap [8]. Figure (1-12a) shows SQW active layer, the optical
confinement factor (I") is small because the well width L, is as thin as 10 nm
or lower. The threshold current density J;; is large because the small optical
confinement factor. Figure (1-12b) shows separate confinement
heterostructure (SCH), which has two energy steps, is able to obtain a large
optical confinement factor in the SQW active layer. The materials which used
for laser diodes have the reverse proportional of refractive index with the
band gap. By the distribution of the refractive index is determined the external

potential confines light in the QW active layer, the inner potential confines
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the carriers by the energy barriers. This is called (SCH) since the potentials to
confine light photon and the carriers are separate. Figure (1-12c) shows a
graded index SCH (GRIN-SCH) whose refractive index and potential
distributions in the external of the active layer are parabolic. The optical
confinement factor of a GRIN-SCH is relational to L, and the optical
confinement factor of an SQW is proportional to L%, when the well width L,
is small. The optical confinement factor of the GRIN-SCH is higher than of
the SQW, when active layer is thin [9].

1.6.2 Multi quantum well (MQW)

Multi quantum well is the structure of the ultra-thin layers with narrow
band gap and broad band gap are placed alternately on the chip [8]. The
layers separating the active regions are called barrier layers [44]. Figure (1-
12d) shows MQW,; the efficiency of carrier injection decreases with
propagation of the carriers, however due to the energy barriers between the
neighboring QW active layers. Therefore it is hard to achieve uniform carrier
distribution all over the MQW active layers [9].

Modified multi quantum well which that the band gap energy of the barrier
layer differs from the cladding layer in a MQW device [44] as shown in fig
(1- 12e) [9], it has demonstrated the superior characteristics of MQW devices
over conventional DH lasers in relation to lower threshold currents, higher
modulation speeds, narrower line widths, lower frequency chirp and less
temperature dependence .The confinement of the optical mode is obtained in
MQW lasers in comparison with SQW lasers [44].
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Figure (1-12): Show the types of quantum well structure: a) SQW, b) SCH, C) GRIN -
SCH, d) MQW, e) modified MQW [9]

1.7 Optical transition

Semiconductor lasers have been made from several different semiconductor
materials. The chief aim for investigating the use of different materials is to
extend the range of possible wavelengths [27]. A semiconductor is classified
into two types are direct and indirect band gap semiconductors, according to
the energy band distribution in wavenumber space. Figure (1-13a) shows the
direct band gap such as Si and Ge where the top of the valence band and the
bottom of the conduction band have the same value of wavenumber (k). In
this case, exiting electron and electron-hole recombination are direct
processes which required only photon. Indirect band gap semiconductor such
as GaAs, figure (1-13b) illustrates that the variance in wavenumber value
between the top of the valence band and the bottom of the conduction band,
the emission process required extra variation of crystal momentum (phonon).
But photons cannot carry crystal momentum, thus, the emission efficiency of
direct band gap semiconductors is much higher than that of indirect band gap
semiconductors [45]. Generally, all of these semiconductor materials are

direct band gap except for some of the alloy composition [4].
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Figure (1-13): The band energy diagram direct and indirect semiconductors [45].

1.8 Density of States (DOS)

The density of states (DOS) function describes the number of states that are
available in a system and is important to determining the carrier concentration
and energy carriers’ distributions within a semiconductor [46]. DOS (E) can
be defined as the number of a states per unit energy per unit volume, can be

express through the following equation

_dN
DOS (E) = 5 (1-15)
1.8.1 Bulk Density of States

The unit cell volume in the k- space full by one state is

_ _ (2m)?
Vie =y ky ky =
2T 2T 2T
he = 10 ky_E ke =1
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N The total number of states is equal to the degeneracy times the volume of
the sphere in k-space divided by the volume occupied by one state and

divided again by the volume of real space such that

amk® 1 1 _ 24nk3
2T 3y 3 3
3. (3 3 (2m)

(1-16)

Where we assume V=L?2, 2 is the degeneracy for spin up and spin down.

The density of states can be written as

ON 0k

ON _ . 4mk?
FPIReTSE (1- 18)
The energy of the electrons is

_ h2%k?
E=2 — (1-19)
ok _ (Zmey; L 1-20
o (W)’ v (1-20)
Substituting equation (1-18) to (1-20) into equation (1-17)
DOS (E) = = (™) VE (1-21)

2m2 h2

Figure (1-14) show a plot of g (E) as a function of energy [38], the density of

states function depend on square root energy [38, 47].
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Figure (1-14): A plot of DOS (E) as a function of energy [38].

1.8.2 Quantum Well Density of States

The density of states in a quantum well structure is limited to the ky k,
plane displayed figure (1-15).The total number of states per unit cross-
sectional area, N°°, is given by the area in k space divided by the area in real

space and divided by the area of the unit cell in k- space:

1 1 —9 k2 (1-22)

(252 12 (2m)2

NP = 27rk2

Where factor 2 is Indicates to a spin degeneracy of electrons, L? is the square
area in real space, and ZT" is the two dimensional primitive unit cells in k

space.

The density of state can be written

AN _ 9N 9k

2D —_
DOS™ (E) =3~ =222 (1-23)
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2D _k 2mypr o1 om
DOS™ (B) = G=)? 2VE ~ mh? (1-24)

The density of states at a particular energy is the totality over all subbands

less than the certain energy

DOS™ (E) = Lty 25 ¥ (E ~ E7) (1-25)

Where n is the total number of confined subbands less than the certain energy,

Y is a step function defined as

_ 1f07" E > Ei
Y (B-E) = {0 for E < E; (1-26)

DOS is independent of the energy [38]. Figure (1-16) show the diagram of the
transition of the typical quantum well in which heavy hole (hh) band and light
hole (Ih) band is involved which comes from splitting of degeneracy of

valence band by electron — orbit interaction [37].
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Figure (1-15): A plot the density of states as a function of energy in quantum well [38].
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Figure (1-16): The diagram of the transition quantum well [37].

1.9 111-V Semiconductor Laser Materials

Composite semiconductors are crystalline solid state alloys formed from
the mixture of two or more elements [48].1t is composed of elements of group
I11 and group V of the periodic table. The formation of the crystal structure
must be binding the atoms together [41].Most semiconductor lasers are based
on compounds of the IlI-V [27]. The advance in IlI-V nitride technology
leading to the availability diodes is of blue laser diodes as a recent example

[48]. Therefore we used AlGaN/GaN quantum well laser.

1.9.1GaN Material

Since 1997, by light emitting diode with semiconductor devices can be
obtained the full visible spectrum. It is very important to develop the emitters
of blue light because it is the last missing in the reconstruction of white light.
GaN-based components are the most efficient in this field. These devices used
instead of conventional lighting for domestic lighting and the roadside (traffic

lights) due to their high reliability and their little energy consumption. As
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well as the possibility which presented by nitrides and their alloys duo to their
essential possessions to developed ultraviolet and blue lasers, permits the
systems production to have playback of digital information and larger storage
capacity, this capacity is times four [49]. GaN is a binary IlI-V direct band
gap semiconductor usually used in bright light emitting diodes since the
1990s [50].Search began on GaN in the 60s and in 1971 was conducted a first
blue LED based on GaN. The development of GaN was limited because
failures in attempts to doping p and the poor quality of the material obtained.
Recent research has led to a decent quality material, and in the development
of doping p. These two performances have developed the light emitting
diodes and lasers established on nitrides [49]. GaN is a promising
semiconductor for high frequency, high temperature, high thermal
conductivity, high carrier saturation velocity, high breakdown field, high
power electric devices because its wide band gap [50], high chemical
stability, very well mechanical and physical properties [49].

