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ABSTRACT

This thesis attempts to address a comprehensive in-depth study on the crystal orientation and
strain-dependent optoelectronic performance and frequency response of 445nm InGaN/GaN
single quantum well (QW) Blue Laser operating at 300K by solving a six-band k.p
Hamiltonian at the Brillouin zone center point using finite difference method. Here 8nm
Ino.17Gap s3N is used in the active layer and 10nm GaN is used in the guiding/barrier layer. The
well is compressively strained due to lattice mismatch between well and barrier layer. The
simulation is carried out in MATLAB/Simulink environment along (0001), (1010), (1012),
(1122) and (1011) crystal orientations. Tensor rotation scheme is applied to modify the wave
vector and Hamiltonian matrix from conventional (0001) crystal orientation. The compositions
of well materials are selected as Ing15Gaggs N, Ing17Gaoss N, Ing19Gags: N and Ing21Gag7e N
for strain-dependent performance analysis along (1122), (1012) and (0001) crystal
orientation. In crystal orientation-dependent analysis for 17% Indium composition, it is found
that there is a substantial correlation of the energy band dispersion profile, momentum matrix,
piezoelectric (PZ) field, peak gain and peak emission wavelength with change of crystal
orientation. The PZ field is found to be zero in (1122) and (1010) crystal orientation (growth
angle of 58.4° and 90° w.r.t z-axis). The optical gains are inspected as 3845, 4460, 4880, 4750
and 4178 cm™ corresponding to peak emission wavelength of 447, 455, 446, 441 and 438nm
at (0001), (1012), (1122), (1011) and (1010) orientations when the injection carrier density
is of 3.5x10* cm™. Moreover, the optical gain in (1122) orientation is always higher than
other orientation in any injection carrier density. During compressive strain-dependent
performance evaluation, significant amount of optical gain and emission wavelength variations
are found for the value of In composition from 15% to 21%. For example, in (1122)-oriented
QW: optical gain changes from 4730 to 5190 cm™ with a corresponding emission wavelength
shifting from 452 to 430 nm for changing the indium composition from 15% to 21%. Output
optical power characteristics are analyzed by developing a Simulink model with the help of 2-
level rate equations and following the concept of signal-flow diagram. In (1122), (1012) and

(0001)-oriented structure, higher optical power is found when the indium composition is 21%



Vi

in the active region. Among arbitrary crystal orientated structure, maximum optical power of
4.35mW and minimum threshold current of 0.74mA is obtained in (1122) crystal orientation.
A state-space model is formed for each (hkil)-orientated crystal structure in order to observe
their frequency responses (Bode Plot) close to corner frequencies. The laser system for each
orientation and indium composition is found to be stable as positive gain and phase margin is
achieved. Highest magnitude (dB) response is obtained in semipolar (1122) crystal orientation
for 21% indium composition in well. This numerical result demonstrates that semipolar
(1122) crystal orientation is of special interest and can be incorporated into the active layer of
blue laser in order to have best performance for high-speed lightwave communication
technologies which can be used for medical & industrial purpose, precision measurement,

military defence & security, thermal imaging, DVD and Blu-ray players etc.
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CHAPTER |

Introduction

1.1 Background of the Thesis

Laser (Light Amplification by Stimulated Emission of Radiation) makes use of stimulated
emission, and optical feedback provided by mirrors to increase or amplify light signals [1].
Townes and Schawlow introduced the concept of laser by extending the maser operating
frequency to optical range [2]. Maser is a microwave amplifier which produces a coherent beam
of microwaves. Townes and Schawlow both received Noble prizes for their work in this field in
1964 & 1981 respectively. In 1960, Theodore Maiman of Hughes Research Laboratories
produced the first laser using ruby crystal as the laser medium and a flash lamp as the excitation
source [3]. The first gas laser was developed in 1961 by A. Javan, W. Bennett, and D. Harriott of
Bell Laboratories, using a mixture of helium and neon gases [4]. At the same Laboratories, L.F.
Jonson et al demonstrated the first neodymium laser, which has since become one of the most
reliable lasers available [5]. The first semiconductor laser was demonstrated by R. Hall at
General Electric Research Laboratories in 1962 [6]. The early semiconductor laser was based on
p-n homojunction structure. But the carrier and optical confinement level in homojunction
structure is not satisfactory. Again, homojunction laser cannot be operated continuously at room
temperature which is a major drawback [7]. The carrier and optical confinement can be
effectively achieved by Quantum well (QW) double heterostructure. QW structures show
quantized sub-bands and step-like densities of states. The density of states for a quasi-two
dimensional structure has been used to reduce threshold current density and improve temperature
stability. Energy quantization provides another degree of freedom to tune the lasing wavelength
by varying the well width and the barrier height. In 1975, the first QW laser was made in GaAs
by J. van der Ziel and co-workers at Bell Laboratories [8].Since then, ample investigations have
been done on different structures and active channel material of QW lasers. First short-
wavelength (A<530 nm) QW laser diodes (lasers) were demonstrated on (Zn, Cd, Mg) (Se, S) II-
VI materials in early 1990’s [9, 10]. Research was first focused on II-VI compounds due to their
same crystal structure and similar lattice constant to GaAs, which make the 11-VI crystal growth
with low defect density (10°~10* cm?) on GaAs substrates straight forward. In 1998, 11-VI



lasers’ lifetime was increased to 400 hours under the CW-mode operation with an optical power
of 1 mW [11]. But shortly, researchers found that it was very difficult to further increase the
lifetime and output power to a commercial level due to the unstable and fragile I1-VI materials.

1.1.1 Prospect of I11-N material for Optical Devices

Recently, 111-N materials (GaN, InN and AIN) have been emerged as highly attractive material
for fabricating QW laser structure due to their spectacular properties like high electron mobility
and saturation velocity, high breakdown field, high thermal conductivity, and high quantum
efficiency. 111-N materials with the WZ crystal structure have direct band gap (BG), so they are
suitable for short-wavelength LEDs and lasers. With the combination of binary alloys GaN and
InN, the ternary alloy InGaN is a promising candidate for high power and high-speed
optoelectronics. The InGaN QWSs are indispensable for light emitting devices because
incorporation of small concentrations of In in the active GaN layer increases luminescence
efficiency considerably. By adding proper amount of indium to form In,Ga;«xN QWs in the
active region, InGaN/GaN-based lasers can effectively emit light in the wavelength ranges from
400 nm to 550 nm, where three wavelength regions are of considerable commercial importance:
400 nm ~ 420 nm (violet), 440 nm ~ 470 nm (blue), and 520 nm ~ 540 nm (green) [12,13].

1.1.2 Significance of InGaN-based Blue Laser

Blue-violet lasers based on strained wurtzite (WZ) InyGa;xN/GaN QW structures have been
realized recently with a lifetime of many thousand hours [14]. They’re key devices in high-
density optical storage systems, high-resolution laser printers, Phototherapy treatment, HR-
endoscopy, telecommunications, environmental monitoring and magnetic devices, etc. A blue
laser is capable to store and read two to four times the amount of data than red laser [15, 16]. The
short lasing wavelength allows a small diffraction-limited spot size, which enhances the data
density of optical storage systems and the resolution of printers. Being insensitive to infrared
radiation, blue-laser sensors provide precise measurement with red-hot glowing metals.
Compared to the light emitting diode (LED) lamp projectors, lasers provide high spectral purity,
excellent color saturation, high resolution, high contrast ratio, and a practically unrestricted focus

depth. For true blue emission, lasers oscillate at a wavelength of 445~450 nm is required.



Although blue laser is highly demanded from the application point of views, it was hard to have
blue laser before 1990 due to difficulty in In,Ga;.xN growth. The large difference in interatomic
spacing between GaN and InN and high nitrogen pressure over InN due to N volatility are the
causes that give rise to a solid phase miscibility gap. To mitigate this problem, V/III ratios in
excess of 20000, increasing with InN mole fraction, as well as reduced growth temperatures were
employed, but at the expense of reduced quality. Efforts to increase the In concentration by
raising the indium precursor temperature or the carrier gas flow rate resulted in the degradation
of the structural and surface morphology so much that In droplets were formed on the surface.
Another major problem in producing blue lasers was the difficulty in p-doping GaN with
precision. Since InGaN is responsible for emission in the near-UV, violet, blue, and green colors
of the optical spectrum, researchers like Akasaki and Amano, and separately Nakamura were

trying to sort out the complexities in order to develop large, high-quality InGaN crystals [17,18].

1.2 Present Status of InGaN-based Blue Laser

Nakamura et al. [14] first earned one of the top blue laser breakthroughs in the 1992 by realizing
high quality InGaN QW structures for blue emission experimentally. The first InGaN/GaN
MQW violet laser was grown on sapphire substrates and demonstrated in 1995 by Nichia [19]. In
1996 and 1997, Toshiba, Cree, Fujitsu and UCSB successfully fabricated violet laser [20].
However, life time of the fabricated lasers was very poor due to unavailability of suitable
substrate for InGaN active layer [21]. In 1998, Nichia demonstrated CW-mode violet lasers with
a lifetime longer than 10,000 hours, and then the violet InGaN-based QW lasers progressed to
commercialization. In 2000, the output power increased to 30 mW, which fulfilled the
requirement of the high-density optical disk recording system. In the following years, all the
major consumer electronics companies, such as Sony, Toshiba, Samsung, LG, Philips, Sharp,
etc., made great efforts to develop violet-laser-based high-density optical storage systems for
high-definition (HD) videos and huge amount of data storage. In March 2006 Toshiba released
the first consumer-based HD DVD player in Japan (sailing stopped in March 2008), and three
months later the famous Blu-ray Disc™ players were released by Sony. All of the lasers so far
reported were realized on polar c-plane GaN substrates and listed in Table 1.1. But the design of
InGaN/GaN-based lasers of c-plane (0001) crystal orientation has several challenges, such as the

guantum-confined stark effect (QCSE), the efficiency drop issue, and the optical confinement



design optimization. So optoelectronic devices grown on non-polar and semi-polar planes are of

special interest to scientific community and the industry [22].

Table 1.1. Performance of InGaN/GaN-based lasers on c-plane GaN substrates [23]

Group (year)

Nichia
(2005)
Nichia
(2006)
Samsung
(2007)
Osram
(2008)
Samsung
(2008)
Nichia
(2008)
Osram
(2009)
Nichia
(2009)
Nichia
(2009)
Osram
(2009)
Osram
(2010)
UM
(2013)
Sinano
(2016)

1.3 Research Motivation

A (nm)

482.1

473

448

441

485

488

500

445

515

515.9

524

630

508

Cavity Size

(um?)
2.5x675
2,0x650
2.5x650
1.5%600

2.0x650

2.0x600
11x600

1.8x600

Slope
Efficiency
(WIA)

0.7

1.0

0.12

0.65

0.14

0.13

0.33

Optical
Power
(mW)
7

20

300

60

10

70

1000

50

50

200

58

Jin

(kA/cm?)

6.2

4.2

1.85

2.78

7.16

3.3

8.2

4.4

9.0

9.0

2.5

1.8

Operation
mode
(lifetime)
Cw
(3000 hrs)
Cw
(10000 hrs)
Cw
(5000 hrs)

cw

CWwW
(20000 hrs)
Pulse

CW
(30000 hrs)
CW
(5000 hrs)
Pulse

CW
CW

(5000 hrs)
CW

In spite of an enormous progress in the development of GaN-based lasers on c-plane substrates

as seen in Table 1, these devices still have significantly lower efficiency and higher threshold
currents. In comparison with GaAs-based QW’s, WZ GaN-based QW’s of c-plane (0001) crystal

orientation need high carrier densities to produce optical gain [24]. This is due to the heavy

effective masses in the valence and conduction bands and strong interaction between heavy-hole
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(HH) and light-hole (LH) bands at the I' point. For a WZ layer grown along the (0001)
orientation, the strain shifts both the HH and LH bands by almost the same amount, and the in-
plane effective masses remain almost the same as those in the unstrained case. WZ GaN is
noncentrosymmetric, which lacks inversion symmetry, yielding large built-in spontaneous
polarization Pg, in the (0001) c-direction which is nearly 1/3" the values for typical perovskite
ferroelectrics such as BaTiO3 [25]. Stemming from the lattice mismatch of InN and GaN, InGaN
QWs grown pseudomorphically on GaN substrates will become elastically strained as long as it
is below the critical thickness for plastic relaxation. For c-plane GaN, this is a biaxially
compressive stress that induces an additional piezoelectric polarization. For QW structures, the
discontinuities in polarization cause a build-up of sheet charges at the interfaces, producing an
electric field that bends the energy bands. This band bending directs the electron and hole wave
functions in opposite directions, and the resulting spatial separation of confined carriers can
reduce oscillator strength and recombination rates. Additionally, the band bending reduces the
transition energy of the bound states which can red-shift the emission wavelength. This effect is
termed as the quantum-confined stark effect (QCSE), that can have deleterious effects on
optoelectronic devices and worsens for QWs with higher indium compositions (x>0.14) due to
increased lattice mismatch, making it particularly detrimental for blue laser applications. Thus,
for the realization of high-performance nitride-based optical devices, control of the internal fields

in the strained layers is indispensable [26].

Over the past few years, several investigations have been carried out on InGaN/GaN QW lasers
grown on non-polar and semipolar oriented GaN substrate in order to reduce PZ polarization-

induced internal field as listed in Table 1.2 and 1.3.

Table 1.2. Recent development of InGaN/GaN-based lasers on m-plane GaN substrates [27]

Group (year) A (nm) Cavity Size Slope Optical Jin Operation
(pm?) Efficiency  Power  (kA/cm?) mode
(W/A) (mW) (lifetime)
UCSB 404.3 1.9x600 - 25 6.8 Cw
(2007) (15 hrs)
ROHM 451.8 1.5x600 - 20 22.3 Pulse
(2007)
ROHM 459 2.0x400 0.37 5 5.0 Cw
(2008)
Sharp 463 1.5x600 0.91 10 7.8 Pulse
(2008)
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ROHM 481 2.5x400 0.49 20 6.1 Cw

(2008)

UCSB 441.2 8.0x500 - 20 10.7 Pulse
(2009)

UCSB 465 2.0x500 - 25 19 Pulse
(2009)

UCSB 481 4.0x500 - 17 18 Pulse
(2009)

ROHM 499.8 2.5%600 0.05 15 3.1 cW
(2009)

UCSB 461 4.0x500 0.3 5 4.1 cW
(2010)

SORAA 523 - - 1.5 - cwW
(2013)
Schmidt 450 300%300 - 23.7 35 Pulse
(2015)

Table 1.3 Recent development of InGaN/GaN-based laser on semipolar GaN substrates [28]

Group (year) A (nm) Cavity Size Slope Optical Jin Operation
(um?) Efficiency ~ Power  (kA/cm?) mode
(WIA) (mW) (lifetime)
UCSB 426.9 2.0x1200 0.14 20 12.8 Pulse
(2008)
Sumitomo 531 10x600 - - 154 Pulse
(2009)
Sumitomo 520 2.0x600 0.1 2.5 7.9 Ccw
(2009)
UCSB 405.9 1.4x600 0.26 10 6.5 Ccw
(2009)
UCSB 506.4 3.0x1500 - 13 19 Pulse
(2010)
Sony 525 - - 50 4.5 Cw
(2013) (>5000 hrs)
Sony 530 - - 100 5 Cw
(2015) (>5000 hrs)

But a number of complications still exist. Around 17% ~20% In needs to be incorporated in
InGaN QWs to realize true-blue lasing emission, which results into the formation of crystalline
defects in semi-polar and nonpolar oriented GaN substrates in two aspects. Firstly, as a result of
weak chemical bond of In-N, the growth temperature for InGaN needs to be lowered to
incorporate enough In. Secondly, the ideal growth temperature for AlGaN cladding layer is as

high as 1000°C to ensure low resistance. However, such high temperature is going to induce



serious thermal degradation of InGaN QWs which results into crystalline defects, fluctuation of
In composition, and rough interface in InGaN QWs. This rough interface and high threading
dislocation density (TDD) (>10°/cm?) reduce the radiative efficiency and shorten device

lifetimes. Therefore, it is imperative to explore alternative approaches [29].

