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ABSTRACT 

Modeling and Performance Analysis of 1.55 1.tm Quantum Well Edge Emitting Laser 

Based on InGaN 

The advent of research work for longer wavelength 1.55 im lasers, InGaN advances fast due 

to its compatible band gap energy and excellent properties. These lasers are well-suited and 

ideally matched with the existing fiber optic infrastructures as well as bandwidth of the 

modern ultra speed communication system with substantially tower attenuation, transmission 

losses, waveform degradation and dispersion penalty. In this thesis, a study is conducted on 

the design of 1.55 m InGaN quantum well laser to investigate the effects on various design 

parameters for the better performance and to deduce an optimum laser structure. The study is 

separated into stages; it begins with an extensive review on the lasers in chronological order, 

followed by the development of the laser model with the analysis of band structure 

interpolation model as well as laser characterization Next, the thermal and equivalent circuit 

modeling is presented to investigate the temperature effect and electrical properties of the 

laser respectively. Careful analysis of the band profile by solving one-dimensional time 

independent Schrodinger and Poisson's equations using finite difference method is 
4 demonstrated. The thermal and circuit-level laser modeling is also developed by solving the 

respective rate equations. Matlab as well as PSPICE simulation programming languages are 

employed for numerical analysis. 

The simulation and analysis results reveal the energy separation between different band and 

subbands for quantum well laser. It is observed that the electron density in conduction band is 
1018cn13 

 It is also found a better efficiency (59%), reduced threshold current density 
(1,1 19A/cm2), and bias voltage (l.Ivolts), high optical gain (9,000 cm), moderate material 
gain (3,660 

cm) and modal gain (45 cm). In addition, threshold current, 5.1 mA, output 

power, 5mW, and slope efficiency, 0.695W/A are obtained. Further understanding of the 

laser performance with different ambient temperatures the thermal effects has been analyzed. 

It is found that the threshold current has been increased to 5.5mA at the same ambient. 

Finally, the circuit level equivalent circuit demonstrates the electrical properties of the laser. 
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CHAPTER I 

INTRODUCTION 

1.1 Research Background 

LASER is an acronym for Light Amplification by Stimulated Emission of Radiation. It is 

composed of an active material, which has the optical gain as well as an optical resonator. It 

is also a highly directional, monochromatic, and coherent light source. The inventions of laser 

have been proven to be one of the most significant breakthroughs for technology in the last 

century [1]. The applications of lasers include high speed communications, optical storage 

like CDs, DVDs, barcode scanners in industrial machines, in printers [2], in medical 

spectroscopy and imaging, destroying cancer tissues and unnecessary cells in human bodies 

[1]. We have already entered the era of modern knowledge based society. This needs services 

like distance learning, self-education through high speed internet facilities and 

communications between the civilized people in all over the world. Advanced modern 

societies require hi-tech communication systems, which enormously increases the amount of 

information transported [3]. Optical fiber communication system overcomes the problems 

associated with constraints of noise, amount of signal power transmission, interference 

between RF electromagnetic and other networks. It provides a cost affordable system, high 

frequency (up to 1016Hz) and large amounts of upstream and downstream bandwidth [4], 

substantially lower transmission losses [3]. 

The recent telecommunication industries for medium and long-distance networks (>2 km) 

rely on lasers operating close to 1.3 jim and 1.55 jim [4]. The total attenuation at 1.55 jim is 

the lowest. The waveform degradation and the dispersion penalty are lower [5-6] for this 

wave length. The main advantage of this wavelength range is that, for the optical fiber 

communications the fibers have a minimum loss (shown in Fig.l.l) around this wavelength 

range [7] and it is eye-safe wavelength [8]. Therefore the laser diodes operating in this range 

have a main application in optical fiber communication [1]. 

The existing materials used to design 1.55 jim lasers are ternary, quaternary and quintuplet 

elements alloy. To reach such a wavelength, the choice of active region has been conscious 
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Fig.!.!. Attenuation wavelength characteristics of glass fiber (Advanced fiber) [7]. 

of the materials including InGaAs/InGaAsp, AlGalnAs, GaInNAsSb/GaAs and GalnN 

AsSb/GaNAs [9-12]. For shorter wave lengths Sandra et al. [13] and Alias et al. [14] 

described the laser performance using AlGalnAs—InP and InGaAsP respectively. 1nGaAsP 

based VCSELs [14] are also found for 1.55 im lasers. Using mode-locked laser diodes [1] 

lasers operating at 1.55 um can be achieved. Ternary, quaternary, and quintuplet materials are 

difficult to grow with constituent elements due to the necessity of many precursors and 

creates lasing problem. However, the InGaAs/1nGaAsP system has the disadvantage that the 

conduction band discontinuity AEc  is much smaller than the valence band discontinuity 

preventing a strong localization of the electrons [15]. These difficulties lead to degrade the 

quality of the material which reduces the device performance and lifetime. 

During the last few years the interest in InN based semiconductor alloys has been remarkable 

[16]. The 111-nitride alloy system allows to extend the fundamental bandgap over a wider 

region (0.7 eV for InN to 6.2 eV for AIN) [17-18]. In addition, the direct wide-band gap 

range (0.7 - 6.2 eV), low electron effective mass, high theoretical mobilities, high absorption, 

high peak saturation velocities, and radiation hardness [19] makes this material system very 

important subject matter for optoelectronic and microelectronic devices [20]. Incorporation of 

small amount of Ga in InN will make possible to obtain InGa1 N with band gap energy of 

2 
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0.8 eV, which is compatible with the 1.55 tm laser. Therefore, 1.55 tm lasers using InGaN is 

a promising solution for the future ultra modern communication systems [1]. 