GaN has two types of the crystal structures are hexagonal wurtzite and
cubic zinc structures as shown in figure (1-17). The crystal of a
semiconductor compound contains both bonds covalent and ionic. The nitride
semiconductors are usually strong iconicity. The most common structure of
GaN crystal is the wurtzite structure and it is the most stable structure in
thermodynamics steady state at room temperature and 1 atm. On the other
hand the zinc blende structure is metastable structure. Usually the GaN is in
form of hexagonal wurtzite structure, but in the certain case zinc blende
structure is also exist. In normal condition in wurtzite structure is be I11-V
nitride material are more stable and representative. Therefore most of the GaN
devices or researches are founded on the wurtzite GaN. Through its

crystalline structure, the properties of GaN are determined directly [50].

24



Chapter one Introduction and Literature Review

4 ? ®
v ‘é L ®
‘W ‘ DF Reduce.r m, 298 @ N
Zinc Wurtzite

Figure (1-17): The crystal structure of GaN [50].

The temperature dependence of the energy gap equation as follows [49, 51]

a(x)T?
B(x)+T

Where T is the temperature, E,(T = 0) the low band gaps of GaN = 3.507¢eV,

Ey(T) = E,(T = 0) —

(1-27)

a, P are constants equal (0.909 meV/K) and (830K) respectively in the

wurtzite structure, x is the mole fraction.

1.9.2 AlGaN Material

AlGaN is the ternary alloys of wurtzite and zinc blened polytypes of GaN
with AIN of a continuous alloy system with a wide range of band gap and a
minor change in the lattice constant [52]. It is frequently used as the barrier
material for nitride electronic and optoelectronic devices [51].
The energy band gap with mole fraction x can be written [53]

E,(x) = (1 - x)E 9(Gan) + x Eg(AlN) —bx(1—x) (1-28)

Where b~1 is the bowing parameter, E, Is the low temperature band gap

9(Gan)
value 3.5eV, E, (AIN)is the low temperature band gap value 6.1 eV.

The energy band gap Al,Ga;4N wurtzite structure also can be written as
following [49]
Ej(x) = x* —1.77 x + 3.43 (1-29)
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Where a and B can be written as follows [53]

a(X) = (1-X) agany + X aainy — € X(1-X) (1-30)

B(X) = (1-X) Bgan) + X Beavy — d X(1-X) (1-31)

The values a@any, Qv BGany: Bcanyis the 0.909 (meV/K), 1.799
(meV/K), 830 (K), 1462 (K) respectively and ¢ =2.15 meV/K, d=1561.

The refractive index of AlGaN when x < 0.3 can be written [54]

Ny (aican) = 2.5067 - 0.43x (1-32)

1.10 Literature Survey

In 1995 Hyo-Hoon Park and Byueng-su yoo using a periodic gain active
structure in which three Quantum wells are introduced in two wavelength
thick (21) cavity where obtain low threshold current densities with high light
output powers for InGaAs /GaAs surface emitting lasers. Air post type
devices with a diameter of (20-40) um exhibit a threshold current density of
(380-410) A/cm®. The theoretical calculation of power performance and
threshold into that the periodic gain structure has an advantage in achieving
low threshold current density because of the high coupling efficiency between
gain medium and optical field [55].

In 1996 W.J. Fan et al. the valence hole subbands, TE and TM mode
optical gains, transparency carrier density, and radiative current density of the
zinc—blende GaN / GaggsAlg1sN strained quantum well. The compressive
strain enhances the TE mode optical gain, and strongly depresses the TM
mode optical gain. Even when the carrier density is as large as 10° cm™, there
is no positive TM mode optical gain. The TE mode optical gain spectrum has
a peak at around 3.26eV. The compressive strain overall reduces the
transparency carrier density. The radiative current density is 0.53 kA/cm? for

the zero optical gain [56].
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In 1998 Y. C. Yeo, et al. studied the optical gain, DOS, and valence
subband structures of wurtzite InGaN/GaN quantum wells. Where used the
effective mass parameters InN and GaN resultant using the experimental
pseudopotential method. As well as examined the compressive strain and the
effects of quantum confinement by changing the width of well and mole
fraction of in the well material. They obtained that the transparent current
density (J,,) for a SQW is 200 A/cm?. In addition that a suitable combination
of well width and number of QW structure should be nominated in optimizing
the J;, in such MQW lasers [57]. In the same year Shuji Nakamura, et al. an
InGaN multiquantum-well (MQW) structure laser diode was grown on an
epitaxially laterally overgrown GaN on sapphire. The lowest threshold current
densities between 1.2 and 2.8 kA/cm* were obtained when the number of
InGaN well layers was two. The InGaN MQW LD was grown on a free-
standing GaN substrate that was obtained by removing the sapphire substrate.
The LDs with cleaved mirror facets showed on output power as high as
30mW under room temperature continuous wave (CW) operation. The stable
fundamental transverse mode was observed by reducing the ridge width to a
value as small as 2um. The lifetime of the LDs at a constant output power of
5mW was about 160 h under CW operation at an ambient temperature of 50°
C, due to a high threshold current density of 6 kA/cm? [58].

Sandra R.Selmic, et al. in 2001 designed uncooled multiple quantum well
AlGalnAs -InP 1.3 m lasers for communication systems the complete design
method for long wavelength strained quantum well. The method contains
multiband effective mass theory and electromagnetic waveguide theory. For
AlGalnAs-InP laser when temperature T=25°C the threshold current is
1:,=12.5 mA, with slope efficiency of 0.43 W/A [59].

Nelson Tansu and Luke J. Mawst in 2005 applied the analysis presented to
the current injection efficiency of 1200 nm emitting InGaAs and 1300 nm

emitting InGaAsN quantum well lasers. The current injection efficiency of
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InGaAsN quantum well lasers with big monomolecular recombination
processes is shown to be less temperature sensitive [60].

K. Hild, et al (2006) studied the threshold current and its temperature
dependence in GaAsSb — based quantum well edge emitting lasers for
emission at 1.3um. They found that the threshold current is dominated by
nonradiative recombination accounting for more than 90% of the total
threshold current density, at room temperature [61].

Yik.Khoon Ee, et al (2007) improved experimentally the light extraction
efficiency of InGaN quantum wells light emitting diodes using SiO,
polystyrene microspheres, leading 219% for InGaN quantum wells light
emitting diodes which improve the output power [62].

Hongping Zhao. et al (2008) optical gain analysis exhibits significant
improvement in the peak optical gain and differential gain for the strain
compensated InGaN — AlGaN quantum well active regions for lasers emitting
at 420-500 nm [63].

Harumasa Yoshida, et al. in 2009 the GaN/AlGaN MQW laser diodes lased
at a peak wavelength ranging between 359.6 and 354.4 nm. A threshold
current density of 8kA/cm?, an output power as high as 80mW and a
differential external quantum efficiency of 17.4% have been achieved. The
AlGaN MQW laser diode lased at a peak wavelength down to 336 nm far
beyond the GaN band gap. For the GaN/AlGaN MQW laser diodes, the modal
gain coefficient and the optical internal loss are estimated to be 4.7+ 0.6 cm
kA™ and 10.6+ 2.7cm™, respectively. The results for the AlGaN based laser
diodes grown on high quality AlGaN films presented have will be essential
for the future development of laser diodes emitting much shorter wavelengths
[64].

Dr. Azhar I. Hassan in 2010 the theoretical study of the dynamical behavior
of single quantum well (SQW) GaAs/AlGaAs laser are studied theoretical
with variable well widths L,= (200, 150, 100, 75) A° at a band gap
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discontinuity AE.= 0.1 eV, show that the highest value of the peak modal gain
Imax= 400cmis achieved at L,=75A°. The best value for QW width to
achieve the lesser threshold current density /,,=481.5 A/cm® when L, =100A°
[65].