In recent years, it’s apparent that optical gain and threshold current of strained WZ III-N laser is
strongly correlated with crystallographic axes of QW. In favorable band structure for higher
optical gain, the splitting between heavy hole (HH) and light hole (LH) is increased and effective
mass of holes is reduced which in turn, can augment interband transition energies near the band
edge and diminish PZ-field induced QCSE. The splitting between valence subbands and
effective masses can be controlled by changing the crystal orientation of QW which leads to
have the possibility of novel electro-optic devices. So, crystal orientation is a new parameter in
the engineering of strain-induced band structure modifications to optimize QW performance
[30].

Okuno investigated direct wafer bonding technique (Unites two semiconductor materials at high
temperature, without interposing any adhesive) of an InGaAsP system in terms of lattice
constants and surface orientation of active layer with sufficient mechanical strength, and low
TDD. In 2012, M.M. Hasan reported crystallographic orientation-dependent optical properties of
GalnSb mid-infrared QW laser on GaSb substrate using direct bonding where the crystal
orientation in the QW was changed arbitrarily but all other layers were in (001) orientation
[31,32].

In a recent study [33], the orientation-dependent optical emission profile of true-blue laser using
direct bonding was reported by our group for cubic InGaN. Here, orientation-dependent P-I
profile as well as frequency-dependent characteristics of the laser was not investigated. It is to be
noted here that GaN with cubic structure is very difficult to realize experimentally and it is not a
stable crystal structure [34]. That is why, practical lasers cannot be obtained in this crystal
structure. Although a lot of researches were carried on non-polar and semipolar oriented GaN
substrate as listed in Table 2 and Table 3, all of these are experimental findings. To explore the
performance of blue lasers in arbitrary orientations in details, numerical modeling is necessary.
Because, to set up experiment in arbitrary orientations, is very much difficult and not viable from

the economical point of view. In this research, our main target is to propose a WZ InGaN-based



QW blue laser structure with direct bonding of (0001) GaN substrate in which active region will
be arbitrary (hkil) oriented and hence to develop a numerical model to study the emission profile,
P-1 characteristics, and frequency characteristics as a function of different crystal orientations for
the proposed laser structure.

1.4 Specific Objectives

Herein, we attempt to address a comprehensive in-depth study on the orientation-dependent
optoelectronic performance of 445 nm InGaN/GaN QW laser. The specific objectives of this
research are delineated as follows:

%+ To propose an orientation-dependent WZ Ing 17Gag ssN/GaN QWs laser structure and then
to develop a numerical model for the laser using k.p method.

% To study the orientation-dependent emission profiles and P-I characteristics for the
proposed laser.

% Study of orientation-dependent energy band dispersion profiles (E-k diagram) and
momentum matrix elements for the underlying laser structure to explain the results
obtained in the present research.

% Study the impact of piezoelectric field on the orientation-dependent gain and P-I
characteristics.

% Frequency response (Bode Plot) characteristics will also be analyzed using state-space
representation.

The study will be done for 445nm Ing 17GaggsN/ GaN QW true blue laser along (0001) , (1010),

(1012), (1122) and (1011) crystal orientations in MATLAB/Simulink environment using six-

band Rashba-Sheka-Pikus (RSP) k.p Hamiltonian at I'-point. Two-level rate equation which

account for carriers in both active and barrier layer will be constructed in Simulink to find P-I

response in different crystal orientation. In order to obtain the frequency response, the linearized

rate equations will be utilized to establish a state-space model that allows the results of the P-I

response to be used in simulating the frequency response. The compressive strain-dependent

optoelectronic performance for this QW laser will also be analyzed.



1.5 Organization of the thesis
The layout of this thesis work is organized in six chapters.

In Chapter 1, background of the present work is explained. Present status and future prospect of
the present work are described clearly in this chapter. Finally objectives of the present work are
summarized in this chapter.

Chapter 2 starts with an overview of quantum well (QW), density of states, electron transition
mechanism and a description of the fundamentals of LASERs. Further study will be concentrated
on the working principle of QW laser where the lasing condition, cavity modes and output
characteristics have discussed. Before conclusion, Two-level rate equation theory used in the
simulation is also discussed.

In Chapter 3, a brief overview of the main structural, optical and electrical properties of InGaN is
presented. Particular attention is devoted to the band structure and band profile of Ill-nitride
heterostructures, especially with respect to the polarization mismatch of the different binary
compounds. Then, the impact of the quantum confined Stark effect on the optical features is
discussed. Finally, the modes of operation of a typical p-n junction implemented in a laser Diode
are introduced.

Chapter 4 starts with the device structure that has been used in this thesis. Then, description of
k.p method for band structure calculation and tensor rotation technique to represent the
relationship of the general (hkil) coordinates system to the conventional (0001) crystal
coordinate system is discussed. The formula for crystal orientation-dependent piezoelectric field
and optical emission profile is demonstrated afterwards. Finally, a Simulink design and state-
space model is presented in order to simulate the P-1 response and bode-plot of the proposed
laser structure.

In chapter 5, the results obtained based on mathematical modeling of the proposed laser structure
are presented. The effect of stain and change in crystal orientation on conduction and valence
bands and gain profiles are the main concern of this chapter. The effect of piezoelectric fields on
energy band and optical gain are presented here. Finally, the output optical power-input current
characteristics and frequency response (bode-plot) of the single InGaN QW blue laser are also

shown for different values of strain and crystal orientations.

Chapter 6 provides the conclusion of the present research and the prospect for the future studies.



CHAPTER I

Fundamental Concepts of the Research

This chapter starts with description of basic working principle and application of laser diode.
Next a brief discussion on optical emission from semiconductors is given which includes an

overview on the fundamental operating principle, structure and the materials for QW laser.

2.1 Brief Overview on Semiconductor Laser

A Laser Diode is an electrically pumped semiconductor laser in which the active laser medium is
formed by a p-n junction. There is a highly reflective surface at one end of the p-n junction and a
partially reflective surface at the other end, forming a resonant cavity for the photons. The

following figure shows simplified laser diode construction.

Anode

+ Partially
Highly reflective
reflective end
end u
L P }=—Depletion LN
pn junction —s region /
! \V
Cathode

Fig 2.1: Simplified laser diode structure and schematic symbol

The LD is forward biased by an external voltage source. As electrons move through the junction,
recombination occurs and photons are released. A released photon can strike an atom, causing
another photon to be released. As the forward current is increased, more electrons enter the
depletion region and cause more photons to be emitted. Eventually some of the photons that are
randomly drifting within depletion region strike reflected surface causing avalanche
multiplication, thus releasing additional photons. This process continues till a very intense beam
of laser light is formed by the photons that pass through the partially reflective end of p-n

junction. Photons, which are emitted into the waveguide, can travel back and forth in this
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waveguide provided they are reflected at the mirrors. The distance between the two mirrors is the

cavity length. Each photons produced in the process is identical in energy level, phase and

frequency [35].

2.1.1 Laser Types

Lasers are grouped broadly into following five classes depending on the active medium

construction. Brief details on QW laser is given later.

l

Injection Laser

Laser TerS
Dynamic Single mode Laser Wavelength Tunable Laser Mid/far Infrared Laser  Non-semiconductor Laser

> Gain-Guided Laser
S Index-guided Laser

> Quantum well Laser

L—> Quantum-dot Laser

—> Short and couple-
cavity laser

> Distributed
Feedback Laser

Vertical cavity
surface-emitting
laser

> Long external
cavity laser

Quantum Cascade
Laser
Integrated external

cavity laser

QW structures as shown in Fig. 2.2 have been used as the active layer of semiconductor laser

diodes with reduced threshold current densities as compared with those for conventional double

heterostructure (DH) semiconductor diode lasers. QW structures show quantized sub-bands and

steplike densities of states. The density of states for a quasi-two dimensional structure has been

used to reduce threshold current density and improve temperature stability [36].
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Fig. 2.2: Band gap profile for (a) Single QW SCH (b) Multiple QW SCH (c) Graded index SCH
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2.1.2 Applications of Laser Diode

Low power Lasers are used in an increasing number of familiar applications including CD and
DVD players and recorders, bar code readers, security systems, optical communications and
surgical instruments.

Industrial applications: Engraving, cutting, scribing, drilling, welding, etc.

Medical applications: Removing unwanted tissues, diagnostics of cancer cells using
fluorescence, dental medication. In general, the results using lasers are better than the results
using a surgical knife.

Laser Diodes used for Telecom: In the telecom field 1.3 um and 1.55 um band laser diodes
used as the main light source for silica fiber lasers have a less transmission loss in the band. The
laser diode with the different band is used for pumping source for optical amplification or for the
short-distance optical link.

2.2 Basic Physics of QW Laser

2.2.1 Quantum Well

If a semiconductor with a bandgap, Eq, is embedded in another semiconductor with a larger
bandgap, Eq > Eg1, a potential minimum or well is formed. If the thickness of the embedded
semiconductor, L,, is reduced to less than or equal to A4 (the de Broglie wavelength) for an
electron, gquantum mechanical effects become significant and the embedded semiconductor is
referred to as a quantum well (QW). The spatial confinement of electrons in the z-direction
separates the continuum of energy levels associated with a bulk material within the QW [37]. To
determine the quantized energy levels within a QW it is necessary to solve the time-independent

part of Schrodinger’s equation:
_n2
%vzquw = EY (2.1)

Where, m, ¥ and E are the particle’s mass, wavefunction and energy, and V is the potential
profile of the QW. The general solution for a uniform potential, such as a QW, may be expressed

as the sum of two counter-propagating plane waves,

IP(T') — Aeikz + Be_ikz;kz — Z_T(E _ V) (2.2)
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As an example, take a QW of width L, and depth V,, symmetrical about z=0, which may be split
into three regions, as shown in Figure 2.3. For E < Vy, region 11, the general solution, may be

written as:
Acos kz 2mE
Yy, = where, k? = =
i {Asin kz ere, k h2
W = Be ™

For region 111 where y2 = 2m(V, — E)/ h%. In region | ¥1=Be"Z, however due to symmetry we
only need to consider the single boundary at z=L,/2. Assuming the particle mass is the same in
all regions we can develop a complete wavefunction by requiring that the value and first
derivative, of the constituent solutions, are equal at the boundaries. For the symmetric case this

gives:
Acos (%) = Bexp (%LZ), Aksin (%) = Byexp (%LZ) (2.3)
Dividing above two equations leads to the characteristic equations

ktan (kzﬁ) = y (Symmetric solution)

kcot (k%) = y (Anti-symmetric solution)

The individual energy levels may be found by plotting ktan(kL./2), kcot(kL.,/2) and y as a
function of energy. Figure 2.3 shows the first few wavefunctions drawn schematically on their

respective energy levels.

Fig. 2.3: Schematic representation of the potential energy profile of a 1-D QW
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2.2.2 Density of States

To calculate semiconductor properties or analyze device behavior it is often necessary to know
the carrier density, or the Fermi level energy needed to achieve a particular carrier density. The
common method is to define a density of states (DOS), p which when integrated over some range
gives the number of states, N, in that range:

N(E) =V f} p(E)dE (24)

where E is the energy over which the number of states is to be calculated and V is the volume.
So, DOS can be defined as:

p(E)dE = %dNS(E) (2.5)

The following standard procedure can then be used to determine p(E): firstly determine the
volume in state or n-space over which the integral is to be carried out; secondly solve for n in

terms of E which resulting in the following definitions:
_ 1 Zmx3/201/2 3

p(E) = pwet | > 13/“E for bulk (m™)

p(E) =% T5H(E~E) for QW (m?)

where, H(E — E;) is the Heaviside unit step function.

2.2.3 Electron Transition Mechanism

o
Ec @ [ ] -T
A i A E L

Fig 2.4: Carrier transition mechanisms between the conduction band and valence band in
semiconductors: (a) spontaneous recombination, (b) stimulated generation, (c) stimulated
recombination, and (d) non-radiative recombination
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Figure 2.4 illustrates the four important electronic transitions possible within semiconductor
devices: (a) spontaneous emission, (b) induced absorption, (c) stimulated emission and (d) non-

radiative recombination.

Spontaneous emission occurs when an electron in the conduction band spontaneously
recombines with a hole in the valence band emitting a photon. The direction, frequency and
polarization of the emitted photon are random and thus spontaneous recombination does not
produce a coherent radiation field. This is the predominant radiative mechanism in light-emitting
diodes (LEDs), since photon feedback is not usually provided.

Induced absorption involves the absorption of a photon of light. The energy associated with the
photon is transferred to the electron, which is excited from the valence band to the conduction
band if the energy of the photon is greater than or equal to the transition energy.

Stimulated emission is similar to stimulated absorption only the position of the electron is
reversed. The incident photon perturbs the system, stimulating an electron in the conduction
band to recombine with a hole in the valence band. The energy the electron loses in the transition
is emitted as a photon. This photon will have exactly the same frequency, polarization and be
emitted in the same direction as the incident photon. Stimulated emission is the process which

provides the coherent radiation field produced by lasers.

Finally non-radiative recombination involves an electron in the conduction band transferring to
the valence band via localized defects, without producing any useful light. Since the capture of
electrons and holes onto the defect state are independent processes the overall capture rate will
be limited by the slowest capture process (either electron or hole capture) therefore the non-
radiative recombination rate tends to be proportional to the carrier density. The equations

describing the above electron transition mechanisms are given below:

R, = [ ry,(hv)dhv, (which, within a Boltzmann approximation = Bnp)

n

R = —
nr

Tnr

Where, R, is the total spontaneous radiative recombination rate, r;,(hv) is the radiative

recombination rate at frequency v, B is the radiative recombination coefficient, n and p are the
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number of electrons and holes, R,,, is the total non-radiative recombination rate and t,,,. is the
non-radiative lifetime [38].
2.2.4 Electron Transition Strength [39]

The probability of an electron transition between the conduction and valence band energy levels
is determined by the transition matrix element, defined as:

IMrly? = = Fcare Syl (e €. p Dty |2 (2.6)

where the envelope function overlap integral has been set equal to unity, assuming the electron
and hole wavefunctions overlap exactly. By replacing the dot product with the expansion

exbx + eypy, + e,p,, the above expression can be reduced to:

(Gle?+e?) =3 (1-|ke[) for HH band
| |v2 =~ .12
TII\TIIZ - 4' %( +e)’ +4e,?) Z%G"' |k.e| ) for LH band
(

exl+el+e,?)=- for SO band

In a QW, where all k-vectors point along the same axis due to quantum confinement, choosing
the direction of confinement to correspond with the z-axis this equation leads to the following

directional dependence of the transition strength, as illustrated in Figure 2.5 below.

Heavv Hole Light Hole Crvstal field split-off Hole
2/3
Fl LY
1/6 ‘—)
(a) (b) (c)

Fig 2.5: Relative band edge transition strengths for a quantum well, a) heavy-hole transition

strength, b) light-hole transition strength and c) split-off transition strength

M+ |? will also have a dependence on the envelope function overlap integral since in reality it is

not equal to unity. However at the band edge the overlap integrals are close to unity (typically
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within 5-10% and would be exactly equal to unity if the conduction and valence band effective
masses were identical. Also the presence of piezoelectric fields within the QW, which cause the
QW to be triangular rather than square, means the envelope function overlap integral will not be

equal to unity and thus should be included in the determination| My |2.

2.2.5 Lasing Condition

Combined with the waveguide losses, stimulated emission yields a net gain per unit length, g.
The number of photons can therefore be maintained if the round-trip amplification in a cavity of
length, L, including the partial reflection at the mirrors with reflectivity R1 and R2 equals unity.
This yields the following lasing condition:

Roundtrip amplification= e R\R,= 1

If the round-trip amplification is less than one then the number of photons steadily decreases. If
the round-trip amplification is larger than one, the number of photons increases as the photons
travel back and forth in the cavity and no steady state value would be obtained. The gain required

for lasing therefore equals:
1 1

g = Zln == 1 (2.7)

Initially, the gain is negative if no current is applied to the laser diode as absorption dominates in
the waveguide. As the laser current is increased, the absorption first decreases and the gain

increase [40].