In 2015 HADJAJ Fatima, et al studied the characteristics electric of
GaAs/Alg3pGagesAs quantum well laser diodes emitting at 0.8um. Indicate
results to the best output performance and lower threshold current could be
obtained for a single quantum well and losses are reduced, we note also a
gradual and nonlinear decrease in output optical power with the increase of
temperature. Simulation electric characteristics of quantum well laser diodes
helps understanding their behavior and provides an insight comprehension of
the influence of technological parameters such as number of wells, cavity
length and effect of temperature on their performance [66].

In 2016 MAJED KHODR studied the of internal quantum efficiency on
PbSe / Pbgg3sSroges MQW structure. The modal gain and threshold current
density of this structure were calculated. The threshold current density and
threshold current values increased by nearly 10 times when inclusion of
theoretical internal quantum efficiency with no effects on the modal gain
values [67].
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1.11 Aim of the work

The present work aims at investigation the effect of structure parameters of
multi quantum well laser (Alyo;GagegN/GaN), such as wells number and
barrier width, on the optical confinement factor, as well as the effect on the

threshold current density and threshold current such as well width, average

thickness, cavity length, mirror loss, threshold gain.
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Chapter two Theoretical Concepts

2.1 Introduction

This chapter presents the necessary formulations for theoretical calculations
of the significant parameters which are used in this work. Such as
Schrodinger wave equation, Resonator modes, recombination carrier lifetime,
Quasi Fermi level, optical transitions, optical confinement factor, optical gain

in semiconductor laser, threshold current density and threshold current.

2.2 The Schrodinger Wave Equation

Electron diffraction in crystals can be described as indicating the nature of
a wave of particles by the wave equation. The differential equation that
describes the special dependence of the wave amplitude of a vibrating system

can be written [68]
V2w + (2w = 0 (2-1)
Where

2. 0%w  9%w = 97w )
vlp_ax2+6y2+622 (2-2)

By de Broglie formula for matter waves (i, e., p = % orA = #) where m is

the electron mass, v is the wave velocity, h is the Planck constant and A is the

wavelength. The wave equation can be written as

V2w + (e = 0 (2-3)

This equation can be modulate by substituting the kinetic energy (mTvZ) by the

2
total energy E; and potential energy V; mT” = E —V . Therefore the wave

equation become as the following

Viy + Zh—rzn (E-V)w=0 (2-4)
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This equation describes the properties of the electron wave, known as
simply the Schrodinger equation or the time independent Schrodinger wave
equation. That is a time independent equation suggests that the properties of
the neighboring atomic to the electron do not differ with time [68]. The
Schrodinger time-dependent equation should be used, if there is a time-

varying periodic potential [68, 36].
—Viw + Vw = ih— (2-5)
m

The Schrodinger equation for free electron is various from this equation for

Bound electron in an infinitely deep potential well as the following.

2.2.1 Free Electrons

For free electrons and the spreading in the x direction with no potential
barrier confining the electron wave propagation (i.e. V=0), eq. (2-4) become

as the following [68]

d>v  2m

ﬁ + h—zE‘P =0 (2-6)
The solution of this equation can be written as

w(x) = Aexp(ikx) + B exp(—ikx) (2-7)

2meE

——)z. The first term in eq. (2-7)

Where A and B constants, k = (

corresponds to a wave moving in the positive x direction while the second
term corresponds to a wave moving in the negative x direction. From the

above equation for k it follows that

E =K (2-8)

2m,
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Shows that in the absence of boundary conditions, all values of energy are

2
allowed for free electrons. SlnceE=2p

, the momentum p = hk, also

me

p= % = Zﬂih and thus k = 27” where K is the wave vector of the electron [68].

Figure (2-1) for free electron, shows the relationship between momentum and
energy, i. e., E (k) [68, 36].

F . |

E)

0 k

b |

Figure (2-1): The relationship between energy E and wave vector k [68, 36].

2.2.2 Bound Electron in an Infinitely Deep Potential Well

Figure (2-2) show that electrons bound between two infinitely high
potential barriers (but free to move inside the well), the potential energy
inside the well V=0, the Schrodinger equation can be written for this one

dimensional box as follows [68]
d’v  2m
oz + h—zEtp =0 (2-9)

The general solution to this differential equation can be expressed as follows

w(x) = Asinkx + B cos kx (2-10)
Where

2mgE L
k= () (2-11)
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In this specific case A and B can be determined through considering: v (0)
=0 and ¥ (L) =0. Thus, for x=0, ¥ (0) =B, and v (x=L) can be written as

v (L) =AsinkL =0 (2-12)

Which is satisfied only if kL is an integral multiple of &, if kL = n &, where n

21,2
=0,1,2,3,4, ... Since E = =X
2m,
hZ 2.2
E, = 2;‘6’; (2-13)

Energy

Figure (2-2): The diagram of the ground state and two excited state energy levels and
associated wave function for an infinity deep square potential well [68].

2.3 Resonator Modes
2.3.1 Longitudinal Modes

A longitudinal mode of a resonator cavity is a particular standing wave
pattern formed by waves confined in the cavity. After many reflections from
the surface of the reflective for the cavities, the longitudinal modes
correspond to the wavelengths of the wave which are reinforced by

constructive interference. By the destructive interference all the other
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wavelengths are suppressed. A beam is a structural component by the
resisting bending to be the able of withstanding load primarily. The bending
moment is defined as the bending force induced into the material of the beam
as a result of the own weight, external loads, span and external reactions to
these loads [69].

2.3.2 Transverse Modes

A transverse mode of a ray of the electromagnetic radiation is a special
electromagnetic field mode of radiation measured in a vertical plane to the
propagation (i.e, transverse) direction of the ray. Transverse modes occur in
the radio waves and microwaves, also happen in lasers optical resonator and
the light waves in the optical fiber. Transverse modes occur due to the
boundary conditions imposed on the wave of the waveguide. For this reason
the modes buoyed by a waveguide is quantized. It can be found the allowed
modes through solving Maxwell's equations for the boundary conditions of a

given waveguide [70].
There are two types of transverse mode as the following.

2.3.2.1 Transverse Magnetic (TM) Modes

In the TM modes there is no magnetic field in the direction of propagation.
There is only an electric field along the direction of propagation and for this

reason is sometimes called E modes [70].

2.3.2.2 Transverse Electric (TE) Modes

In the TE modes there is no electric field in the direction of propagation.
There is only a magnetic field along the direction of propagation and for this

reason is sometimes called H modes [70].
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2.4 Recombination Carrier Lifetime

The carrier recombination is the reverse process for generation process
[71].The generation defined as the movement of an electron from the valence
band to the conduction band. This leads to the creation of the electron hole
pair [72]. Recombination is that the process in which the electrons return from
conduction band to valence band, which emit the energy in form light or
photons. The lifetime of the minority carrier controls the rate of
recombination. Recombination process is classified into two type radiative

recombination and non radiative recombination [71].
2.4.1 Radiative Recombination

The radiative recombination occurs when electron in the conduction band
recombines with hole in the valence band emitting a photon as shown in
figure (2-3a). Radiative recombination process can be spontaneous emission

or stimulated emission.