2.2.6 Output Power

The current for which the gain satisfies the lasing condition is the threshold current of the laser,
l:n. Below the threshold current very little light is emitted by the laser structure. For an applied
current larger than the threshold current, the output power, Poy, increases linearly with the

applied current. The output power therefore equals:

h
Poue =1 (I = Ion) (2.8)
where hv is the energy per photon. The factor n indicates that only a fraction of the generated

photons contribute to the output power of the laser as photons are partially lost through the other

mirror and throughout the waveguide [36].
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2.3 Laser Cavities and Laser Cavity Modes [41]

A laser diode consists of a cavity, defined as the region between two mirrors with reflectivity R1
and Rz, and a gain medium, in our case a quantum well. The optical mode originates in
spontaneous emission, which is confined to the cavity by the waveguide. This optical mode is
amplified by the gain medium and partially reflected by the mirrors. The modal gain depends on
the gain of the medium, multiplied with the overlap between the gain medium and the optical
mode which we call the confinement factor, I, or:

Modal gain=g(N) I

Lasing occurs when the round trip optical gain equals the losses. For a laser with modal gain
g(N)I" and waveguide loss, a, this condition implies:

RyR; exp[2(g(N) —a)L] = 1 (2.9)
where L is the length of the cavity. The distributed loss of the mirrors is therefore:

1

. 1
Mirror loss = - Iln——
L VRiR,

; R; and R, = Mirror Reflectivity

2.3.1 Longitudinal modes in the laser cavity
Longitudinal modes in the laser cavity correspond to standing waves between the mirrors. If we
assume total reflection at the mirrors, this wave contains N/2 periods where N is an integer. For a

given wave length | and a corresponding effective index, nes, this yield:

_ 2n,p L

N

A
Because of dispersion in the waveguide, a second order model should also include the
wavelength dependence of the effective index. Ignoring such dispersion effects, we find the

difference in wavelength between two adjacent longitudinal modes from:

2n,. L
N="2H
A’l
2n, . L
N+1="F"
;l' 2
ﬂ 11 Al
AA=2Lng(—- =
N N+1  2Lng,
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Longer cavities therefore have closer spaced longitudinal modes. These wavelength differences

hc AA

can be converted to energy differences using AE = —— = E,, —
ZLTleff A

2.3.2 Waveguide modes [42]
The optical modes in the waveguide determine the effective index needed to calculate the
longitudinal modes as well as the confinement factor. Starting from Maxwell's equations in the
absence of sources and assuming a propagating wave in the z-direction and no variation in the
VX H=¢gm?(x,y,2)
T xE = g o
XE=py—
Ho at
y-direction, we obtain the following one-dimensional reduced wave equation for a time harmonic
field, E=Ex exp(jot) of a TM mode:

d?Ey

= T (n?(x)k? — B%E,) =0 (2.10)

w w
Where, B = —negrand k = —
The equation then becomes:

d?Ey
dx?2

+ (n?(x) —n?,7)Ex =0 (2.11)

The energy eigenvalues can then be interpreted as minus the effective indices of the modes.

2.3.3 The confinement factor
The confinement factor is defined as the ratio of the modal gain to the gain in the active medium

at the wavelength of interest:

%0, 90| Ex|2dx

r JEo | Exl2dx (2.12)
For a quantum well with width Lx, the confinement factor reduces to
Lx/2 2
_ I hgp 9@IEPax  p2
r= [ |Exl?dx T D%+2 (2.13)
Here, D = % \/nﬁ,e” — NZ10aaing » t=thickness of active layer and n=refractive index
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CHAPTER Il

Properties of InGaN Material

Optoelectronic devices based on the InGaN system exhibit unique features that have to be taken
into account during their design and fabrication. In this chapter, the main characteristics
concerning structural, optical and electrical properties of InGaN are presented. First, the
structural parameters and the subsequent polarization features of InN and GaN are discussed.
The main optical parameters involved in the development of a semiconductor emitting structure
such as the bandgap energy and the quantum confined Stark effect (QCSE) are introduced here.

At last, a brief overview on polar, non-polar and semipolar crystal orientation is given.

3.1 Brief History on InGaN Development

InGaN has emerged as the leading material for fabricating high efficiency and high reliability
short wavelength emitters (A<530 nm). The growth of InGaN alloys has proven to be relatively
more difficult. The large difference in interatomic spacing between GaN and InN and high
nitrogen pressure over InN due to N volatility are the causes that give rise to a solid phase
miscibility gap. To obtain electrical and optical characteristics compatible with optoelectronic
devices, growth of high quality I11-nitride heterostructures is necessary. Therefore, the thickness
of layers in the active region has to be controlled down to the monolayer (ML) scale and hence
sophisticated epitaxial growth methods are used. The early attempts for realizing single
crystalline InGaN by OMVPE were made by Nagatomo et al. in 1989 and Matsuoka et al. again
in 1989, and followed by Yoshimoto et al. in 1991 [43-45]. Since then, considerable work has
been expended worldwide. Matsuoka et al. discovered that lowering the growth temperature to
500°C from nominal temperatures, such as 800°C, increased the In content in the layers, but at
the expense of reduced quality. Efforts to increase the In concentration by raising the indium
precursor temperature or the carrier gas flow rate resulted in degradation of the structural and
surface morphology so much so that In droplets were formed on the surface, which is common to
all the other growth methods, including sputtering[46]. In 1991 Nakamura et al. obtained high-
quality GaN for the first time using a low temperature GaN buffer layer on a sapphire substrate

[47]. Current technology primarily employs three kinds of reactors to grow group-I11-nitride thin
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films: hydride vapor phase epitaxy (HVPE), molecular beam epitaxy (MBE) and metal-organic
vapor phase epitaxy (MOVPE). Large growth rates can be achieved with HVPE. This technique
is usually exploited for the growth of thick InGaN epilayers as it allows for growth rates
exceeding 500um/h. Those thick InGaN layers are often used for preparing free-standing (FS)
GaN substrates with low threading dislocation density (TDD). On the contrary, MBE is
performed in an ultrahigh vacuum chamber and presents a relatively low growth rate (often less
than 1 pm/h). The source materials are evaporated from effusion cells and directed toward the
heated substrate. This technique allows monitoring the growth rate with a precision down to the
ML thanks to in situ RHEED (reflection high energy electron diffraction) oscillations. Moreover,
a primary advantage of plasma-assisted MBE for IlI-nitrides is the low temperature of growth
that can be realized thanks to the use of an atomic nitrogen plasma source, which results in lower
thermal stress upon cooling, less diffusion, and reduced alloy segregation. This low growth
temperature is of high interest for the growth of indium rich InGaN alloys and for alloys with
large thermal expansion coefficient mismatch. Another advantage of MBE is the absence of
hydrogen passivation of as-grown p-In GaN films. LDs in the IlI-nitride materials system are
commonly grown homoepitaxially by MOVPE on c-plane oriented FS GaN substrate. This
technique allows an easy control of the growth parameters, a good reproducibility and is also
well-suited for large scale production. MOVPE is a non-equilibrium growth technique (closer to
thermodynamically equilibrium than MBE but less than HVPE), which consists in vapor
transport of the precursors and subsequent reactions of group-I1l alkyls and group-V hydrides
above a heated substrate [48-52]. Precursor materials are metal-organic compounds, such as, e.g.,
liquid trimethylgallium (TMGa) or solid trimethylindium (TMIn).
(CH3)zIn(v) + NH3(v) — InN(s, alloy) + 3CHa4(v)
(C2H5)3Ga(v) + NH3(v) — GaN(s, alloy) + 3CHa4(v)

where, InN(alloy) and GaN(alloy) stands for the binary compounds in the InxGaixN alloy.

The crystal growth occurs after pyrolysis and catalysis of the compounds close to or on the
substrate surface. The growth rate is typically higher than for MBE (1-10 um/h). As the IlI-
nitride material system is still in its developing stages, there are some technological challenges to
be overcome. The challenges can be generalized under two main classifications: (1) material
quality, and (2) device design. The issues concerning lack of suitable substrate, high dislocation

density, thermodynamic non-equilibrium during growth, phase separation, and p-type doping
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have a direct impact on material quality; while challenges pertaining to Ohmic contacts to p-type
material and suitable transparent contact have additional consequences on device performance
[53].

3.2 Structural Properties of InGaN

3.2.1 Crystal Structure

The natural thermodynamically stable structure for GaN, InN, AIN and its alloys is the
hexagonal wurtzite form; however it is possible to grow stable GaN, InN and AIN in the zinc
blende structure by utilizing cubic Si, MgO and GaAs as substrates and growing on the (011)
plane. Although crystallographic properties of these two structures are very similar there are
noticeable differences in their material parameters. A third state is also possible; under high
external pressure wurtzite undergoes a phase transformation towards the rock-salt structure. In
the present work, we will only focus on wurtzite structures grown along the c-axis, which satisfy
the pseudomorphic condition. The wurtzite crystal is characterized by two lattice parameters a
and c, and comprises alternating close-packed planes of Ga (In or Al) and N atoms in (0001) c-
planes, forming an ABAB stacking sequence. By close-packed, it is meant that the two planes of
adjacent layers are displaced horizontally such that the distance between these two planes is
minimized. This stacking sequence forms an anisotropic crystal structure. As a result, the

surfaces of the crystals are either of Group 111 element or N (N-face).

0001 .
. ]T c-plane @ Metal atoms

@ Nitrogen atoms

Fig 3.1: WZ structure of 111-N compounds for a polar (c-plane) and a non-polar (m- and a-plane)
crystal orientations [54]
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Owing to its wurtzite hexagonal crystal structure featured by 6 fold rotation and 2 mirror planes,
a primitive Bravis lattice containing only one lattice point in the unit cell, and screw 6; axis (two
step, 60 degrees each) GaN belongs to the point group of 6mm and space group of C%, in
Hermann-Mauguin and P6smc in Schoenflies notation. In Fig. 3.1, a schematic picture of
wurtzite l1-nitride crystal structure is shown. The c-plane corresponds to the (0001) orientation,
the m-plane to the (1010) one and the a-plane to the (1210) one.

Together, the wurtzite 111 - Nitride materials form a continuous direct bandgap alloy system
ranging from 0.9 to 6.2eV, thus allowing the fabrication of light emitting devices which stretch
from the infrared, cover the entire visible spectrum and go far into the UV. This alloy system is
illustrated in Figure 3.2.
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Fig 3.2: The bandgap and lattice constants of Reputed WZ and ZB I11-N [55]

In the case of ternary alloys, the Vegard’s law can be used to obtain the values of the lattice
parameters for a given molar fraction X, i.e., from a simple linear interpolation of the crystal

lattice parameter between the binary compounds [56].

lMl,xMZ,l—xN = X. lMlN + (1 - x). leN (3.1)

Here, | is the lattice parameter (c or a) for binary and ternary compounds and M; one of the
different metal atom species amongst Al, Ga and In. This linear approximation is no longer valid

when taking into account some structural imperfections of the crystal such as a different
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electronegativity between species, a volume deformation in the band structure or even a
structural relaxation of the alloys [56]. Therefore, a non-linear bowing term bx(1 — x) should be
subtracted to eq. 3.1, where b is known as the bowing parameter. Especially in the Il1-nitride-
based structures, the laser performance is strongly affected by the composition of the individual
layers due to issues induced by their unique materials properties. Indeed, the large lattice-
mismatch between the different binary compounds (>10% between GaN and InN) and the lack of
GaN native substrates produce a large strain through the heterostructure. We may take as an
example a QW consisting of an InGaN epilayer embedded between two GaN barriers as shown
in Fig 3.3. The QW is under biaxial compression such that its basal plane lattice constant, a, is
forced to equal that of the GaN barriers.

AL - 2

e GaN p et | | G
L. B Il AL i T L

Figure 3.3: Schematic representation of a) separate InGaN epilayer and GaN bulk layers, b) a
strained InGaN epilayer embedded between GaN bulk barrier layers

For a sufficiently thin QW it is reasonable to assume that almost all the strain is incorporated
within the QW. As the thickness of the QW increases the energy stored per unit area, within the
QW, increases at a linear rate [57, 58]. When the energy stored in the QW is equivalent to the
energy required to break a line of bonds it will become energetically favorable for the QW to
relieve the strain via dislocations. This intrinsic strain will impact the optical characteristics of
the heterostructure but can also lead to the formation of a large number of cracks and/or
dislocations, especially in the active region, which is detrimental for the performance of

optoelectronic devices. Thus there exists a critical thickness below which the strained InGaN
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QW can be considered to be dislocation-free and thermodynamically stable. However strain is
not the only problem affecting InGaN layers. During growth In atoms are not incorporated in the
epilayer swiftly but remain on the surface for long enough periods of time to travel sizable
distances (~l um), during which time they are able to seek lower energy configuration. This
results in composition fluctuations within the QW and the formation of indium rich quantum dots
or quantum disks [59]. Strain also affects the valence band structure of the epilayer. The strain
breaks the symmetry of the semiconductor and splits the degeneracy of the light hole (LH) and
heavy hole (HH) states at the I'-point. For an InGaN eplilayer under compression the mean
energy gap increases and the splitting of the degeneracy at the I'-point places the HH above the
LH. If the epilayer is under tension the bandgap is reduced and the LH moves above the HH.

3.2.2 Polarization Properties

In the 111-N system, one of the consequences of the crystal anisotropy discussed in Sec. 3.2.1
results in a static, relative shift of positive and negative charges in the unit cell. Along the c-
plane, this asymmetry leads to the appearance of the spontaneous polarization Ps, through the
crystal lattice, which exists even at equilibrium, i.e., without any external applied field. It is
known as the pyroelectric effect. Thus, between the different crystal planes depicted in Fig. 3.1,
the c-plane is referred to as the polar one and is generally the growth direction for InGaN-based
optoelectronic devices as it is the more stable thermodynamically. In the specific case of ternary
alloys, Ps, can be obtained by applying again Eq. 3.1 with a specific bowing parameter b [60]. In
addition to this polarization effect, an external stress may cause atoms in the unit cell to shift
with respect to each other. For example, applying a biaxial strain in the c-plane to any wurtzite
I11-nitride materials leads to a displacement of the atoms along (0001). Such a shift can lead to
further internal polarization known as the piezoelectric effect. In general, the piezoelectric

polarization Ppz is coupled to the strain via the tensor eji of the piezoelectric coefficients:
Ppz,i = Y eijk - oj, (3.2)

Here, oj« is the stress-field resulting from a deformation. The total internal polarization Pix can be
obtained with a simple summation of these two contributions: Pin: = Psp + Pp. In the absence of
free charges and considering an infinite interface between the media, the polarization charge

satisfies V- (eg&E + Pint) = 0 and is given by:
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Here njj is the surface normal vector pointing from medium i to medium j. The total electric field
F in medium i can then be expressed by:

Fi = -2 n,; (3.4)

ergg Y

Here g is the vacuum permittivity and & is the relative permittivity of medium i. Obviously, the
electric field in medium j has the opposite direction. Typically, in a heterostructure the total
polarization is not constant between the different constituents. Thus, at the heterointerfaces a
charge density develops because of the polarization discontinuity. Free carriers can screen this
built-in field in bulk materials but in heterostructures such as QWs this field can have a huge
impact on the band structure. The consequences might be an increase in the radiative
recombination carrier lifetime, corollary a decrease of the oscillator strength, and a redshift of the
transition energies [61].