CB

(b)

{eavy hole band

/\ ight hole bund
Spin-split off band

Light hole band

Spin-gplit off band
PDF Reducer Demo

CB (d)

leavy hole band eawy hiolé land

L?g]u }lwlc :Tnd 4 Light hole band
Spm-split of
Aot i Spin-split off band

Figure (2-3): Radiative recombination and nonradiative Auger recombination [73].
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The radiative recombination rate due to spontaneous emission can be

expressed by the following equation
R, = B, 4N? (2-14)

Where N is the carrier concentration, B,,; IS the radiative recombination

coefficient [73], can be written as [74]

e’ wn, Eg |Mgyel?
€0 C3m3 kp T mj,(1+7)

Braa = (2-15)

Where e is the electron charge, w is the well width, E, is the energy band

gap, €, is the permittivity in vacuum, C is the light velocity, m, is the free

*

electron mass, ky, is the Boltzmann constant, r = % , N, 1S the refractive index,
h

|M,,.|? is the average of the squared of the momentum matrix element can be

written as [75, 76, 77]

My |? = EHTET) (2-16)

Where My is an average of the squared momentum matrix element for the
TE mode when quantized energy of the nth subband equal E, can be written
as [56]

Mrg = (M*)ppre + AM*) i1 (2-17)

Where (M?)p,, 7z and (M?),;, -5 are the squared momentum matrix element of
the electron-heavy hole and electron-light hole interactions respectively for
the TE mode as the following [9].

(M2) g = o (2-18)

2

MZ

<M2>lh,TE =5 (2-19)
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And M, is an average of the squared momentum matrix element for the TM
mode when quantized energy of the nth sub band equal E, can be written as
[56].

Mry = (M*pprm + M) (2-20)

Where (M?)pn 7y and (M%), are the squared momentum matrix
element of the electron - heavy hole and electron - light hole interactions

respectively for the TM mode as the following [9].
<M2>hh,TM =0 (2-21)
<M2>lh,TM = 2M? (2-22)

Where M is the momentum matrix element can be written by the following
express [9]

Eg(Eg+lo )

\/_ (Zme(Eg+ AO)) (2-23)

Where is A, is the split off energy.

2.4.2 Non Radiative Recombination

Non radiative recombination process is the most important in
understanding of the semiconductor physics in optoelectronic devices for
example light emitting diodes and solar cells [78]. Non radiative
recombination happens when the carriers in the (CB) and (VB) recombine
non- radiatively, this means that will not light emit from this process. This
will increases the current need to achieve lasing [10]. Non radiative
recombination can decrease device efficiency by reducing the collection of
photo-generated carriers and suppressing luminescence or carrier lifetimes
[78]. Non radiative recombination process includes defects recombination,

Auger recombination and leakage current recombination.
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2.4.2.1Defects Recombination:

Defects rise from the aberrations in the crystalline structure of the
semiconductor material. They are normally formed through epitaxial growth;
an atomic place can be replaced by an impurity, or change leaving place by
vacant place which would ordinarily be employed, or it is sometimes
occupying by an atom which is supposed to empty place. These defects states
(electrons and holes) can be recombining non-radiatively within a diffusion
length. The defect rate related to recombination by the following expression
[73]

Rp=ApN (2-24)
Ap is the monomolecular recombination coefficient.

2.4.2.2 Auger Recombination:

The recombination energy of electron and hole is added to another
electron (hole) which is transited to a higher energy level in the (CB) and
lesser energy level in the (VB). To realize thermal equilibrium, the carrier
which is in excited state relaxes by emits a phonon through lattice vibration.

Auger recombination is delicate to band gap. It increases as the
semiconductor band gap decreases and then it products major problem in the
mid infrared devices. This is due to the decrease in the band gap energy, the
effective mass of carriers and the activation energy decreases lead to
increasing the probability of Auger process. The Auger process shows in
Figure (2-3)

The momentum in a band to band Auger process is preserved in an
electron-hole transition and is not presented phonons. It is categorized into
three based dependent on the bands in which the Auger carriers excited to and
or are reside. Figure (2-3b) shown conduction-hole conduction-conduction

(CHCC) Auger process. In this process the electron transits from conduction
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band to valence band without emitting a photon; instead of the energy excites
another electron in conduction band to a higher energy state. Later the excited
electron misses the additional energy by optical phonons and the system
reaches to the thermal equilibrium. Another form of direct band to band
Auger is the conduction-heavy hole- spin-split off band is excited to the heavy
hole Auger recombination (CHSH) shown in figure (2-3c). In the conduction-
hole-light-heavy-hole (CHLH) Auger process shown in figure (2-3d), an
electron in the spin- split off band is excited to the heavy-hole band, if the
electron-hole process leads to a transition from a light-hole band to the heavy-
hole [73].

The Auger recombination rate can be written as the following [79]
Ruug = (Cp + Cy)n® = Cpyy N3 (2-25)

Where C,,, C, are the Auger coefficient electron and hole respectively and

Caug is the Auger recombination coefficient can be written as [73]

1 —Eq
Caug = - C, exp (—) (2-26)

kpT
Where r, is the Auger carrier lifetime.

E, and C, are the activation energy and coefficient in the (CHCC) Auger

process can be written [74]

MeEg

Ea = iy (2-27)
_ 4ne4me(mhh+m2)|Mee|2 _
Co= he2(2mpp+m3)2kpT (2-28)

Where m,,, the heavy hole mass, ¢ is the dielectric constant, |M,,|?is the

matrix element of the electron-electron interaction is given by
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moEy

hZ
[Mee 2 = o)’ (2-29)

3m¢E,
Where E,, is the energy equivalent of the momentum matrix element.
Thus the total recombination rate can be express as [80]

Riotar = R+ Rp + RAug (2-30)

The recombination lifetime can be expressed in the following equation [80]

11,

rrec lr (D [Aug

1

(2-31)

2.5 Quasi Fermi Level

The allowed energy levels for electrons and holes in a semiconductor
crystal represent the band structure. The probability of presence the electrons

in allowed energies expressions by Fermi Dirac function as the following [48]

f(E) = ——= (2-32)

1+exp(ka)

Where f (E) is the probability of finding an electron at energy E, Ef is the
Fermi energy. In thermal equilibrium, Fermi level determines the occupation
probabilities. In non- equilibrium, such as when a material is pumped to
achieve lasing , separate Fermi levels , termed quasi Fermi levels , are defined
for the conduction band and valence band. The occupation probability may
then be determined through positions of the two quasi Fermi levels, defined to

account for carrier concentrations in the two bands separately.

Define the energies of the electrons and holes are separately to reflect the
non-equilibrium case. For the valence band, Ejis the hole energy, E,, below

the valence band energy, the corresponding quasi Fermi level is given byE,,.

In the conduction band, E, is the electron energy, E. above the conduction
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band energy and the corresponding quasi Fermi level is E¢., as shown in

figure (2-4).

=

Figure (2-4): Definition of the quasi Fermi levels and electron and hole energies [48]

These descriptions for the quasi Fermi levels, the occupation probability for

electrons in the conduction band f. (E), and holes in the valence band £, (E),

can be expressed as a function of electron and hole energies by [9, 48]

fo(B) = (B) =— =5
1+exp

ka

1
fU(E) = 1_f (E) = (Efv—Eh)
1+exp

ka

E;.=E + kT 1n(Nic)

P
Epv=Ey = kpT In()

(2-33)

(2-34)

(2-35)

(2-36)

42



Chapter two Theoretical Concepts

Where N and P the electrons and holes concentration, respectively, N. and N,,
are the effective density of states for electrons and holes, respectively can be
written [48].