3.3 Optical Properties of InGaN
In this section, the main optical properties of nitrides are presented such as their energy bandgap
and their refractive index. A particular attention will be paid to the QCSE and its impact on the

radiative efficiency and transition energy.
3.3.1 Energy Bandgap and Refractive Index

The design of a heterostructure (a key element of any optoelectronic devices) consists in
assembling crystalline materials with different bandgaps and refractive indices but with similar
lattice constants in order to obtain a pseudomorphic growth. The energy bandgap Eq of I11-nitride
binary compounds and their alloys hold the interesting property to have a direct bandgap over a
broad spectrum of frequency that covers the entire visible spectrum, the near IR, and the deep
UV [see Fig. 3.2]. The bandgap is defined as “direct” if the crystal momentum of electrons and
holes in the Brillouin zone is the same in both the conduction band and the valence band [e.g., at
I' point]. In direct bandgap semiconductors, band-to-band radiative transitions are highly
favorable since momentum will be conserved upon radiative recombination. This means a higher

quantum efficiency of the structure.
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The direct bandgap of a semiconductor decreases with increasing the temperature and can be

accounted for by the Varshni’s semi-empirical law [62]:

aT?

Eg(T) = Eg(T = 0)—T y?

(3.6)

where a and B are empirical independent parameters proper to each compound. This behavior is
related to the inter-atomic distance. Indeed, the presence of a harmonic potential induces an
increase of the lattice constant when increasing the temperature.

The refractive index of wurtzite GaN is commonly measured via spectroscopic ellipsometry. The
refractive index of alloys can be experimentally determined directly from the material optical
properties. Nevertheless, the refractive index of ternary alloys such as AlGaN and InGaN can
also be roughly estimated by shifting the energy scale of the refractive index of GaN, i.e., n GaN
(E). The shift thus reads [63]:

ny(E) = nGaN(E — [Eg(y) — Eg(GaN)]), (3.7)
where y = InyGa; 4N or Al,Ga;xN.

The refractive index value in nitrides as in other materials is very important to achieve a proper
confinement of light in the active region of a semiconductor. Accurate refractive index values for
InGaN and AlGaN materials are required to optimize the LD design by exploiting the approach
shown in eq. 3.7. The simplest approach is to consider a model based on harmonic oscillators
with Eigen frequencies ve, that can properly describe the absorption and the optical index of the
ensemble of transitions between the valence and conduction bands. The first-order Sellmeier
equation accounts for the dependency of the real part of the refractive index on the wavelength A

below the bandgap via [64]:
E.E
M) =1 +E—22 3.8
A e (O G
where Egq is the dispersion energy and E, is the energy of a single effective oscillator transition
with a resonant frequency ve,. Waves are confined within the waveguide due to total internal

reflection occurring at the guide-cladding interfaces (Fig. 3.4) and according to the Snell-

Descartes and Fresnel law (n;- ny) [65]:
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n, sin; = n, sin6,. (3.9)

Q
- L R « = =

Figure 3.4: Optical confinement of light rays in a waveguide composed of media 1 and 2

If n; > ny, the lightwave in medium 1 is totally reflected for any incident angle lower than a

critical angle 6. This condition is called total internal reflection and is given by 6, = arc sin %
2

Unfortunately, not all electromagnetic waves satisfying the later condition will be guided.
Indeed, only the reflected waves that remain in phase with the waves produced by previous
reflections (each reflection induces ¢, phase shift) can interfere constructively with themselves.
This will occur provided that the phase shifts resulting from multiple reflections are integer

multiples of 2 and whereby we obtain the self-consistent condition for a confined wave [66]:

2mn,
Ao

2dsin@; — 2¢, = 2mm, (3.10)

where ) is the vacuum wavelength of the electromagnetic wave, d is the thickness of the high
refractive index material placed in the center of the waveguide and m is the number of multiple
reflections. The main advantage of waveguides is to confine light where the materials experience

gain.
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3.3.2 Strain-induced Quantum Confined Stark Effect (QCSE)

The presence of an electric field in 111-V nitride MQWSs when grown along the c-axis causes a
redshift of the transition energy, which is the so-called quantum confined Stark effect (QCSE).
Surface charges ojj and oji With opposite sign appear at the interface between a well of material i
and a thick barrier of material j [67]. The resulting total internal field Fiy in such a single QW
reads:

_ 0ij ~ 0ji 0ij P — P

Fir = n;; = n;; = , 3.11
int ij €€ ij €€ ( )

2€,€
where ¢, is the relative permittivity in the well. This electric field Fi (in the order of MV/cm)
tilts the QW band structure leading to a triangular potential shape. For the sake of illustration, in
Fig. 3.5 taken from Ref. [68], the band profile of a single InGaN/GaN QW is shown for growth
along the polar [Fig. 3.5 (a)] and non-polar [Fig. 3.5 (c) and (e)] axes. Growth along semi-polar
axes offers interesting features as it combines the advantages of both polar and non-polar
structures. For instance, depending on the alloy composition and the strain state, semi-polar
orientations allow to reduce the internal polarization field Fi,; and so to get rid of the QCSE
(similarly to non-polar ones). In addition, it allows for higher indium incorporation in the active
region mandatory for applications in the green spectral range. Miller et al. in 1984 first reported
on the large shift in optical absorption in GaAs/AlGaAs QWs while experiencing an electric field
perpendicular to the layers. According to those authors, exciton resonances remain even for field
values much higher than the classical ionization field because of the quantum confinement of
carriers in thin semiconductor layers [69, 70]. In IlI-nitride heterostructures grown along the c-
axis, part of the electric field is intrinsic but it can also come from a p-n or p-i-n junction. It is
worth mentioning that Miller et al. in a subsequent paper succeeded in correlating the effects
observed in the interband optical absorption to an extreme quantization of the so-called Franz-
Keldysh effect. This phenomenon was thus described as the quantum confined Franz-Keldysh
effect (QCFK). In the present work, quantum effects in the QWSs will be mostly ascribed to the
QCSE. In nitrides, the first effect of quantum confinement provided by QWs on the optical
emission within a triangular-shaped potential concerns the Stark shift. Indeed, the electric field
within the QW lowers the QW fundamental transition energy Ee;—hh; of the electron-hole pairs

by a value equal to —qdow || Find| [71]:
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Ee, — hhy (5= 0) = Eg + ey + hhy = Ef — qdgu || Finell, (3.12)

L
21
where Eq is the bandgap energy, e; and hh; are the confinement energies of the electron and the

hole, respectively, E2 is the exciton binding energy in a QW and dqw is the QW width.
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Figure 3.5: Schematic band structure diagram of a single InGaN/GaN QW oriented along
different crystal axes (a, c, e). Sketch of QW plane in the hexagonal crystal structure (b, d, f).
Situation of polar c-axis (a, b), non-polar m-axis (c, d), and non-polar a-axis growth (e, f). The
acronyms CBE and VBE stand for conduction band energy and valence band energy,
respectively.

Interestingly, these nitride native triangular-shaped QWs allow to potentially emit below the bulk
material bandgap. As dow increases, the factor —qdow ||Find| further decreases the transition
energy leading to Esi—hh;< Eg. For instance, Grandjean et al. reported an emission below the
GaN excitonic bandgap emission (3.478 eV at 10 K) already for dow= 3 nm with Fi,= 0.71
MV/cm for a GaN/AIGaN QW. Chichibu et al. have stressed how the ratio between the products

dQWllFintll and the confinement energy hh; (and e;) for dow comparable to the Bohr radius ag
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could determine the magnitude of the QCSE on the emission mechanism in InGaN QWs.
Furthermore, the triangular-shaped potential induces carrier separation on opposite sides of the
well (Fig. 3.5). This translates into a reduction of the overlap between electron and hole
wavefunction in the QWSs, which induces a reduction in oscillator strength fosc [72]:
2myhw;
f .
fose ==z | <ilr-elf > |, (3.13)
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where me is the free electron mass , %(Dif is the inter band transition energy i — fand |<i|r - g|f >|

= djis is the dipolar matrix element of the optical transition from the initial state |i> to the final

state |f >, r is the electron momentum operator and e is the unitary polarization vector. In the

case of a QW, dis is known to be proportional to the square modulus of the overlap integral

between electron and hole wavefunctions f. and f, along the growth axis via |dij?c

|| fe(z)fh(z) dz|®. Thus increasing the thickness of a QW causes a drastic decrease in the

wavefunction overlap and therefore increased radiative lifetime traq [73]:
2medmec3

2 ’
nquWiffosc

where ng is the group refractive index. This process is depicted in Fig. 3.5 with the notation

Trad = (3.14)

“slow” (“fast”). Note that the QW internal quantum efficiency n; can be written as 1 =

—Trad e the amount of injected carriers that recombine radiatively divided by the total

TnradtTrad

carrier recombinations, where tnag IS the non-radiative carrier lifetime. In conclusion, the
influence of the QCSE on a GaN-based QW depends on both the well width and the strength of
the polarization field. On one side, quantum confinement in narrow QWs provides an efficient
confinement for the carriers even in the presence of a high electric field across the
heterostructure. On the other side, the existence of a built-in field Fiy in polar structures implies
triangular-shaped QWs. It will break the symmetry of the wavefunctions by pushing electrons
and holes toward opposite sides of the well and as a consequence the radiative recombination
efficiency will drop compared with non-polar structures (see Fig. 3.5). The thicker the QWSs and
the higher the internal field, the stronger the QCSE. It is therefore crucial to minimize the impact

of the QCSE to achieve high performance optoelectronic devices.
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3.4 Electrical Properties of InGaN

High electrical conductivity is essential for optoelectronic devices. Thus, one of the most
important technological challenges in semiconductor technology is doping, i.e., the controlled
incorporation of impurities in a pure intrinsic semiconductor to enhance its electrical
conductivity. These impurities can have electronic energy levels within the forbidden gap of the
bulk host material, preferably close to the band edges. Before recombining in the active region,
carriers (electrons and holes) are injected on opposite sides of the device and pass through
several layers. Transport of holes requires the layer to be p-type doped (i.e., doped with
acceptors) whereas transport of electrons requires n-type doping (doping achieved with donors).
Typical impurity concentrations used for doping range from 10*°to 10% cm™3. In this section, the
main features of doping and p-n junction in InGaN are presented. In particular, the impact of an
electric field (internal and/or external) is detailed.

3.4.1 n-type doping

If no special care is taken IllI-nitride epilayers exhibit a tendency to be n-type: the electron
background concentration is about ~10*" cm . Nowadays, the origin of non-intentionally doped
(NID) InGaN layers is likely due to impurities such as oxygen or silicon rather than nitrogen
vacancies or any other types of native defects [74, 75]. The most commonly used donor impurity
for achieving intentional n-type doping of Il1-nitrides is silicon (noted GaN:Si) [76]. In MOVPE,
silicon doping is achieved by flowing gaseous silane (SiH,) during growth. The activation energy
of Si in GaN is about 17 meV for a donor concentration Np = 3*10'" cm °. This means that all
donor impurities are ionized at RT. When increasing the doping concentration beyond Np =
1*10%° cm®, a dramatic degradation in the crystal quality occurs and besides an impurity band
may develop. Moreover, such high doping concentrations result in a degenerate system: electrons
populate states within the conduction band which shift the Fermi level higher than the CBE. This
is the so-called Burstein-Moss effect. In terms of electron mobility, the maximum value amounts
to 1425 cm?V 's ™ for Np = 1.76*10" cm ® at RT.

Other possible donor sources for nitrides less often used are for example oxygen and germanium
that exhibit an activation energy of 29 meV for Np = 1*10™ cm ™ and 19 meV for Np = 3*10%

cm 3, respectively. In both cases, the ionization energy is sensitive to the concentration of the
dopant [77].
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3.4.2 p-type doping

The most common and efficient p-type dopant is currently magnesium. In MOVPE, magnesium
doping is achieved by flowing a bis-cyclopentadieny magnesium precursor (Cp.Mg) during
growth. However, in Ill-nitrides p-type doping has always been difficult to achieve. An efficient
acceptor should indeed possess three main characteristics: (i) stability against compensation by
other configurations of the acceptor dopant (e.g., hydrogen passivation), (ii) high solubility and
(iii) low ionization energy. Possible candidates are: Ca, Zn, Be and Mg. Magnesium is up to date
the only acceptor which approaches all these criteria. Actually, in MOVPE-growth Mg-doped
layers are highly resistive because of the formation of Mg-H complexes that are electrically
inactive. A post-growth process that allows breaking Mg-H bonds and thus overcoming this
hydrogen passivation is therefore required. Amano et al. in 1989 reported the first successful p-
doping by using magnesium as dopant and applying an activation process based on low-energy
electron-beam irradiation (LEEBI). Afterwards, Nakamura et al. demonstrated that a thermal
annealing in N, ambient could also activate Mg impurities. The conductivity is the product of
dopant concentration by their mobility but unfortunately obtaining both a high hole mobility and
a high hole concentration is challenging. Indeed, a high hole concentration can be obtained but at
the expense of a strong degradation of the mobility due to material defects and scattering (i.e., a
high resistivity is observed). Indeed, the solubility limit of Mg in GaN is quite low (in the range
of ~10%° cm™3) [78, 79].

In conclusion, the limit of Mg acceptor concentration and the deep acceptor energy level of Mg
dopants limit the conductivity of p-type GaN layers, which can hinder the performance of

optoelectronic devices.

3.4.3 p-n junction:

Most of optoelectronic devices are based on semiconductor materials in which a p-n junction is
included. Therefore, they are considered bipolar devices in contrast to unipolar ones like, e.g, the
QW lasers. Thus, the junctions are commonly used as diodes: circuit elements that allow a flow
of current in one direction but not in the opposite direction. The characteristics of an abrupt p-n
junction at thermodynamic equilibrium are depicted in Fig. 3.6. A p-n junction is composed of a
doped p-type semiconductor and a doped n-type semiconductor in contact. In the junction a

depletion region (or also called space charge region) forms. The transport properties are
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determined by the recombination of the minority carriers while the depletion region collapses.

These minority charge carriers can be trapped in one or multiple thin layers with a lower

bandgap than the surrounding material in order to enhance their recombination and increase their

local density. In this subsection, the creation and the subsequent control of these charge carriers

will be analyzed.
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Figure 3.6: Abrupt p-n junction in thermal equilibrium adapted from Ref. [51]. (a) Space charge
distribution. The dashed lines indicate corrections to the depletion approximation. (b) Electric
field distribution. (c) Potential distribution where Wy, is the built-in potential. (d) Energy band
diagram. At equilibrium the Fermi level Er is the same on both sides. However, by applying an

external electric field, the Fermi level splits in two distinct quasi-Fermi levels.
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An abrupt junction consists in a junction over which the doping changes from n to p over a very
short distance. So, when contacting the doped layers, diffusion current appears due to the
difference in charge carrier concentration. The electrons diffuse from the n-region to the p-one
and conversely for the holes. The regions nearby the p-n interface lose their neutrality and
become charged forming a depletion region, where the charge carrier concentration is orders of
magnitude lower than the fixed charge concentration given by ionized acceptors and donors. At
thermal equilibrium, the electric field is zero at the boundaries of the depletion region.
Therefore, the electrostatic potential Wy,; created by this space charge region is opposed to the
diffusion process for both electrons and holes and produces a drift electric field. The total drift
and diffusion current is given by the equation [80, 81]:

dEF
Ji=qui i E+qD; Vi=pi— (3.13)
& dx
drift dif fusion

At thermodynamic equilibrium, the drift current exactly compensates the diffusion current. This
equilibrium leads to a well-defined space charge region W, = Wp,, + Wj,, across the junction,

which extends mostly on the lowest doped region. Consequently, the charge separation implies

the presence of a built-in potential Wp;:

Ny Ne (3.14)
NaNp

q¥y = Ey — kpT'ln

The width of the depletion layer Wp, is given by:

2er.50 Na 4+ Np
Wb = \/ . NaNp Tk =V —dow Fin).

where Fin is the total internal polarization field.

In the specific case of a p-i-n junction (where a lightly doped region is placed within the

junction) the depletion region width reads:

2e,20 Na + Np . ; dy= width of intrinsic region
; NuNp (T — V — dow Fing. '

WD:_du‘l‘\/dz% +
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The application of an external bias V to this structure simply acts as a simple metal plate
capacitor with a constant electric field in the intrinsic region:

o Wy — V — dQﬁ-"Fin& (315)
et dy +Wp/2

Total net-field applied across heterojunction: Fow = Fext + Fint

3.5 Overview on Polar, Non-polar and Semipolar Orientation

As known, the planes of a hexagonal lattice can be represented by four indices h,k,i,l as in
(h, k, i, I). Having a constraint between indices i.e. h + k +i =0, one can write each plane of
(h,k,i,1) in hexagonal system as a unique (h,k,i) in a cubic system. There are certain relations
governing these indices that define general properties of the corresponding planes. For instance,
h=k=1i=0, | # 0 defines c-plane giving rise to sets of parallel planes with interplanar distance
that is determined by index | only. As will be demonstrated later in this subsection, these planes
are polar planes as a result of unequal numbers of N atoms and Ga atoms in the double
monolayer plane. In case in addition to nonzero | index any of the h or k indices being nonzero,
the plane is featured by reduced spontaneous and dubbed by convention as “semipolar”. If | =0,
the plane is featured by zero polarization field and termed as a “nonpolar” plane. As examples
for this general rule, planes (0001), (1010), and (1011) represent polar c-plane, nonpolar m-
plane, and semipolar s-plane crystallographic planes, respectively.

The first attempts to grow GaN on its hon-polar planes were not successful and it was impossible
to achieve a working device performance due to their low crystal quality. Several substrate
materials were studied to achieve high crystal quality non-polar GaN material. In one of the first
successful attempts, Craven et. al. reported device-quality a-plane GaN on r-plane sapphire and
a-plane SiC. However, the threading dislocation densities were still high (~10*° cm?). Among
the proposed methods to further reduce the dislocation densities and improving materials quality
were growing a thick (~100pum) buffer layer, epitaxial lateral overgrowth and using a high
temperature nucleation layer. Although there are additional difficulties on the growth of such
materials in their semipolar planes, LEDs and LDs based on semi-polar GaN have been

successfully demonstrated.
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It turns out that the characteristics are dependent on tilt angle of a plane with respect to polar
axis. This inclination angle (6 ) i.e. the angle between a plane of interest (h,k,i,l) and the c-plane
can be determined from the four indices and lattice constants with the following relationship:

1 V3al
V(4c2(h? + k2 + hk) + 3a2l1?)

6 = cos )

Where a and ¢ are in-plane and out of plane lattice parameters of the hexagonal structure,
respectively. Some of the semipolar and nonpolar planes and the calculated value for the
inclination angles are shown in Figure 3.7 [36, 37]. The distance between the parallel planes of a
given orientation which can be calculated having h, k and | indices using a three- dimensional (3-
D) geometrical method is unique for a certain orientation and so is the Bragg angle. Thus, XRD
analysis using the following relation can be used to identify the orientations:

nld = 2dsin ©
Where, O is the Bragg angle, A is the incident x-ray wavelength, n is an integer and d is the inter-

planar distance in the orientation. Therefore, one to one correspondence of each set of plane with
a certain inclination angle (6 ) and corresponding Bragg angle (®) resolved by XRD could act as

a fingerprint identifying the orientations of a film for a single or multiple phase layers.
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Fig 3.7: Schematic Representation of some of the nonpolar, semipolar and polar planes for

Wurtzite Crystal
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As seen above, for a crystallographic orientation of interest, the inclination angle important in
identifying characteristics and the corresponding properties of the particular plane. The
properties of heterostructures such as strain, polarization charge, carrier dynamics and transports,
optical activities, impurity and alloy incorporations, etc. depend on their orientation. This means
that the corresponding parameters for the properties are variable under rotation of epilayer
orientation with respect to c-axis. Due to the reduced or eliminated polarization effect in their
quantum heterostructures, optoelectronic devices grown on non- and semi-polar planes are of

special interest to scientific community and the industry [82].
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CHAPTER IV

Proposed Laser Structure and Mathematical Model

This section describes the physical structure and mathematical model of strain and crystal
orientation dependent electrical and optical properties of InGaN/GaN Single QW blue laser. In
order to analyze electronic band structure, one dimensional Schrédinger equations for conduction
and valence bands are solved by finite difference method. A MATLAB/Simulink equivalent
circuit model is discussed for the proposed QW laser structure in order to analyze output power
characteristics and frequency response.

4.1 Proposed QW Blue LD Structure

Figure 4.1 shows the proposed QW LD structure used in the present study. The active layer of
the device is an Ing17GagssN/GaN single QW (SQW) structure consisting of 10nm thick Si

doped barriers and 8nm thick undoped well layers. The structure is also composed of n and

p-electrode Si0,

/

—> p —Aly, GaggoN

-GaN

p — Al 3 GagsN
[ng 17 Gag ez N/GaN
(0001)/ (hkil) SQW

n-GaN

n— Alp; GaggN

n-GaN Substrate

L = == |

n-electrode

Fig. 4.1: Structure of proposed InGaN/GaN QW Blue Laser
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p-type InGaN buffer layer with a view to maintain low spontaneous emission, n and p-type
Alp1GaogN top/bottom cladding layer to confine carrier spillover, n and p-type GaN top/bottom
optical guiding layer and a p-type Aly3Gap7N evaporation-prevention layer. All the layers are
grown on GaN substrate. Above the upper AlGaN layer, an oxide aperture is used for current and
index confinement. Highly doped contact layers are grown at the top and the bottom of the
surface for the formation of ohmic contact [83]. In arbitrary crystal orientated LD structure, the
crystal orientation in the active region is changed arbitrarily but all other layers are in (0001)
crystal orientation. The interface of (0001) and (hkil)-oriented layer is joined via wafer bonding
technique [84].

4.2 Modeling of Electronic Energy Bands

To understand the optical properties of the proposed laser structure, we have to know the
electronic energy bands dispersion profile. Strain, crystal orientations and piezoelectric field are
the key parameters that can modify the electronic band structure. Mathematical formulations of
energy band structure including the effect of strain, change in crystal orientations and

piezoelectric field are given below.
4.2.1 Conduction band dispersion profile

Conduction band dispersion profile is assumed to be parabolic in our calculation. One dimension
Schrédinger equation is used for finding discrete energy levels of QW LD [85]. The one

dimension Schrédinger equation for conduction band is given below:

[ —h? d° |
2m’ 2+ve(z>J'”n<Z>=Ee(k.=0>wn(z) (4.1)
2m . dz

where ,,(z) conduction band wave function, » Planck’s constant divided by2~ , m, effective

mass of the electron, e, electron energy level, k, inplane wave vector, and v_(z) is the

t

conduction band potential which can be given by:

a, e, +a,l(e +£yy)

cz XX

v, - 2 (4.2)
L
Av, |z| > —
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where, L, is the QW length, a_ and a_ is the conduction band deformation potential along the ¢
axis and perpendicular to the c axis, ¢ are the principal strain components, av, is the

conduction band offset in barrier layer. We take a_, =a_ for simplicity.

Finite difference discretization of equation (1) is

—h:(y. . -2y, _
(L Ty ek, - o, (4.3)
2m_ Az
In our analysis, total active region L is divided into number of sections for computational
purpose. If the number of node is N, then spacing between nodes is determined by,
Az = L/(N -1) . The boundary condition in the present study is  (z) = 0 for outside the well

and barrier regions. The index i can be varied from i-1 to i = n —1. Equation (3) can be written

as
_p?

) *A 2[W2_2W1+V/0]+V1V/1:Eel//1 (44)
m Z
_p?

) *A 2[1//3—2‘//2+V/1]+V21//2:Ee‘//2, (45)
m YA

and
_5?

) *A 2[‘//N _ZI//N—1+I//N72]+VN—1‘//N—1:Eel//N—l (46)
m A

for i=12..(~n -1), respectively. Outside the well and barrier regions the wave functions ,, and

v, are equal to zero. The resulting Hamiltonian matrix in the present case can be given by

-2 1 0 0 0 0 07 v, 0 0 0 0 O 0
Il -2 1 0 0 0 ol }o v, 0 0 0 0 0 I
| o 1 -2 1 0 0 ol lo 0o v. 0 0 o0 o |
2 3
-n’ || |
H =——— 0 0 1 -2 1 0 0 |+/0 0 0 v, 0 0 0 | (4.7)
2m eAZZ
Io 0o 0o 1 -2 1 ol :0 0 0 0 v, 0 0 I
| 0 0 0 0 1 -2 1] |0 0 0 0 0 v, 0 |
Lo 0 0 0 0 1 —2J Lo 0 0 0O 0 O vN_lJ

Conduction band energies and corresponding wave vectors are evaluated by finding the Eigen-
values and Eigen-vectors of the Hamiltonian matrix. The conduction band energy dispersion

relation can be written as [86]:

41



E(k) = = (= + =
() 2 met +mz

e

) +E° (4.8)

where the band-edge energy is given by:

ECO =A1+A2+Eg
A1 is the crystal-field-split energy; A, and As; account for the spin-orbit interaction. The
conduction-band wave function of a bulk wurtzite semiconductor is of the form:

W) = Y explikur) ul (/@)

j=W,B
Here, Wand B represent the well and barrier materials, ué (r) is the conduction-band zone-center
Bloch wave function, f,(z) is a slowly varying envelope function, k is the transverse (in-plane)

wave vector, and the growth direction is along the z axis.

4.2.2 Valence band dispersion profile

The valence band structure for (0001) orientation is solved in the envelope approximation using
a six-band RSP (Rashba-Sheka-Pikus) k.p Hamiltonian. The 6x6 Hamiltonian matrix H for
(0001) WZ crystals can be asserted by [85]:

HWn(z) = E¥h (4.9)

The full Hamiltonian for can be written as:

"F —Kx —H+ 0 0 07lu)
K G H 0 0 Afluz)
|-H —-H* 2 0 A 0]lus)
Hloe)=1o 0 F —K Hlu) (4.10)
0 0 A —K* G HlJug)
L0 A 0 Hx —-H My,
[ $33(2) ]
d);j(z) —g(l)(z)—
22 9?2
L[J ( ) d)%’%(Z) g(S)(Z)
h Z = =

¢;-73 @ (9P
¢ps-1(2)| |9 ()
pra@| 97O
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Where, ¢;, or gU) is the valence band wave function component [3/2, +3/2 for Heavy Hole,
3/2, £1/2 for light hole and 1/2, £1/2 for spin-orbit split-off hole] and E is the energy of three
valence bands.

The matrix elements are:

F=A1+A;+A+0

G=A;1-A)+A+0

A =12 As

2
A= zh?o[Alk22+A2 (kX2+ky2)]+D1€ZZ+D2(gXX+ Eyy)
_ 2 2,1, 2
0 = S [AsK. +As (K +ky)]+Dsezrt Da(Enct £yy)
n? L0
K= S—As(Kit iky)” + Ds (60— &yy)
0

2
H= 2 Ag(ky+ iky)Ko+ Ds (e + i £y2)
21’1’10

Here the Ai’s are the valence-band effective-mass parameters, which are similar to the Luttinger
parameters in a zinc blende crystal; the Di’s are the deformation potentials for wurtzite crystals;
ki is the wave vector; ¢jj is the strain tensors; A; is the crystal-field-split energy; A, and As
account for the spin-orbit interaction. For A; >A,>0, the three bands from top to bottom are

labeled as HH, LH, and CH, respectively. The basis functions are shown in Fig. 4.2.
—_1 : )
lu) = —H(X+iV) 1)

luy) = %((X —iy) 1) Here, |X>, |Y> and |Z> are the py, py and p, wavefunctions at
lus) = (Z 1) the I" point with their dipoles along the ¢, a and m plane.

ug) = Z(X =) 1)

Jus) = = H(X+iV) 1)
lug) = (Z 1)

—_—

Fig. 4.2 Basis Function for the Hamiltonian
The energy dispersion profile along (0001) orientation is derived as a function of k for the six

band k.p theory by diagonalizing the Hamiltonian of Eq. 4.9 using numerical finite difference

scheme as discussed in previous section.
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4.2.3 Orientation-dependent Energy Band

Conduction band in non-(0001) orientation is almost the same as in a c-plane QW because the
electron effective mass is nearly isotropic and the angular momentum Eigen function of the
electrons is the spherically symmetric S-function. On the other hand, the hole band parameters
and the strain of WZ crystals are strongly anisotropic. Therefore, the crystal orientation has a
major impact on the valence band structure of an InGaN quantum well.

If the active region is grown on arbitrary crystal orientation, the wave vectors on (0001) crystal
can be obtained by the following expression [87]:

(][]

|k, [ =0glk, | (4.11)
UVREUS
where, k, .k, k, are the wave vectors along (hkil) direction.

The following expression of the rotation matrix is used to obtain the Hamiltonian for arbitrary

crystal orientation [88]:

cosOcos® —sin® sinBcosP
Or =| cosOsin® cos@® sinBsin® (4.12)
—sinf 0 cosf
Where,
V3al ik
0 = cos™I( ) and @ = tan"!—
J4c?(h? + k2 + hk) + 3a212 h

Here, a and c are in-plane and out of plane lattice parameters of the hexagonal structure,
respectively.

The rotation of the Euler angles 0 and @ transforms physical quantities from (x,y,z) coordinates
to (x,y',z") coordinates. We consider only the inclination angle 6 dependence of physical
quantities in the following due to the hexagonal symmetry. The z axis corresponds to the c axis

(0001), and the growth axis z' is normal to QW plane (hkil) as shown in Figure 4.3.
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Fig. 4.3: (a) Configuration of the coordinate systems (X',y',z") in (hkil)-oriented crystals. (b)
The coordinate system in a wurtzite primitive cell. The angle 0 is defined as the angle
between the growth direction z' and the c axis

The strain coefficients in the (X,y,z) coordinates for a general crystal orientation are determined
from the condition that the layer is grown pseudomorphically, and these strain coefficients
should minimize the strain energy of the layer simultaneously. The strain tensor & depends on the

inclination angle & (crystal angle) of the growth plane to the c-plane as follows [89]:

Exx = 4O + £, tand

— e (0
Eyy = £xx?

€, = €,;,0 + &,,c0tH

L £l 5 0y .
[:(cil + ¢12 + c13=5F5 ) sin® 8 4 (2¢13 4 ¢33 ) cos” Q)EH cosd sind
Exx Exx
€x

Xz

crr sint @ + 2(¢13 + 2¢44) sin? 6 cos? @ + ¢33 cost @ (4.13)

with g, (0) = ZwellZ%barrier  gng ¢ (0) — Swell"Charrier  The other strain coefficients are zero.

Aparrier Charrier

Here, cjj are the elastic stiffness constant of the strained layer.

Using the wave vector and strains in the (0001) crystal orientation, the Hamiltonian matrix for
(0001) crystal orientation can be calculated according to previous section. Then the Hamiltonian
matrix in (hkil) orientation can be calculated by the following equation [90]:

F(hkil) — 7 p(0001) 7+ (4.14)

The transformation matrix U is defined as [89]:
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ra* 0 0 a 0 07
0 B 0 0 p* 0
10 O B* 0 0 B
USle* 0 0 —a 0 0 (4.15)
0 B 0 0 - 0
[0 0 = 0 0 B
Here,
a= \/ 1(31'[/4) and ﬁ - L(TL’/4)

Hence we obtain a 6x6 Hamiltonian in the (x'y',z") coordinates by substituting the
transformation relations for the wave vector k and the strain coefficients for a general crystal
orientation into the Hamiltonian (4.10) for the (0001) orientation.