(Efc_Ec)

N =N exp = (2-37)
P = N, exp e (2-38)
N, = 2(Tmekn Ty, (2-39)
N, = 20X i ke Ty, (2-40)

The transparency carrier density can be determined by the following equation
[9, 81]

KpT2 . o 3
Ntr:\/ N, —N, = [Z(Zb?)z(memh)‘*] (2'41)

In thermal equilibrium, the quasi Fermi levels are equal to each other,

therefore equal to the Fermi level, or E¢. = Ef, = Ef [9, 48].
2.6 Optical Transitions

Optical absorption and emission happen through the interaction of optical
radiation with electrons in a material system that defines the energy level of
the electrons. Depending on the characteristics of a particular material,
electrons that interact with optical radiation can be either those bound to
individual atoms or those exist in the energy band structures of a material
such as semiconductor. The absorption or emission of a photon by electrons is
related with a resonant transition of the electron between a lesser energy level
1 of energy E; and higher energy level 2 of energy E,. Band to band transition
in a semiconductor occur through transition an electron between valence and
conduction bands, there are two types band to band transition is direct and

indirect transition. A direct transition occurs when an electron makes an
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upward or downward transition without the contribution of a phonon. Indirect
transition when an electron makes it has to absorb or emit a phonon, thus
exchanging energy and momentum with crystal lattice, and so to complete the
transition [26]. Optical transition consists of two kinds' interband transition
and intraband transition. Interband transitions occur between the conduction
band and valence band, and include two types electrons and holes. Intraband
transitions occur inside either conduction band or the valence band, and
involve only one kind of carrier [82]. Figure (2-5) show different optical
transitions in semiconductors. Figure (2-5a) display interband transitions and
intraband transitions in bulk semiconductor structure happen between bands
and inside a band, respectively. And also show that the transition matrix
element for interband (band to band) stimulated absorption is non-zero. The
transition matrix element for intraband stimulated absorption is zero. Figure
(2-5b) show interband transitions in quantum well structures happen between
quantized states in the conduction band well and quantized states in the
valence band well. Let us allocate these transitions an energy E,,,,, where m is
the m,;, quantized state in the conduction band well and n is the ny, quantized
state in the valence band well. For example, the EQO transition happens
among the two ground states of the wells. Show that transitions allowed is
Eoo, Eo2, Eo... and that Eqy, Eqg, E1o... are disallowed transitions. The allowed
interband transitions are characterized by A=m-n=0, 2, 4 ...,fig.(2-5c) shows
that intraband transitions in quantum well structures happen between
quantized states in the same well. Such intraband transitions typically occur in
the far infrared. Thermally sensitive cameras are based on this principle. Let
us allocate these transitions energy E,,,,, where m is the m,; quantized state
in the well and n is the nth quantized state in the well. For example, the Ey,
transition happens between the first excited state and the ground state of the

well. The transitions allowed is Egi, Egs, E12 ... and that Eg,, Egs, Eos ... are
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disallowed transitions. Show that allowed intraband transitions are

Characterized by A=m-n=1, 3,5 ... [83]

(a) Bulk (b) Quantum well interband (¢) Quantum well intraband
\ ¢ Disallowed
S T y op
A ¢ {ransitions C — m—
EC “ J L
PLF ReduceI emo l_
Allowed Allowed Disallowed [
transitions transitions transitions }_

Allowed Disallowed

¥ LN E transitions transitions
v

Figure (2-5): Allowed and disallowed interband and intraband transitions in bulk and

quantum well semiconductor [83].

2.7 Optical Confinement Factor

The optical confinement factor is necessary for the accurate modeling of
the semiconductor lasers. The optical confinement factor is defined as the
fraction of the energy of the specific waveguide mode confined to the active
region [84].Also defined as the fraction of the squared electric field confined
to the active region [85]. Due to the light distributes as shown in figure (2-6),
the optical confinement factor for the film, which is shown as a shaded area is
given by [9]

_ JMER] ax
ffooo|E§| dx

(2-42)
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Light Intensity

h] ::;% 1.

k |

Figure (2-6): The distribution of light intensity [9].
Expression of the optical confinement factor in a SQW is given by the

following equation [84, 86]

psew _ D* (2-43)
D%+2

Where D is the normalized thickness of the active region is given by

D=2z () y/(nZ,, — nZ;) (2-44)
Where w is the well width, n,, is the refractive index of the active region

layer, n,. . the refractive index of the cladding layer.

The optical confinement factor for (MQW) can be written as [86]

rMew = psow Iw (2-45)

da
Where d is the average thickness of active region, and can be written as:
d=(N,w+ N,b) (2-46)

Where N,, the number of wells, N, is the number of barriers denoted by

(Ny-1), b is the barrier thickness.

D' = 2m()\nZ —ni, (2-47)

Where n, is the average refractive index, can be written
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__ Nyw Ny w+Npb nyp
n, = 2

(2-48)

Where n,., is the refractive index of the barrier material , in the optical
confinement factor for MQW using D instead D in the equation (2-43)
[86].The optical confinement factor is important to design the optical losses or

the optical gains in the optical waveguides [9].

2.8 Optical Gain in Semiconductor Laser

The optical gain is the growth ratio of light intensity (photon density) per
unit length of light spread. The optical gain is proportional with possibility
that a given photon lead an electron transition of the high energy level j to the
less energy level i. The transition energy Ejj = Ej- E; must be equal to the
photon energy hv. The quantum mechanical calculation of this possibility for
semiconductor has been described in several publications. To provide a more
intuitive understanding, we skip most of the quantum mechanics here and

evaluate the simple gain function

e?h

95(w) = (57=) (5) Mo (BN D (E) (= f) - (2:49)

For hv = E;;.where | M, |?is the transition matrix element, D,.(E) is the density

of allowed transition between two bands [87].

The gain of the system must at least be equal to the losses in this system;
this gain is called a threshold gain. The beam intensity as it leaves the

medium will be [13]
| = ,e(do—adL (2-50)

This beam intensity is reflected from mirror 1, reflection becomes as the

following
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| =1, Rye(go—adL (2-51)

Another transition through the medium by a reflection from mirror 2, the

beam intensity after one trip through the resonator is written as
| =1,G; = I,RR,e?Wo=aL (2-52)

Where I, is initial beam intensity as it leaves mirror 2, Ry, R, is the reflection
or reflectivity coefficient of the two mirrors, «; is the internal loss, g, is the

gain coefficient and G, is the round-trip power gain oscillation.
When| > I,
Gy, = RyiRye*9om@l > 1 (2-53)

This condition necessary to achieve oscillation in the resonator, and the
threshold for oscillation is given by the minimum bound. The steady-state
conditionis | = 1,,.
The threshold gain is given by [8, 13].
Jen = @; + oy (2-54)
Where o, is the internal loss and a,, is the mirror loss, and can be written

1 1

a, =—In
m 7L (R1R2

) (2-55)

The threshold gain in MQW can be written [81]

ai+am

Itn = rMQw (2_56)

2.9 Threshold Current Density

The symbol of the threshold current density is (/;;). Threshold current
density is a direct indicator in determining the quality of semiconductor

materials that are fabricated device [88].
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The threshold current density is given by [89, 90]
Jen = ed(ApNep, + BraaNG + CaugNiy (2-57)

Where Ny, is the threshold carrier density and can be expressed as [81].

(Zi‘l‘(lm

Nip =N, exp 772750’ (2-58)

Where g, is the gain coefficient.

2.10 Threshold Current

The threshold current (1,;,) is the basic and most important parameter from
the laser diodes. Under the threshold, the light emitted in the active layer
spreads along the layer because the refractive index of the active layer is
higher than that of the cladding layers [5].When applied forward current is
less than threshold current, the laser diode works like (LED) .where the
density of carriers in the active layer is not high enough for population
inversion, the spontaneous emission dominates and creating a small quantity

of incoherent light as shown in the figure (2-7).

&
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.
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Threshold
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Figure (2-7): The variation output power with current curve [91].
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by increasing the bias, population inversion happens, stimulated emission
becomes predominant and cavity losses are requite at a certain bias current, at
this point, the current is named threshold current. The injection current above
the threshold produces the sudden start of lasing action and coherent light is
emitted from the laser diode. The threshold current of laser evaluated by

reasoning the linear part of the characteristic to zero output power [91].
Threshold current can be calculated by the following equation [67, 86]

Where ], is the threshold current density, L and W are the length and width

of cavity laser.