4.2.4 Energy Band Change Due to Piezoelectric Field

The piezoelectric polarization in the (x,y,z) coordinates for a general crystal orientation is given
by [91]:
€11 €12 €13 0 0 Exx
0 0 0 0 dyg 0y|c2 e s 00 /Ew\
0 0 0 ds 0 o]l G s 00 | (4.16)
15 0 0 0 ¢y O '
0 0 0 0

|
\ Cyq / \2 Exz /
0 0 0 0 0 «c¢

where the strain coefficients in the (x,y,z) coordinate for a general crystal orientation is given in

ST

previous section. We then obtain the polarization components along X, y, and z axes:
Py = 2d15C448xz
P, =0

P, = [d3;(c1q +c12) + d33C13](€xx + Eyy) + [2d31013 + d33C33]€2,
The normal polarization with respect to the growth plane (along the growth direction) can be
obtained by taking the scalar product between the polarization vectors P in the (Xy,z)
coordinates and the unit vector z’ shown in Fig. 4.2 [92]:
P', = P.Z = P,sinf + P,cos8 + (Psp®" — Pgp")cosO (4.17)
Similarly, we can obtain the parallel polarization on the growth plane:
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P', =P.x = P,cosf — P,sinf

Iy=0

a

Here, Psp is the spontaneous polarization.
If there are no external charges, the electric field reduces to growth direction z only.
The internal electric fields in the barrier and QW can then be estimated by assuming appropriate

boundary conditions and applying the Gauss law [93]:

o
gWEW _gbpb = ¢ (4.18)

€

Here, & is the permittivity of vacuum; ¢® and ¢©") are the static dielectric constants for the
barrier layers and the quantum well, respectively.
From the QCSE theory, the energy shift due to piezoelectric field for quantum well structure can
be given by [94].

* 2 2 4 2
CmeEZL . lfl_iﬂ (4.19)

h 83 7))

where L = Quantum well length and m" is the mass of electron or hole.

Then the energy band profiles are changed due to piezoelectric field can be given by [94]

E.=E,(E,=0)+AE° and E, = E,(E, =0)+ AE". Here, e,and E, are the energy of electron

and hole respectively.
4.3 Momentum Matrix Element and Optical Gain Profile

The optical gain as a function of energy for quantum well structures can be expressed by [95]:

ktMnm (k)T

_ __2a*h * 2 n_ gm
9(E) = nEocm?LE | Znim Jy (Een (k) =Erpm (k) =E)?+(I'/2m)? Ueo = fo)d ke (4.20)

Here, q is denoted as free electron charge, # is the reduced Planck constant, n is the index of
refraction, &, is the free space dielectric constant, c is the speed of light, E is the photon energy,
Ecn is the conduction band energy, Eyon is the m™ valence sub-bands, and My, is the momentum

matrix element in strained quantum well architecture. I' = 2/t where, T is the photon relaxation
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time. f. and f, are the Fermi levels of conduction and valence bands. Fermi functions for the

conduction band and valence bands are [86]:

f. (k) = - (4.21)
1+ exp{[ Ecn(kt)+ (m, /m,  )E-(E_(k)- Ekpm (k) - F. 1/KT }

£, (k) = - (4.22)
1+ exp{[ Ekpm (k))=(m_/m )E-(E_(k,)- Ekpm (k) - F,1/KT }

where F_, F, are the quasi-Fermi levels of conduction and valence bands. In carrier density-

dependent quasi-Fermi levels calculation, it is considered that the injected carrier is electron. The
expressions of quasi-Fermi levels can be given by [86]:

N.. +n.
F,=E_(k, =0)+KTIn { = } (4.23)
N
Ndo +ni
F, = E,,(k =0)—KTin ["—J (4.24)
N

where e,and e, are the first conduction and valence band energy at band edge, n, is the

kp1

injected carrier density, n,, is the p-type doping density in the well, n, is the intrinsic carrier

dop

density, n_and w, are the density of state of electron and hole for the QW material.

In a QW structure, the optical momentum matrix element will depend on the TE and TM
polarization of the optical electromagnetic field. The momentum matrix element for TE and TM

polarization can be written as [96]:

Mpm (k) [TE] = z [(Lpn(ktzo)|gm(1))2 + g(lpn(ktzo)|gm(2))2] My (4.25)

2
Mum (k) [TM] = (Phe=0)|8m @) Mp° (4.26)

My is the bulk average crystal momentum matrix that can be noted by (Eg=band gap and A=split

off band separation):

48



moEy(Eg+4)
6(Eg+34)

M, = (Zg - 1) (4.27)
Using the expressions for the band-edge wave functions and energy of the conduction and
valence bands and transformation relations, the polarization-dependent interband momentum-

matrix elements of (4.25) and (4.26) can be illustrated as follows [87]:
1 " P. 1 P
My, (k) [TE] = —ﬁg(l)a cosf (%) + ﬁg(z)ﬁcose (m; 2) g®B*cosb (mo 1) (4.28)
—_1,m MoPs ©) moP, 3) moPy
M, (k) [TM] \/_g a smH( - ) \/_g ,Bsme( )+ gB” 0059( ) (4.29)
As seen, the above analytical results include the crystal orientation dependence. Here,

Romy N (Ey + Ay + D) (E, + 28,) — 243

Pz =
17 2m, (m; E; + 24,
2 _ Az m, 1 E [(Ey + Ay + Ay)(E, + 24;) — 243
27 2my, mp (Ey + Dy + D) (Ey + Ay) — A3

Substituting E = E;, E,,and E5, we can obtain moment matrix element for the interband optical
transitions between the conduction band and the heavy hole, light hole, and crystal-field split-off

hole bands, respectively.

4.4 Output Power Characteristics

When analyzing a Laser Diode in an application context, the first thing that comes to concern is
the relationship between optical output power and the diode drive current. And this has been
dictated by rate equations. Due to the variety in the category of laser diode and mathematical
models, one could find many different forms of laser diode rate equations throughout the
literatures. In this thesis, Two-level rate equations that account for carriers in the active and
SCH, or barrier layers is applied to find P-I response in different crystal orientation.

This accounts for carriers in the SCH, or barrier, layers. A single nonnegative solution regime

exists for nonnegative injection currents. The model equations, based on those found in [97], are

dNp NwVgact N

it _ Ny
a quarr Rb (Nb) Tcapt T Vbarr Tem (430)
d_N _ Vbarr Np _ L _ _ a(N)
ac NwVact Tcapt  Tem RW (N) chgr d(S) 2> (431)
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as s a(N)
Pt ; + Ny Ry (N) + Ny vy, %S (4.32)

S /11',,

Py NcVacthe

=9 (4.33)

Here, Equation (4.30) is the rate equation for carrier density N, in the SCH (Separate
Confinement-Heterostructure) layer and relates its rate of change to the injection current I, the
SCH recombination rate, and the carrier exchange between the SCH layers and QW’s, namely
the rate of carrier capture and emission by the QW’s. Equation (4.31) accounts for the carrier
exchange between the SCH layers and QW’s, with capture rate of carriers from the SCH layer
and a new term N/tem for carrier emission from the QW’s. Equations (4.32) and (4.33) are for
photon density and power.

Carrier dependent gain a(N) = GOIn(:W((zizV)))
ASM

Gain Saturation ¢(S) == 1/(1 + €[.5)
QW Recombination Rate R,,(N) = AN + BN? + CN3
SCH Recombination Rate R, (N,) = A,N;, + B,N,* + C,N,>

Here, A, B and C are unimolecular, radiative and Auger recombination coefficient.

n(z-)

Photon lifetime is calculated using the expression: 7, = v, [a; + .

] (4.34)
Here, a;= internal cavity loss, R, = mean reflectivity and Lc= cavity length

Output power coupling coefficient is determined using: n. = 0.51n (Ri) /la;L: + In (Ri) (4.35)
This Laser Diode Model only simulates the first two operation regions of a Laser Diode, which
are spontaneous emission of photons region and linear stimulated emission region as shown in
Fig. 4.4. Material parameters used for evaluating output optical power characteristics are shown
in table 4.1. Some of the parameters from rate equations have crystal orientation dependency

which is shown in the table 4.2.
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Fig 4.4: Full operating region of Laser Diode

Table 4.1
Material parameters used for evaluating output optical power characteristics [98-101]
Name Symbol(unit) Value
Current-injection efficiency ni 0.86
No. of QW Nw 1
Volume of one QW Vact (M°) 4*1071°
Optical confinement factor (mean value) I, 0.025
Output power coupling coefficient Ne 0.51
QW Unimolecular recombination rate coefficient Aw (s 1.0*10°
Auger recombination rate coefficient Cw(cm®s™) 1.8*10%
SCH unimolecular recombination rate coefficient A (s 1.2*10°
Phenomenological gain-saturation term £ 5%107
Unimolecular recombination coupling term Ba 0
Radiative recombination coupling term B 1*10™
Auger recombination coupling term Bc 0
Volume of SCH Viarr (M°) 3*10™"’
QW capture lifetime Teap (PS) 1.1
QW emission lifetime Tom (PS) 6
Internal loss of the cavity a 42cm™
Mean mirror reflectivity Rm 0.995
Cavity length L (um) 200
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Table 4.2

Crystal orientation-dependent parameters from the rate equations

Crystal Orientation-dependent Comments
Parameter
Lasing wavelength A Since energy band gap will change with crystal

orientation, so does lasing wavelength A=1.24/E
Gain coefficient G, and optical transparency  The value of G, and N, will be evaluated from the
density N, carrier density-dependent optical gain and peak
gain vs. Lasing wavelength A curve in different
crystal orientation

H 8
Group Velocity v, Since vy, = 3}10 and group index Ny depends on
g
lasing wavelength A, so it has orientation
dependency.
Photon lifetime 7, From Equ. (4.34), it depends on vy,-. So photon

lifetime has orientation dependency.

Two-level rate equations model is constructed in Simulink based on Ref. [102]. With I as input
parameter from a signal generator and S, N, Ny, and P; as output parameters. All the parameters
in the rate equations can be modified before the simulation starts. The method used to transform
the equations into a signal-flow diagram is borrowed from the field of analog computation — the
equations were mechanized into a model that gives numerical solutions for arbitrary inputs and
time scales that are of interest. The Simulink design is shown in Fig. 4.5.

The ramp input signal is applied to the first input of the sum on the top left corner. It sums up
with the pumping current to form the electrical impulse of the Laser Diode. The components
connected with the bigger sum in the upper part simulate the rate equation for carrier density in
active and SCH layers. So we could capture the output of the carrier density from the end of
these two blocks. Photon Density output comes from the output of the lower block connected
with the lower bigger sum. It is also been converted to power output in watts.

The simulation was run over a time period that was several orders of magnitude longer than the
turn-on transient effects that happen near threshold, to avoid the oscillatory behavior in both N(t)
and S(t) in this region. All simulations used a standard 4™-order Runge-Kutta algorithm with a

fixed step size of 1ps as an equation solver.
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Fig 4.5: Simulink Model for Output Power-Current Response from InGaN Laser

4.5 Frequency Response Analysis

In order to obtain values to simulate the frequency response, the non-linear rate equations were
linearized by taking the partial derivative of each time-dependent term with respect to photon
and electron density. It is this new model that allows the results of the P-I response to be used in
simulating the frequency response [102].

The process was as follows: Choose an arbitrary operating point close to the threshold, such that

the gain saturation term ¢ (S) will approach 1. This term will have negligible effect on Equ. 4.31
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And Equ. 4.32. So partial derivatives with respect to Np(t), N(t), S(t) can safely be taken to
construct a state-space model.
d(dN,/dt) -1

— (Ap + 2BpNpop + 3C,NE,)

aNb Tcapt
d(dN,/dt) __ Vaa
aN Vbarr *Tem
d(dN,/dt) 0
aS B
d(dN/dt)  Vparr
aNb Vact * Tcapt
d(dN/dt) -1
N i (A+2BN,, + 3CNZ,) — T.v,-QS0p
d(dN/dt) AN, + BNZ, + CNg,
S = =T v4r-Goln( R (N)
a(dS/dt) _ 0
oN,
o(dS/dt) _ ,
—N = (BaA + 25BN,y + 3B:CNZ,) + Tev5-QSop
o(dS/dt) -1 AN,, + BN2, + CN;,
s 1, + Levgr Goln( Ry, (No)
0 GoS

= A+ 2BN,, + 3CNZ
AN,, + BN2, + CN3, ( op op)

The final result is the following state-space model:

() () ()]
N dNp N as
bl o) @ s
S' dNp N as
oz @ @
L ONy, dON S
Ny
y=[001]| N
S

Ny
N
S

+

ni
AVparr

N
S

I

(4.35)

where, Sop, Nop and Ny indicate the respective steady-state photon and electron densities
(QWISCH) for an arbitrary bias current.
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CHAPTER V
Simulation Results and Discussion

Following the theoretical analysis presented in chapter-4 the performances of the proposed WZ
InGaN-based QW blue laser structure are evaluated as a function of strains(related PZ field) and
crystal orientation using the parameters listed in table-5.1. In the present work, compressive
strain is chosen because compressive strain in the well enhances the optical gain. The
compositions of well materials are selected as Ing15Gaggs N, 1ng17Gagss N, Ing19Gags: N and
Ino21Gag79 N. Higher values of Indium (In) composition are neglected in this thesis as the
emission wavelength shifts towards “Green” from “Blue” range and physical structure of the
device degrades with higher values of strain. The optical and electrical properties of Iny17Gag 3
N/GaN QW are investigated in (0001), (1010), (1012), (1122) and (1011) crystal orientations.
The effect of piezoelectric field on the optical gain of the proposed laser structure is also
investigated. Furthermore, the output power characteristics of the proposed laser are determined
using SIMULINK modeling.

TABLE5.1
Material Parameters for Blue Laser [1]

Parameters GaN InN
Lattice Constant(A%
a 3.189 3.544
c 5.185 5.718
Refractive Index n 2.29 3.2
Energy parameters
E, at 300K(eV) 3.44 0.7
Ai(meV) 21 17
Aso(MeV) 11 3
A= A= Ag/3(mMeV) 3.67 1
Valence band effective mass parameters
A -7.24 -15.803
A, -0.51 -0.497
Az 6.73 15.251
Ay -3.36 -7.151
As -3.35 -7.060
Ag -4.72 -10.078
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Deformation Potentials(eV)

D, -4.08 -3.62
D, 0.7 -4.60
D; 2.1 2.68
D, 1.4 1.74
Ds -0.7 -2.07
D¢ -0.7 -2.07

Elastic Stiffness Constant (GPa) 375 225
Cu 140 110
Cp 115 95
Cys 385 200
Cas 120 45
C44

Piezoelectric Constant(C/m?)

€33 0.65 0.43
€31 -0.33 -0.22
€15 -0.33 -0.22

Spontaneous Polarization (C/m?)
ps -0.029 -0.032

Unimolecular recombination rate coefficient (s™)
A 1x 108 1
Radiative recombination rate coefficient (cm™s™)
B 1.1x10% 2.0x10™
Auger recombination rate coefficient (cm®s™)

C 1.4 x 10 .

[1] I. Vurgaftman, J.R.Meyer and L.R.Ram-Mohan, "Band parameters for
111-V compound semiconductors and their alloys”, J. Appl. Phys. 89,
5815 (2001).

The peak emission wavelength of laser mainly depends on the band gap energy of the material
used in active region. So, the selection of composition of the semiconductor material used in the
active region and barrier layer is very important. In this structure InGaN is used in the active
region and GaN is used in the barrier of QW. The bandgap of InGaN is calculated using the
following formulae:
E; (InyGa,_ N) (eV) = 0.7x +3.44(1 — x) — 1.43x(1 — x)

The other parameters such as lattice constant, deformations potentials etc. are calculated using
Vagard’s law.

5.1 Crystal Orientation-dependent Strain and Polarization field

The main purpose of growth on crystal planes with a different orientation than the commonly
used c-plane is the reduction of the internal electric fields and related QCSE. The dominant

contribution to the internal fields comes from the piezoelectric polarization of the quantum wells,
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which is a function of the strain of these layers. The strain tensor depends on the inclination
angle @ (crystal angle) of the growth plane to the c-plane. Figure 5.1 shows the components of
the strain tensor as functions of the crystal angle for 15%, 17%, 19% and 21% Indium
composition. It can be seen that, with increasing indium composition, the magnitude of strain
increases. Here, the component €,y is constant (-0.016) and independent of inclination angle 0 as
realized from eq. 4.13. The component &y, is zero for the (0001) and (1010) orientation (6=0° &
90°). For  0°< 6 <90°, a strong modification of the strain tensor elements is observed so that
Exx # €yy. The strain components €x and €;; show a maximum at 6=0° and 6=90°. The crystal
orientation dependence of the bands is determined mainly by these strain components. The
polarization discontinuity along the growth direction z' can be calculated from the strain tensors.

Strain Tensor

Crystal Angle (Degree)
Fig. 5.1: Strain tensor components as function of crystal angle for 15%, 17%, 19% and 21% In

Figure 5.2 shows (a) the sum of the strain-induced PZ and SP polarizations normal with respect
to the growth plane for the well and the barrier and (b) the internal field as a function of the angle
0 between the growth direction and the c axis of InGa;.xN/GaN QW structures. In case of the
proposed LD structure, the well is compressively strained for the Indium composition selected
here. The normal polarization is important because the QW structures have quantized energy
levels along the growth direction. The normal polarization leads to the accumulation or depletion
of carriers at the interfaces and creates an internal field. On which side of the interfaces the

accumulation region is produced depends on the type of atomic plane at the interface (Ga or N)
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in QW. The normal polarization is asymmetric with respect to the (1010) orientation (6=90°).
The asymmetry of the normal polarization is due to the change of the atomic plane type with
respect to the (1010) orientation. The internal field is determined from the difference between
the PZ and SP polarizations between the well and the barrier. From the figure, it is seen that the
internal field gradually increases and changes its sign with increasing crystal angle and In
composition from 15% to 21%. The internal field becomes zero for the (1010) crystal
orientation because the SP and strain-induced PZ polarizations are zero. In addition, the internal
field is shown to become zero near the crystal angle of 61°, 58°, 55° and 53° with 15%, 17%,
19% and 21% In because the sum of the PZ and SP polarizations in the barrier is equal to that in
the well. Thus, lasing properties for these crystal orientations (for example, (1122) semipolar
orientation corresponding to 58.4° for Ing1;Gagss N/GaN QW) are expected to be greatly
improved due to the reduction of the internal field.
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Fig. 5.2: (a) Sum of the strain-induced PZ and SP polarizations normal with respect to the growth

plane for the well and the barrier and (b) Internal field as a function of the angle 6 between the
growth direction and the c¢ axis of InsGa;—xN/GaN QW structure

5.2 Energy Band Dispersion Profile in (hkil) Orientation

Figure 5.3 shows calculated energy band dispersion relations obtained by solutions of the 6 x 6
k-p RSP Hamiltonian at I'-point for WZ Ing17Gag ssN/GaN QW blue laser including polarization
field with the following growth planes: (a) (0001) (6=0°), (b) (1010) (6=90°), (1012) (6=43°),
(1122) (6=58.4°) and (1011) (62°). Conduction Band (CB), Heavy-hole (HH), light-hole (LH)
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and crystal field split-off hole (CH) band dispersions are indicated. The simulation is carried out
in MATLAB environment at room temperature. The lattice mismatch between the epilayer
(Ing17GapgsN) and the substrate (GaN) leads to a biaxial compressive strain of —0.0187, as
indicated in fig. 1.To compare the orientation-dependent energies; the figures are plotted as a
function of wave vector in the same scale. The conduction band is almost the same as in a c-
plane QW because the electron effective mass is nearly isotropic and the wavefunction of
electrons is spherically symmetric envelope function. It is demonstrated that, for nonzero value
of k (wave vector in the plain direction); the increasing coupling from distant bands gives rise to
strong non-parabolicities at the top valence band structure. The result for (0001) and (1010)-
oriented QW structure shows small subband energy spacing between HH & LH. This strong
intermixing and piezoelectric field induced strong QCSE effectively ceases quick transition of
charge carriers causing reduction in lasing efficiency. On the other hand, semipolar (1122) and
(1011) orientation shows better dispersion profile in terms of reduced interband coupling and
QCSE. So, they have a reduced density-of-states near the valence band edge leading to reduced
hole effective mass and improved emission characteristics.

Table 5.2 shows the energy gaps between CB to HH, LH and CH bands at the band edges as a

function of the crystal orientation. It is noted that crystal orientation changes the energy splitting.
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Fig 5.3: Energy Band Dispersion Profile in (a) (0001), (b) (1010), (c) (1012) (d) (1122) and (e)
(1011) Crystal Orientation of InGaN/GaN QW Blue Laser
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Table 5.2
Orientation-dependent Energy Separation

Crystal C-HH(eV) C-LH(eV) HH-LH(eV)
orientation

(0001) 2.772 2.912 0.14

(1012) 2.725 3.5625 0.80

(1122) 2.780 4512 1.732

(1011) 2.812 4,212 1.4

(1010) 2.830 3.152 0.322

The energy separation between C and HH is maximum in non-polar (1010) crystal orientation
and minimum in (1012) orientation. The zone-center splitting between HH and LH is evaluated

maximum in semipolar (1122) orientation and minimum in (0001) orientation.

5.3 Momentum Matrix in (hkil) Orientation

As the QW is compressively strained, the maximum transition occurs between C to HH. The
momentum matrix element for the transitions between C-HH, C-LH and C-CH in different
orientations for the (a) TE and (b) TM polarizations is calculated from band-edge Eigen values

and shown as function of 0 in Fig. 5.4.
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Fig 5.4: Interband optical momentum matrix elements at the band edges as a function of crystal
orientation for the (a) TE and (b) TM polarizations of Ing17Gags3 N/GaN QW blue laser

For the (0001) orientation (6=0°), the interband optical matrix elements for the HH and LH

bands to the conduction band are dominated by the TE polarization, as shown in Fig. 5.4(a), and

60



then interband transition between the CH band and the conduction band is dominated by the TM
polarization, as shown in Fig. 5.4(b). It is found that with an increasing angle 0, the optical
matrix element for the C-LH transition rapidly decreases giving a minimum at 58°, and then
shows slight increase till 90° i.e. (1010) orientation. On the other hand, the TE optical matrix
element for the C-HH transition rapidly increases; approaches a maximum at 58° and then starts
to decrease till 90° crystal angle. The peak value is about 1.5 times as large as that of the (0001)
orientation. This can be explained by the crystal orientation-dependent energy band dispersion
profile of Fig. 5.1. For (0001) and (1010) orientation, the splitting between HH and LH bands is
very small, ceasing quick carrier transition from valence band (VB) to conduction band (CB) due
to strong interband coupling. On other side, since the HH-LH energy splitting is maximum at

(1122) orientation (6=58.4°); so the momentum matrix for this orientation is near highest value.

The momentum matrix elements for C-HH and C-LH transitions in different crystal orientations

for TE polarization are shown in Fig. 5.5(a) and 5.5(b).
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Fig. 5.5: Crystal orientation-dependent normalized momentum matrix element for (a) C-HH

transition and (b) C-LH transition

The maximum value of momentum matrix element is evaluated in (1122) orientation and
minimum in (0001) orientation for C-HH transition. For C-LH transition, the maximum value of

momentum matrix element is evaluated in (0001) orientation and minimum in (1122)
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orientation. This fact is verified from fig. 5.3 and 5.4 as the overlapping function of electrons and

holes is maximum and minimum for this two crystal orientation.
5.4 Optical Emission Profile in (hkil) Orientation

Fig. 5.6(a) and 5.6(b) shows the orientation-dependent optical emission profile of the
InGaN/GaN QW blue laser structure for TE and TM polarization. The results are evaluated for
the injection carrier density 3.5x10" cm?, It’s verified from the figure 5.6 that TE polarization is
dominant for the QW laser structure. Here, peak gain and peak emission wavelength have crystal
orientation dependence. The peak gains are evaluated to be 3845, 4178, 4460, 4880 and 4750
cm™ with wavelength of 447.3, 438, 455, 446 and 441nm at (0001), (1010), (1012), (1122) and
(1011) orientations for TE polarization. Maximum gain is evaluated in the (1122) semipolar
direction due to reduced density of states and large gap between heavy hole and light hole band,
so reduced QCSE and reduced effective mass. The separation between HH and LH is also found

maximum in this orientation which is also the cause of higher gain.
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Fig 5.6: Optical emission profiles of Ing17GapgsN/GaN QW Blue Laser in different orientation

for (a) TE Polarization and (b) TM polarization

There is a strong correlation between the peak optical gain and injection carrier density in a
particular crystal orientation. Carrier density-dependent optical gain in different crystal
orientations is shown in fig. 5.7. It is found that starting of optical gain is highly dependent on

the injection carrier density in a particular crystal orientation. The carrier density required to start
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gain is found to be higher in (0001) orientation and smaller in (1122) orientation. It is also found
that at lower injection carrier density (1.5~2x10 cm™®), output optical power characteristics in

(0001) and (1010) crystal orientations are very much close to each other.
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Fig 5.7: Carrier density-dependent optical gain in different crystal orientations

But, at higher injection region there is a small difference in peak gain in these orientations. As
seen in fig. 5.7, the highest optical gain is obtained in (1122) orientation and lowest in (0001)
orientation with injection carrier density.

Now, in the following table, the effect of PZ field and related QCSE on the energy band
dispersion profile and optical emission profile of Ing17GagssN/GaN QW blue laser is shown in
details. It’s seen that for (1122) and (1010) orientation, the effect of PZ field is null which is
verified from Fig. 5.2. The shift in energy, peak gain and peak wavelength is evaluated

maximum in (0001) orientation and minimum in (1011) orientation.

Table 5.3
Effect of PZ field in different crystal orientation
Crystal Peak Gain (cm™) Peak Wavelength ~ Conduction band HH band energy
Orientation (nm) energy shifts, shifts, AE™

Without With PZ  Without With PZ AE®(meV) (meV)

PZ field field PZ field field
(0001) 4245 3845 443 447.3 0.018 0.009
(1012) 4660 4460 452 455 0.013 0.0024
(1122) 4880 4880 446 446 0 0
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(1011) 4800 4750 439 440.9 0.011 0.0016
(1070) 4178 4178 438 438 0 0

5.5 Output power characteristics in (hkil) Orientation

Now, to understand the performance of the proposed QW blue laser structure, it is very much
important to study its output characteristics. The output optical power-input current
characteristics are investigated from SIMULINK analysis of the equivalent circuit developed for
the proposed laser structure. The procedures of converting mathematical model into equivalent
model for the proposed laser structure and parameters used have been discussed in chapter 4,
section 4.4. The optical power-injection current characteristics determined for compressive
strained Ino 17Gao gsN/GaN SQW blue laser in different crystal orientations are shown in fig. 5.8.
It is found that the maximum optical power of 4.35mW and minimum threshold current of
0.74mA are obtained in (1122) oriented QW structure because of highest gain, momentum
matrix element and lowest interband coupling between HH and LH is obtained in this
orientation. Maximum threshold current is evaluated to be 1.3 mA in (0001) crystal orientation.
As seen in fig. 5.8, the differences among the optical power for different QW structures are

comparatively smaller at lower input currents than of those at higher input currents.
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Fig 5.8: Orientation-dependent Output Power Curve of InGaN/GaN QW Blue Laser Diode
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5.6 Frequency Response Analysis in (hkil) Orientation

Fig. 5.9 depicts the bode diagram in order to show magnitude (dB) and phase response of

InGaN/GaN QW Blue laser in different crystal orientation. The results of the P-1 response is used

in order to obtain operating points of table 5.4 to simulate the frequency response. The detail

procedure is discussed in chapter 4, section 4.5. With the operating points from this table, a third-

order state-space model is generated for each crystal orientation. Then it was converted to bode

plot using “bode” function in MATLAB.

Crystal
Orientation

(1122)
(1011)
(1012)
(1010)
(0001)

g ————=—————————————

50—

Table 5.4
Operating point close to Threshold

Pumping QW Electron  SCH Electron Photon
Current(mA) Density Nop Density Npop ~ Density Sqp

(cm™) (cm™) (cm™)
1.10 1.90x 10  1.42x10Y 1.10 x 10%
1.32 1.81 x 101° 1.37 x 107  1.05 x 104
1.54 1.74 x 101 1.32x 1017  1.22x 1013
1.68 1.62 x 101° 1.29 x 1017  1.33 x 1012
1.77 1.58 x 101 1.27 x 107 1.60 x 101!
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Fig 5.9: Frequency Response of InGaN/GaN QW Blue LD in different crystal orientation

using operating points from Table 5.5
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Since InGaN/GaN QW blue laser structure in each orientation shows positive gain and phase
margin in the above Bode plot, the laser system for all orientations is stable. Highest and lowest
magnitude (dB) response in obtained in semipolar (1122) and polar (0001) crystal orientation
because highest and lowest peak gain and optical power output is found in these two orientations.
As seen from the figure, frequency response for (1010) and (0001) orientation is close to each
other because the gain characteristics of the above mentioned QW structures are almost same.
Phase response at lower frequencies is seen to be closer to each other for all crystal
orientations. At intermediate frequencies the laser system is somewhat resonant. As frequency
increases further, the decibel gain decreases. It’s obvious from the fig. 5.9 that phase response

starts at 0° and then decreases to -180°.

From the magnitude (dB) response; we can calculate electrical bandwidth (Frequency range in
which the magnitudes of the closed loop gain does not drop -3 dB) of the system using
“bandwidth” function in MATLAB which is listed in table 5.5.

Table 5.5
Bandwidth of InGaN/GaN QW Blue LD in different crystal orientation

Crystal Orientation Bandwidth (THz)

(1122) 5

(1011) 4.62
(1012) 2.21
(1010) 0.83
(0001) 0.76

The bandwidth (BW) indicates the frequency where the gain starts to fall off from its low-
frequency value. Thus, the bandwidth indicates how well the system will track an input sinusoid.
From the table, it’s seen that highest BW of 5THz is achieved for (1122) orientation. Since a
large bandwidth corresponds to a small rise time, or fast response, it can be said that topmost
speed of response for InGaN/GaN QW blue laser system can be found in semipolar (1122)

orientation (Crystal growth angle of 58.4° w.r.t c-plane).
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Energy (eV)

5.7 Comparison of Strain-dependent Optoelectronic Performance in (1122), (1012) and
(0001) Crystal Orientation

e Strain-dependent Optoelectronic Performance in (1122) Crystal Orientation

Built-in strains due to lattice mismatch between active and barrier layers in SQW significantly
modify the electronic band structures, especially the valence bands. Since best performance for
InGaN/GaN QW blue laser is obtained in semipolar (1122) crystal orientation (6=58.4°), strain-
dependent optoelectronic properties at 300K for this crystal orientation is discussed in this
section.

Figure 5.10 shows the energy band dispersion profile in (1122) crystal orientation for 15%,
17%, 19% and 21% Indium composition in well layer. It is found that at the band edge (k; =0) the
conduction band energy shifts towards higher energy with increasing the value of strain. The
conduction band edge energies found to be shifted from 2.74 eV to 2.98 eV for changing the
Indium composition from 15% to 21%. Apart from the band edge, the energy is found to increase
gradually with wave vector. It is due to increasing potential level of electron (ve in the well

become more negative) in the well with increasing strain.
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Fig 5.10: Energy Band Dispersion Profile for InGaN/GaN QW blue laser in (1122) crystal
orientation for (a) 15% Indium (b) 17% Indium (c) 19% Indium (d) 21% Indium
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From the valence band dispersion profile, it’s found that energy separations between valence
subbands strongly depend on the state of strain. Even in unstrained condition there exists energy
separation among valence subbands. The energy separations between conduction band (CB) to
heavy hole (HH) and light hole (LH) at the band edge increase due to increasing Indium
composition from 15% to 21%. The strain also extends the separation between HH and LH
subbands as seen in Fig. 5.10. This indicates that the band-mixing effect between HH and LH is
reduced with increasing strain. Table 5.6 shows the energy gaps between CB to HH, LH and CH
bands at the band edges for different values of strain.

As the QW is compressively strained, the maximum transition occurs between CB to HH. The
momentum matrix element (TE polarization) for the transitions between CB to HH for different
values of strain is calculated using Eq. (4.25) and shown in Fig. 5.11. It is found in Fig. 5.11 that
the values of wave vector-dependent momentum matrix elements increase with increasing strain.
It is due to the fact that the overlapping of wave function of electrons and holes increases with
increasing the magnitude of strains. The improvements can also be attributed to reduction of
band mixing between HH and LH which causes reduction of the effective mass of holes. This, in
turn, increases its Fermi level more quickly with respect to the increase in injected carriers,

which leads to a large value of momentum matrix.