Threshold current is dependent on the quality of the semiconductor material
and the general design of the waveguide structure, the size and area of the

laser device [88], also temperature depends can be described by [92]

T2-T1

Ien(Ty) = L (Ty) exp To (2-60)

Where T, and T, is the different package temperature, T, is the temperature

constant of the threshold current.
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Chapter three Results and Discussion

3.1 Introduction

This chapter contains the results that are acquired through the application
of expression which are described in chapter two. In this chapter we
determined the x value of Al,Ga; N/GaN multi-quantum well structure. Thus
calculated the MQW structure parameters such as barrier width (b), number of
well (N,,), and number of barrier (N, ). From the effecting of these parameters
on optical confinement factor, determined those values according to the best
value of optical confinement factor. Then study the laser diode parameters
such as well width (w), cavity length (L), reflectivity of cavity mirror (Ry,
R,), Cavity Width (W), Average thickness of active region (d), optical
confinement factor (I'), mirror losses and threshold gain which are effect on
threshold current density and threshold current to determine the optimum
value of threshold current. All these parameters are calculated for multiple
quantum well of Al GageN/GaN heterostructure laser system. This
structure emitted wavelength (A=352 nm) in ultraviolet (UV) radiation range.
Ultraviolet (UV) radiation is a part of the electromagnetic spectrum between
the X-rays and visible light. The UV is classified into Vacuum UV (40-190
nm), Far UV (190-220 nm), short (UVC) (220-290 nm), medium UV (UVB)
(290-320 nm) and long UV (UVA) (320-400 nm) [93, 94]. From these ranges,
the emitting wavelength for AlGaN/GaN multi-quantum well structure is in
UVA range. The wavelength which used has several applications such as
forensic analysis, protein analysis, drug detection, DNA sequencing, optical
sensors, various instrumentation, medical imaging of cells, curing of

polymers, in the treatment of psoriasis, eczema and vitiligo [93].

3.2 Scope of the Work
The material used in this study is AlGaN/GaN. We used Matlab version
8.2.0.701 (2013) to draw figures and calculations. Figure (3-1) is a block
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diagram of the laser diode parameters of the work scope. The constants are
used in calculation of this chapter in the tables (3-1), (3-2) and (3-3).

Table (3-1): List of constant

Symbol Constant Values Unit
Electron charge e 1.6*10™" C
Plank’s constant h 4.140*107 eV.s
Plank’s constant divided by 27 h 0.659*10% eV.s
Free electron mass m, 9.1*10™" Kg
permittivity in vacuum € 8.85*10"° C?/N.m*
Boltzmann's constant K, 8.6250*10™ eV/K
Temperature T 300 K

Table (3-2): Properties of GaN

Ref.
Symbol Constant | Values |  Unit No
Electron effective mass m} 0.2m, Kg 52
Hole effective mass m;, 0.8 m, Kg 52
Heavy hole mass my, 1.4m, Kg 52
Energy gap E, 3.43 eV 49, 51
Dielectric constant e 8.9 g, C%IN.m? 52
Refractive index n, 2.5067 Non 54
Gain coefficient do 1.5%10° m* 95
Energy equwalgnt of the E, 14 eV 51
momentum matrix element
Split off energy A, 14*10°3 eV 51
Monomolecular %1 (8 1
recombination coefficient Ap 110 > %0
Internal loss Q 25 cm™ 97
Reflectivity mirror 1 =3 0.75 Non Non
Reflectivity mirror 2 R, 0.9 Non Non
Table (3-3): Properties of AIN
Symbol Constant Values Unit Ref. No
Refractive index n, 1.99 Non 52,98
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Figure (3-1): A Block diagram of the laser diode parameters of the work scope
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The multiple quantum well laser system consists from wells and barriers.

The material of the well layer is GaN and the cladding layer is AIN. The

barrier layer material is choosing by checkup the values of mole fraction (x)

for Al which gives higher value of optical confinement factor. This exam
illustrates in table (3-4).

Table (3-4): Optical confinement factor versus the mole fraction x for different
number of well.

N, N,,=2 N,,=3 N, =4 N,,=5
Xp | w(nm) I w(nm) r | w(hm) r | w(nhm) r

0.01| 22.2 | 0.4107 | 12.2 |0.3276 7 0.2413| 4.3 |0.1761
0.02]| 22 0.407 119 (0.3203| 6.9 | 0238 | 4.2 |0.1724
0.03| 21.8 | 0.4032 | 11.8 |0.3174| 6.8 |0.2346| 4.2 |0.1721
0.04| 21.7 | 0.401 11.7 [0.3146| 6.8 |0.2341| 4.2 |0.1718
0.05| 215 | 0.3972 | 116 |0.3117| 6.8 |0.2337| 4.1 | 0.168
0.06| 214 | 0.395 | 115 |0.3088| 6.8 |0.2333| 4.1 |0.1677
0.07] 212 | 0.3911 | 113 |0.3036| 6.7 [0.2299| 4.1 |0.1674
0.08| 21 0.3872 | 11.3 | 0.303 | 6.7 [0.2294| 4.1 |0.1671
0.09| 209 | 0.385 | 11.2 |0.3001| 6.7 [0.2289| 4.1 |0.1668
0.1 20.8 | 0.3828 | 11.2 | 0.2996| 6.7 |0.2285| 4.0 0.163
0.15| 20.6 | 0.3768 11 10.2919| 6.6 |0.2232| 4.0 |0.1614
02| 20 | 0.3637 | 109 |0.2865| 6.6 |0.2207| 4.0 |0.1597
0.25] 19.2 | 0.3466 | 108 |0.2811| 6.5 [0.2152| 3.9 |0.1544
0.29| 18.9 | 0.339 104 |0.2688| 6.4 |0.2101| 3.9 |0.1529
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It illustrates that the optical confinement factor (I') as a function of well
width for different values of mole fraction (x) of Al in Al,Ga;,N has been
calculated by using eq. (2-45). This table shows that the higher value of I' is
0.4107 at x = 0.01 and number of well is 2. Therefore the barrier layer is

Alg01Gag 99N material.

3.3 Parameters Affecting the Optical Confinement Factor

The best value of optical confinement factor (I') 1s used to determine the
values of number of well (N,,), number of barrier (N,) and barrier width (b)
for our structure which is Al GagegN /GaN multiple quantum well. These
parameters determined by the relationship between the optical confinement

factor and well width.

3.3.1 Well width (w), Well Number (N,,) and Barrier Width (b)

The optical confinement factor for Algy;GaggeN /GaN multiple quantum
well systems was calculated from eq. (2-45). Figure (3-2) shows that the
optical confinement factor (I') versus well width (w) for different barrier
widths (2, 4, 8, 12, 20) nm. In this figure there are four cases of well numbers
(Ny) (2, 3, 4, 5). It shows that the optical confinement factor (I') is increasing
with increases well width (w) for each value of the barrier widths for multiple
quantum well (MQW). It is clear from this figure that there exists a value of
well width intersected all the curves of different barrier width at exact value
of optical confinement factor. However, for w lower than this value, it
appears that the varying rate of I' with rising barrier width can be ignored,
whereas higher than this value the varying rate of optical confinement factor

for b of 2 nm is more than of other barriers.

Figure (3-2a) illustrates that well number is two, well width is 22.2 nm and
the optical confinement factor is 0.4107, while in figure (3-2b), well number
is three, well width is 12.2 nm and the optical confinement factor is 0.3276, in
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figure (3-2c), well number is four, the well width is 7 nm and the optical
confinement factor is 0.2413, in figure (3-2d), well number is five, the well
width is 4.3nm and the optical confinement factor is 0.1761. We note that the
highest value for the optical confinement factor is '=0.4107 when a well
number (N,, = 2) and the barrier width b=2 nm. Therefore, we choose
number of well (N,, = 2) and barrier width b = 2 nm as optimization values

for our structure (Aly01Gagg9N/GaN).

0.7

0.6

o o© o
w e a
T T T
1 1 1

Optical Confinement Factor (T)

o
N

0.1

20 40 0 20 40 0 20 40 0 20 40

w (Nm) w (nm) w (nm) w (Nm)
(a) (b) (c) (d)

Figure (3-2): Optical confinement factor versus width of well for the different barrier
width (a) Nw=2 (b) N, =3 (c) N,=4 (d) Ny=5where __ b=2nm, b=4nm,
_ b=8nm, b=12nm, b=20nm.
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3.4 Parameters Affecting on the Threshold Current Density and
Threshold Current
3.4.1 Well Width (w)

The threshold current density (/) as a function of the well width (w) for
different cavity length L = (0.5, 0.75, 1, 2, 3, 4) mm, can be calculated by
using egs. (2-26), (2-23) and (2-16), (2-15) and (2-57) as shown in figure (3-
3). It is clear that the J;;, decreases with increasing well width for each cavity
length values where the best value is J,;, = 3743 Alcm? which it is the same
value at L=2mm, L=3mm, and L=4mm, when w=4.3nm and T=300K. After

this value of J,;, it increases with increasing w.
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——L=3mm
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Figure (3-3): The threshold current density as a function of the well width for different
cavity length.

Figure (3-4) shows that the threshold current density as a function of the
well width (w) for several temperature values (77,150, 200, 250, 300) K, can
be calculated by using equation (2-57). Interband transition occur between the
conduction band and valence band, where electron transition of the one state
(n=1) in conduction band to the one state (n=1) in the valence band (heavy
hole (hh) or light hole (Ih)), optical transition is allowed because An = 0. We
note that the threshold current density decreases with increasing well width

until it reaches the lowest value and then begins to increase. Figure (3-4a)
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represents the threshold current density in case for TE mode of the electron
transition must be from (n=1) in the conduction band (E.) to (n=1) of light
hole (Ih) in the valence band (E,) therefore used the momentum matrix
element (M) eq (2-23) in eqg. (2-19) and substituted it in egs. (2-15) and (2-
57). The lowest value of the threshold current density is J,,= 3743A/cm? at
T=300K. Figure (3-4b) is the case for the TM mode of the transition occurs to
the light hole (Ih) level by used (M) eq. (2-23) in eq. (2-22) and substituted it
in egs. (2-15) and (2-57). The lowest value the threshold current density is
Jen=3743A/cm’ at T=300K. While figures (3-4c) and (3-4d) are representing
the transitions occur to the heavy hole (hh) level for TE and TM modes
respectively by substituted eq. (2-23) in egs.(2-18) and (2-21) then in egs. (2-
15) and (2-57). Thus the lowest value of the threshold current density of these
two transitions are J,,=2853A/cm?and J,,=181.9A/cm? respectively. These
values of threshold current density are obtained at w=4.3nm, T=300 K.
Through the values of the J;;, it is clear that the lowest value of J;;, is in the
case of the figure (3-4d) where transition to hh level for TM modes due to that

radiative recombination coefficient B,,q =0.

1¢ 1 0.04
0.8 1 0.8+ 1
0.03};
5 06; 0.6 - “
§ 0.02 //
o \ \ [/ W/
¥ 045 J 1 047V
'_’4—4 | | |
\ 0.01
0.2F 1 0.2F 1
0+ : = 0 : 0 : 0 :
0 20 40 O 20 40 O 20 40 0 20 40
w (nm) w (nm) w (nm) w (nm)
(a) (b) (©) (d)

Figure (3-4): Threshold current density versus well width for the different temperature.
(a) TE mode for Ih (b) TM mode for Ih (c) TE mode for hh (d) TM mode for hh where
T=77K, T=150 K, T=200 K, T=250 K, T=300 K.
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Figure (3-5) illustrates that the threshold current density versus well width
w for several temperature (77,150, 200, 250, 300) K (from equation (2-57)). It
is clear that the J,;, decreases with increases well width until it reaches to the
lowest value and then begins to increase for each value of temperature. Figure
(3-5a) from equations (2-15), (2- 17), (2-18), (2-19), (2-23) and (2-57) for TE
mode, and figure (3-5b) from egs (2-15), (2-20) - (2-23) and (2-57) for TM
mode. They are appear that the lowest value of the threshold current density is
Jen= 258 Alcm? at T=77K and J,,= 3743 Alcm’ at T=300K when w= 4.3nm.
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\_/ ——— T=250K k_/ —— T=250K
o —— T=300K o —— T=300K
0 5 10 15 20 0 5 10 15 20
w (nm) w (nm)
(a) (b)

Figure (3-5): Threshold current density versus well width for the different temperature.
(@ TEmode (b) TM mode

Equation (2-57) shows relation between the total threshold current density
with well width (w) for several temperature T= (77,150, 200, 250, 300) K, as
shown in figure (3-6) which was drawn by equations (2-15), (2-16) - (2-23)
and (2-57). The lowest value of the threshold current density at T=77K is J;;,=
258 A/cm®  but at T=300K is J,,= 3743 A/lcm? and w=4.3 nm.
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Figure (3-6): Threshold current density versus well width for the different temperature.

Figure (3-7) shows threshold current versus the well width (w) for
different temperatures T=( 77, 150, 200, 250, 300 ) K which can be calculated
by using eq. (2-59). This figure shows that the behavior of threshold current
curve is the same behavior with the threshold current density curve while the
less value of the threshold current at T=77K is I;;, = 1.03 mA but at T=300K
is I;;, = 14.97 mA and w=4.3 nm.
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Figure (3-7): Threshold current versus the well width for different temperature.
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3.4.2 Mirrors Reflectivity

The threshold current density versus the well width (w) for variations
reflectivity R; and R, was calculated by using eq. (2-57), as shown in figure
(3-8). This figure appears that the J,, = 3743 A/lcm* when R;=0.75 and
R,=0.9, as well as J,, = 4840 Alcm? when R1=R2=eq. (1-1), the threshold
current density value is J,, = 4256 Alcm* when R;=eq. (1-1) and
R,=0.9.Through these values, it is clear that the best value of threshold

current density is 3743 A/lcm? in the case reflectivity R;=0.75 and R,=0.9.

1
0.8+ 1
5 06 .
<
°©
¥ 04 .
~5
0.2+ —— R1=0.75 R2=0.9
—— R1=R2=eq. (1-1)
—— R1=eq. (1-1) R2=0.9
0 r r r r
0 2 4 6 8 10 12 14
w (nm)
Figure (3-8): Threshold current density as a function of well width for different
reflectivity.

Figure (3-9) show that the threshold current (I;;,) versus (w) for various
reflectivity's R; and R, was calculated by using eq. (2-59). This figure appears
that the threshold current value is I;;, = 14.97 mA when R;=0.75 and R,=0.9,
also the threshold current density value is I;;, = 19.36 mA when R;=R,=¢q.
(1-1) and the threshold current value is I, = 17.02 mA when R1=eq. (1-1)
and R2=0.9.Through these values, it is clear that the best value of threshold

current is 14.97 mA in the case reflectivity R;=0.75 and R,=0.9.
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Figure (3-9): The threshold current versus the well width for different reflectivity.
3.4.3 Cavity Width (W)

Threshold current versus well width (w) for different cavity widths W=
(200, 300, 400, 500, 600) nm can be calculated by eqg. (2-59) as shown in
figure (3-10). It is illustrate that the less value of the threshold current is
It = 14.97mA when the well width is w= 4.3 nm and W=200 nm, it is the

favorite value for the cavity width.