Table 5.6

Strain-dependent Energy Separation for (1122) crystal orientation

In C-HH(eV) C-LH(eV) HH-LH(eV)
Composition
15% 2.742 4.562 1.6
17% 2.780 4512 1.732
19% 2.862 4.612 1.75
21% 2.880 4.492 1.812

The optical gain spectra are calculated using equation (4.20) for different values of strain. The
results are summarized in fig. 5.12 for TE and TM polarizations. For the injection carrier density
3.5x10 cm™?, the peak gains in TE direction are evaluated to be 5190 cm™, 4960 cm™, 4880
cm?, and 4730 cm™ when the Indium composition in well is 21%, 19%, 17% and 15%

respectively.
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Fig. 5.11: Strain-dependent momentum matrix element for C-HH transition

The value of peak gain is shown to increase with increasing strain as the magnitude of
momentum matrix element increases for CB-HH transition. The increased energy separations
between HH and LH also contribute in achieving higher gain. The emission wavelength is found
to change from 0.452 um to 0.430 um as the energy separation increases for CB-HH transition
with strain values. For TM polarization, the peak gains are evaluated to be 660 cm™, 605 cm™,

540 cm™, and 430 cm™. It’s seen from fig 5.12 that TE polarization is dominant for the QW laser

structure.
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The carrier density-dependent optical peak gains are calculated and shown in fig 5.13. It is
found that the optical gain starts approximately at the carrier density (1.8~2)x10*cm™ for all
values of strain and then gradually increases with increasing carrier density as well with strain
value. However, the change in optical gain is not significant with strain when the injection
current density is lower than 1.5x10" cm™. From fig. 5.13, it is found that the maximum optical
peak gain is evaluated when indium composition in well is 21% for all values of carrier density.
The optical gain also found to change significantly with carrier density when the well is
compressively strained by 15% to 17% indium content. In contrast, the change in optical gain is
not remarkable when the well is strained from 17% to 19% indium content with injection carrier

density.

Fig. 5.14 shows the P-I response for (1122)-oriented InGaN/GaN QW blue laser by varying
indium content in well layer. This result is obtained by using strain-dependent peak gain
coefficient G, and corresponding carrier density N, values from fig. 13 and insert them in

equivalent Simulink model.
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Fig. 5.14: Output optical power-input current response for different compressive strained QWs

It’s noticed from fig. 5.14 that at lower injection current (< 0.8mA), the output optical power is
approximately constant for all values of strains. However, the output optical power increases
gradually with strain when the injection currents are higher than 1.32 mA. Here the maximum
optical power is obtained for 21% indium content in well, because higher optical gain is obtained

at this value.

Fig. 5.15 shows the bode diagram to analyze frequency response of (1122)-oriented InGaN/GaN
QW Blue laser for different values of indium composition. The results of the P-I response is used

in order to construct the 3 order state-space model shown in Eq. 4.35.

As each value of compressive strain shows positive gain and phase margin in the above Bode
plot, the laser system is stable. Highest magnitude (dB) response in obtained for 21% indium
content in well because highest peak gain and optical power output is found here. From the
magnitude (dB) response; we can calculate electrical bandwidth of the system which is listed in
table 5.7.
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Fig. 5.15: Frequency Response in (1122) orientation for different compressive strained QW

Table 5.7: Bandwidth of InGaN/GaN QW Blue LD for different In composition

Indium composition Bandwidth (THz)

21% 7.8
19% 6.9
17% 5
15% 3.7

Strain-dependent optoelectronic properties like energy band dispersion profile, optical emission
spectra, output P-1 characteristics, magnitude and phase response, electrical bandwidth etc. for
semipolar (1012) and polar (0001) crystal orientations at room temperature will be discussed in

subsequent sections.
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e Strain-dependent Optoelectronic Performance in (1012) Crystal Orientation
Figure 5.16 shows the energy band dispersion profiles in (1012) crystal orientation for 15%,
17%, 19% and 21% Indium composition in the active layer. The conduction band edge energies
found to be shifted from 2.70 eV to 2.76 eV for changing the Indium composition from 15% to
21%. The energy separation between HH to LH is seen to be increased from 0.53 eV to 1.25 eV
with increasing strain magnitude. This change in energy separation is more prominent than

semipolar (1122) crystal orientation. Table 5.8 summarizes the energy gaps between CB to HH,
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Fig. 5.16: Energy band dispersion profiles for InGaN/GaN QW blue laser in (1012) crystal
orientation for the Indium composition of (a) 15%, (b) 17%, (c) 19%, and (d) 21%

Table 5.8

Strain-dependent Energy Separation for (1012) crystal orientation

In C-HH(eV) C-LH(eV) HH-LH(eV)
Composition
15% 2.700 3.230 0.53
17% 2.725 3.525 0.80
19% 2.740 3.790 1.05
21% 2.760 4.010 1.25
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The momentum matrix element (TE polarization) for the transitions between CB to HH for
different values of strain is calculated using Eqg. (4.25) and shown in Fig. 5.17. It is found in fig.
5.17 that wave vector-dependent momentum matrix elements increase with increasing strain. But
the values of momentum matrix are closer to each other than semipolar (1122) crystal
orientation.

Normalized Momentum Matrix Element

0.0

0.0 ' o!5 ' 1!0 ' 1!5 ' 2.0
Wave Vector, k (1/nm)

Fig. 5.17: Strain-dependent momentum matrix element for C-HH transition

The optical gain spectra for TE and TM polarization are calculated using equation (4.20) for

different values of strain and summarized in fig. 5.18.
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Fig. 5.18: Optical gain profile of InGaN/GaN QW blue laser for different values of compressive
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For the injection carrier density 3.5x10™ cm™®, the peak gains (TE polarization) are evaluated to
be 4720 cm™, 4530 cm™, 4380 cm™, and 4200 cm™, when the Indium compositions in the active
region are 21%, 19%, 17% and 15%, respectively. The emission wavelength is found to vary
from 0.449 pm to 0.459 um due to strain. For TM polarization, the peak gains are evaluated to
be 460 cm™, 352 cm™, 262 cm™, and 140 cm™,

The carrier density-dependent optical peak gains are calculated for TE polarization and shown in
fig 5.19. It is found that the optical gain starts approximately at the carrier density
(1.5~2.2)x10*cm™ for all values of strain and then gradually increases with increasing carrier
density as well as with magnitude of strain. It is found that the maximum value of peak gain is

evaluated when indium composition in the well is 21% for all values of carrier density.
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Fig. 5.19: Peak gain as a function of carrier concentrations for compressively strained QWSs

Fig. 5.20 shows the P-I response for (1012)-oriented InGaN/GaN QW blue laser with the
variation of Indium composition in the active layer. Maximum optical power of 3.32mW and
minimum threshold current of 0.87mA is obtained when the indium content in well is 21%. It’s
also noticed from fig. 5.20 that change in output optical power isn’t so obvious when injection
current is below 2.2 mA.
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Fig. 5.20: Output optical power-input current response for compressively strained QWs

From Bode plot of fig. 5.21, it’s noticed that positive gain and phase margin is achieved for each
compressively strained QW structure. Highest magnitude (dB) response in obtained for 21%
Indium content in the well because highest peak gain and optical power output is found here.
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Fig. 5.21: Frequency response evaluated in (1012) oriented compressively strained QWs
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From the magnitude (dB) response, electrical bandwidth has been calculated and listed in Table
5.9.

Table 5.9: Bandwidth of InGaN/GaN QW Blue LD for different Indium composition

Indium composition Bandwidth (THz)

21% 4.2
19% 3.3
17% 2.21
15% 1.7

e Strain-dependent Optoelectronic Performance in (0001) Crystal Orientation

Figure 5.22 shows the energy band dispersion profiles in (0001) crystal orientation for 15%,
17%, 19% and 21% Indium composition in the active layer. The conduction band edge
energies found to be shifted from 2.65 eV to 2.83 eV for changing the Indium composition
from 15% to 21%. The energy separation between HH to LH is seen to be increased from
0.10 eV to 0.38 eV with increasing strain magnitude. This change in energy separation is less
prominent than semipolar (1012) crystal orientation. Table 5.10 summarizes the energy gaps
between CB to HH, LH, and CH bands at the band edges for different values of strain.
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Fig. 5.22: Energy band dispersion profiles for InGaN/GaN QW blue laser in (0001) crystal
orientation for the Indium composition of (a) 15%, (b) 17%, (c) 19%, and (d) 21%.
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Table 5.10

Strain-dependent Energy Separation for (0001) crystal orientation

In C-HH(eV) C-LH(eV) HH-LH(eV)
Composition
15% 2.683 2.783 0.10
17% 2.772 2.912 0.14
19% 2.794 3.012 0.22
21% 2.806 3.186 0.38

The momentum matrix element (TE polarization) for the transitions between CB to HH for
different values of strain is calculated using Eq. (4.25) and shown in Fig. 5.23. It is found in fig.
5.23 that wave vector-dependent momentum matrix elements increase with increasing strain. But
the values of momentum matrix show reduction than semipolar (1122) and (1012) crystal

orientation.
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Fig. 5.23: Strain-dependent momentum matrix element for C-HH transition

The optical gain spectra for TE and TM polarization are calculated using equation (4.20) for
different values of strain and summarized in fig. 5.24. For the injection carrier density 3.5x10"°
cm?, the peak gains (TE polarization) are evaluated to be 4020 cm™, 3890 cm™, 3740 cm™, and
3610 cm™, when the Indium compositions in the active region are 21%, 19%, 17% and 15%,
respectively. The emission wavelength is found to vary from 0.462 um to 0.442 um due to strain.
For TM polarization, the peak gains are evaluated to be 285 cm™, 230 cm™, 180 cm™, and 135

cm™,
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Fig. 5.24: Optical gain profile of InGaN/GaN QW blue laser for different values of compressive
strain (a) TE Polarization (b) TM Polarization

The carrier density-dependent optical peak gains are calculated for TE polarization and shown in
fig 5.25. It is found that the optical gain starts approximately at the carrier density
(2~2.5)x10"cm™ for all values of strain and then gradually increases with increasing carrier
density as well as with magnitude of strain. It is found that the maximum value of peak gain is

evaluated when indium composition in the well is 21% for all values of carrier density.
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Fig. 5.25: Peak gain as a function of carrier concentrations for compressively strained QWSs
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Fig. 5.26 shows the P-I response for (0001)-oriented InGaN/GaN QW blue laser with the
variation of Indium composition in the active layer. Maximum optical power of 3.17mW and
minimum threshold current of 1.02 mA is obtained when the indium content in well is 21%. It’s
also noticed from fig. 5.26 that change in output optical power isn’t so obvious when injection

current is below 1.7 mA.
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Fig. 5.26: Output optical power-input current response for compressively strained QWs

o

From Bode plot of fig. 5.27, it’s noticed that positive gain and phase margin is achieved for each
compressively strained QW structure. Highest magnitude (dB) response in obtained for 21%
Indium content in the well because highest peak gain and optical power output is found here.
From the magnitude (dB) response, electrical bandwidth has been calculated and listed in Table
5.11.
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Table 5.11: Bandwidth of InGaN/GaN QW Blue LD for different Indium composition

Indium composition

Bandwidth (THz)

21%
19%
17%
15%

1.70

1.06
0.76
0.51
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CHAPTER VI

Conclusion
6.1 Contributions

To recapitulate, the optoelectronic performance of 445 nm InGaN/GaN QW blue laser is studied
in conventional (0001) as well as non-conventional (1010), (1012), (1122) and (1011) crystal
orientations at room temperature in MATLAB/Simulink environment. Mathematical model for
the proposed laser is developed using Schrodinger equation taking into account of strain, change
in crystal orientations and piezoelectric field. To obtain the energy band dispersion profile and
optical emission profile for different values of strain and crystal orientations, Schrodinger
equations for conduction and valence band are solved using finite difference method. To
investigate the output P-I characteristics, the physical structure of the proposed QW laser is
converted into Simulink model by using two-level rate equations. Then the rate equations are
transformed to a 3"-order state-space model in order to simulate the small-signal response of
proposed laser structure. The numerical results estimated for the proposed QW Laser system
demonstrate that the energy band dispersion profiles, momentum matrix elements, optical gain
profile , output optical power response and frequency characteristics are strongly dependent on
strain, crystal orientations and piezoelectric field. The internal electric field is shown to be zero
near the crystal angle of 61°, 58° 55° and 53° with 15%, 17%, 19% and 21% Indium
composition because the sum of piezoelectric and spontaneous polarizations in the barrier is
equal to that in the well. Valence band energy separation and transition momentum matrix
elements are found to be higher at semipolar (1122) orientation (growth angle 6=58.4° w.r.t z-
axis) because of reduced distant band interaction and piezoelectric field induced quantum
confined stark effect. For these reasons, higher optical gain of 4880 cm™ is obtained in this
crystal orientation for TE polarization. Due to opposite scenario, minimum optical gain of 3845
cm® is found in (0001) crystal orientation. The maximum emission wavelength (455nm) is
evaluated in (1010) orientation and minimum (438nm) in (1012) orientation due to the
maximum energy separations between conduction to heavy hole band in (1010) orientation and
minimum in (1012) orientation. It is found that starting of optical gain is highly dependent on

the injection carrier density in a particular crystal orientation. The carrier density required to start
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gain is found to be higher in (0001) orientation and smaller in (1122) orientation. Data extracted
from above analysis are inserted into Simulink model to find P-1 characteristics of proposed laser
system. Maximum optical power of 4.35mW and minimum threshold current of 0.74mA are
obtained in (1122) oriented QW laser structure. Bode diagram is used to show frequency
response in different crystal orientation for InGaN/GaN QW blue laser. Positive gain and phase
margin is obtained from bode plot for each crystal oriented structure. From the magnitude (dB)
response, electrical bandwidth has been calculated which shows that highest bandwidth of 5THz
and lowest bandwidth of 0.76 THz is achieved for (1122) and (0001) orientation. Since a large
bandwidth corresponds to a small rise time, or fast response, it can be said that topmost speed of

response for InGaN/GaN QW blue laser system can be found in semipolar (1122) orientation.

The influence of piezoelectric field on the optical gain and peak emission wavelength is found to
be significant for the proposed laser structure. The gain decreases 400cm™ and emission
wavelength shifts from 447.3nm to 443nm due to piezoelectric field in (0001) orientated
compressively strained Ing 17GaggsN/GaN QW structure. The shift in energy, peak gain and peak

wavelength is found to be null in (1122) and (1010) orientation.

Comparison of Strain-dependent Optoelectronic Performance in (1122), (1012) and (0001)
Crystal Orientation has been shown for 15%, 17%, 19% and 21% Indium composition in the
well. The energy band separations from conduction band to heavy and light hole increases with
increasing strain which leads to emission wavelength shift in shorter wavelength. The value of
optical gain increases with strain as the energy band separations and magnitude of momentum
matrix element for CB-HH transition are seen to be rising with strain. Emission wavelength
shifts towards “Green” from “Blue” range with higher values of Indium composition and
corresponding strain. Peak gain in TE direction are evaluated to be 5190 cm™, 4750 cm™ and
3900 cm™ for 21% In composition along (1122), (1012) and (0001) crystal orientation. From
the injection carrier density-dependent optical gain characteristics it is found that higher gain is
obtained for 21% In composition for any injection carrier density in every orientation. Maximum
optical power, minimum threshold current and highest electrical bandwidth is also obtained for

each crystal orientation when indium content in well layer is 21%.
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6.2 Future Work

In present simulation, room temperature of 300K is considered. The work can be extended to
find temperature-dependent optoelectronic performance along arbitrary-oriented QW structure
and for different values of strain. This thesis estimates optical gain spectra using free-carrier gain
model. To get a more realistic estimate for the emission wavelength, the bandgap
renormalization that arises from the many-body effects can be included in future work by
practicing Coulomb-hole self-energy and Hartree-Fock energy correction concept. Moreover, the
potential level for electron and hole can be determined by self-consistent Schrddinger -Poisson’s
equations.
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