80
70 -
60 -
50 - .
<
E 40 .
30 —— W=200 nm
20 - —— W=300 nm
— W=400 nm
10 ——— W=500 nm
— W=600 nm
O r r r r r r r
0 2 4 6 8 10 12 14 16 18 20

w (nm)
Figure (3-10): Threshold current as a function of well width for the different cavity width.
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3.4.4 Average Thickness of Active Region (d)

The threshold current density as a function of the average thickness of
active region (d) for different temperatures (77, 150, 200, 250, 300) K, can be
calculated by using eq. (2-57) as shown in figure (3-11). It is clear that the J;
decreases with increasing average thickness of active region for each
temperature value until the reach threshold current density to the lowest value
is ., = 3743 Alcm* at d = 10.6 nm and T=300K, then start increases.

O [ [ [ [ [ [ [

0 10 20 30 40 50 60 70 80 90
d (nm)
Figure (3-11): Threshold current density as a function of average thickness of active
region for the different temperatures.

The threshold current as a function of the average thickness of active
region (d) for different temperatures T= (77, 150, 200, 250, 300) K, can be
calculated by using eq. (2-59) as shown in figure (3-12). It is clear that the
lowest value of threshold current is I;;, = 14.97 mA when d = 10.6 nm and

T=300K, then start increases.

Through the previous figures for threshold current density and threshold
current illustrate that both J;,and I, increase with increasing temperature
this is the increases cavity losses with increasing temperature. To overcome

cavity losses we need more current to achieve the population inversion.
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Figure (3-12): Threshold current as a function of average thickness of active region for the
different temperatures.

3.4.5 Cavity Length (L)

The threshold current density versus the cavity length (L) for different
values of temperature T= (70, 150, 200, 250, 300) is shown in figure (3-13),
using equation (2-57). It clear that the threshold current density decreases
with increases cavity length for each temperature values and then begin to be
fixed almost near L=1 mm, this is because mode gain increased in a longer
laser cavity. From this figure, the best value of threshold current density is
Jen = 3743 Am/cm? when cavity length is L=2 mm and T=300 K.
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Figure (3-13): Threshold current density as a function of cavity length for the different
temperature.

Figure (3-14) shows that the threshold current versus the cavity length for
different temperature T= (77, 150, 200, 250, 300) K, can be calculated by
using equation (2-59). It shows a linear behaviors nature which suggests that
the threshold current can be estimated at any cavity length, but the best value
of threshold current is I;;, = 14.97 mA at T=300K when L=2mm.
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Figure (3-14): Threshold current as a function of cavity length for the different
temperature.
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Figure (3-15) shows that the threshold current density as a function of the
cavity length for different values of wells number N,= (2, 4, 6) was
calculated by using eq. (2-57). It is shown that the threshold current density
decreases with increasing cavity length for each number of wells values and
then begin constant near L=1 mm, that the best value of J,, = 3743 Alcm®

when cavity length is L=2 mm and N,, = 2.
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Figure (3-15): Threshold current density as a function of cavity length for the different
number of wells.

Figure (3-16) shows that the threshold current as a function of the cavity
length for several wells number N,,= (2, 4, 6), can be calculated by using
equation (2-59). The curve of the threshold current in a straight line, the
lowest value of Threshold current is I, = 14.97 mA when L=2mm and
N, = 2.
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Figure (3-16): Threshold current as a function of cavity length for the different number of
wells.

The threshold current density as a function of the cavity length for different
reflectivity of cavity mirrors (Ry, R,) as shows in figure (3-17), was calculated
by equation (2-57). It indicates that the threshold current density decreases
with increasing cavity length and it begins constant near L=1mm, that the
value the threshold current density J,, = 3743 Alcm* when R;=0.75 and
R,=0.9, so J,, = 5034 A/cm® when R1=R2=eq. (1-1), and J,, = 4302
Alcm? when Rl=eq. (1-1) and R2=0.9. Through the values of the threshold
current density noted that the lower value is J,, = 3743 Alcm?when R;=0.75,
R,=0.9 and T=300 K.

67



Chapter three Results and Discussion

1 T
0.8
NZE? 0.6
<
=
x_ 04 =
s
0.2 —— R1=0.75 R2=0.9
—— R1=R2=eq.(1-1)
—— R1=eq.(1-1) R2=0.9
O r r r
0 0.5 1 1.5 2 25 3
L (mm)
Figure (3-17): Threshold current density as a function of cavity length for the different
reflectivity.

3.4.6 Mirror Loss (a,,)
The threshold current density as a function of the mirror loss was calculated

by using eq. (2-57), as shown in figure (3-18). Through this figure noted that
the threshold current density increase with increasing mirror loss until it reach

to the value of mirror loss «,,,=0.98 cm™ when the threshold current density

Jon= 3743 Alcm? and T=300 K, R;=0.75 and R,=0.9.
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Figure (3-18): Threshold current density versus mirror loss.
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Figure (3-19) shows that the dependence of threshold current on the mirror
loss which calculated by using eq. (2-59), this figure shows that the threshold
current increase with increasing mirror loss until it reach to the value of
mirror loss a,,=0.98 cm™ at the threshold current value I,,= 14.97 mA and

T=300 K.
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Figure (3-19): Threshold current as a function of mirror loss.

3.4.7 Threshold Gain (g:x)
Threshold current density versus the threshold gain was calculated by using
equation (2-57) as shown in figure (3-20), it is clear that the threshold current

density increases exponentially with increasing threshold gain. When the
threshold current density is J;;,= 3743 Alcm?, the threshold gain is
g, = 791 cm™.
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Figure (3-20): Threshold current density versus threshold gain.

Figure (3-21) illustrates that the dependence of threshold current on the
threshold gain was calculated by using eq. (2-59). This figure show that
threshold current increases with increasing threshold gain. The threshold gain

value is gq, = 791 cm™, when the threshold current is I, = 14.97 mA.
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Figure (3-21): Threshold current as a function of threshold gain.
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Chapter four Conclusions and Future Work

4.1 Conclusion

In conclusion, Al GageN/GaN multiple quantum well laser structure
emitted wavelength of 352 nm which is within the long UV (UVA) range.
This system shows that the optical confinement factor increases with
increasing well widths. The best value of the optical confinement factor is
0.4107 when number of wells N,,=2 and barrier width (b=2nm) is the smallest
barrier width. From these results appear that the optical confinement factor is

the important factor to determine the parameters of this structure.

The parameters which effecting on the threshold current density and
threshold current was determined to obtain the optimum values of threshold
current density ( J,, = 3743 Alcm?) and threshold current ( I, = 14.97 mA)
such as: well width (w), average thickness of active region (d),cavity length
(L), mirror loss(a,,) and threshold gain (g;,).Those parameters can be
inserted by table (4-1).

71



Chapter four

Conclusions and Future Work

Table (4-1): The results values for Aly01GaggN/GaN multiple quantum well laser

T=300K.
Parameters Symbol Values Unit
Threshold current density Jen 3743 Alcm?
Threshold current ) % 14.97 mA
Well width w 4.3 nm
Average thickness of active
) d 10.6 nm
region
Cavity width W 200 nm
Reflectivity coefficient the
] ] R 0.75 Non
first mirror
Reflectivity coefficient the
) R, 0.9 Non
two mirror
Cavity length L 2 mm
Mirror loss a,, 0.98 cm™
Threshold gain Gin 791 cm™
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4.2 Suggestions for Future Work

1- Theoretical optimization of threshold current InGaN/GaN and

AlGaAs/GaAs for multiple quantum well lasers and compared with
AlGaN/GaN

2- Theoretical optimization of threshold current for semiconductor materials

emitting laser in infrared range.

3- A study AlGaN/GaN for quantum wire laser and quantum dot laser.
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