InGaN edge emitting lasers have simpler construction with a double-heterostructure. It has a 

thin region of semiconductor with a smaller energy gap sandwiched between two oppositely 

doped semiconductors with wide bandgap energy. InGaN based 1.55im laser is less studied 

compared with commercialized laser diodes. Piprek et al. [21]. Nakamura et al. [22] and 

Thahab et al. [23-24] only analyze the threshold behavior, mode gain, output power, slope 

efficiency and electron density profile. To the best of the author knowledge, there are no 

detail design simulations including band structure calculation, equivalent circuit modeling 

and thermal effects analysis. 

1.2 Approach in this work 

Due to the challenges in the InGaN material system for future laser sources, it is imperative 

to take an iterative approach to successfully develop a high-performance InGaN laser diodes. 

This iterative process is divided into the following tasks (shown by chart in Fig.1.2). most of 

which are to be pursued simultaneously. 

> Band Structure Study 
> General 

Characterization 

Modeling a A Model 
Laser Structure of 1.55 

:

RejsearcDh
==,

,

Work Based tm Laser 
cation 

±GaN  using 

L
InGaN 

ermalModelin 

> Equivalent Circuit 

Modeling 

Fig.! .2. Diagram showing the thesis objectives. 

The main objective of this thesis is to develop an edge emitting InGaN based quantum well 

laser structure. The optical reflectivity of the guiding layers as well as the cladding layers also 

optimized for maximum light reflection and output. The band energy profiles, wave functions 

for conduction band and valence band are calculated by solving Poisson's and Schrodinger 

n 
3 



equations using finite difference method. It is necessary to evaluate the voltage-current (V-I) 

characteristics threshold current behavior, gain and its temperature dependency, external 
IN quantum efficiency and power conversion efficiency [25] for the laser characterization. 

In addition, the study of thermal modeling is also imperative as it discusses on the thermal 

conductivities of the active region for determining the maximum power [26], diode thermal 

resistance and self-heating effect of the lasers. In this thesis, a thermal modeling for 1 .S5-tm 

quantum-well lasers (QWLs) using InGaN as a promising candidate has been shown. This 

model is based on the standard laser rate equations and a thermally dependent empirical 

offset current. It mainly focuses on the dependency of injection current and efficiency on 

temperature. It also includes thermal effects, temperature-dependent threshold current and 

output power roll-over at different ambient temperatures. 

Furthermore, the equivalent circuit modeling is very necessary to realize practical InGaN 

based laser diodes. In this thesis a Circuit-Level Laser model has been developed by solving 

rate equations. Then the electrical performance of the laser has been evaluated using PSPICE. 

Finally, a comparative study of the results obtained from these different models as well as the 

existing available lasers has been shown. Therefore, a comprehensive analysis is presented 

for the proposed laser structure and finally the performance has been evaluated to optimize 

the parameters. The outcome of this work will enable us to fabricate the future InGaN based 

1.55jim laser. 

1.3 Organization of the Thesis 

Modeling and Performance Analysis of 1.55 p.m quantum well edge emitting laser based on 

InGaN is presented in this thesis. The study is separated into several chapters. The 

background information, present status of 1.55 p.m lasers and scope of thesis work on these 

lasers is presented in Chapter I. It also gives an overview of the potentiality of InGaN 

materials and the technological over view with the help of a flow chart. 

Chapter II begins with the basic concepts necessary for a better understanding of optical 

laser. The chxonologica1 developments, basic theories and operations of laser are explained 
briefly. 

The proposed physical model of the laser is presented in chapter III. The mathematical 

modeling, theories and characteristics analysis methods are described in this chapter. For the 

band structure analysis, one dimensional Schrodinger equation has been solved using finite 

4 



difference method. Mathematical analysis of the threshold current, gain and efficiency are 

explained clearly. The thermal modeling and equivalent circuit modeling have been 

presented. 

Chapter IV deals with the results obtained from the mathematical model. The electronic 

energy band profiles for conduction and valence band has been shown. General laser 

characteristics and parameter optimization are described here. Results obtained from 

equivalent circuit modeling as well as thermal modeling are also presented in this chapter. 

Consistency of these results has shown finally. This chapter also contains a verification of the 

results with published results. 

A detail summarization of the work presented in this thesis has been illustrated in chapter V. 

A comprehensive suggestion for future works is also presented in this chapter. 
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CHAPTER II 

THE LASER 

2.1 Introduction 

Laser diodes have been proven to be some of the most significant breakthroughs for human 

technology. The modeling and simulation of lasers require a clear and in-depth knowledge on 

the basic theory and operation of the device. This chapter attempts to give a brief overview of 

chronological development, theory and operation of lasers. The discussions on the key 

elements such as active material, optical resonator, waveguides and transitions are also 

presented. The operating principle and necessary conditions for laser operation are explained 

briefly. This principle describes the amplification of light energy using gain medium. Finally, 

the pumping, absorption, emission and population inversion for the laser medium has been 

discussed. 

2.2 Chronological Development of Laser 

A The first scientist who put forward a plausible theory about light was Newton (1642-1727). 

This theory is known as 'Corpuscular Theory'. Concurrently the 'Wave Theory of Light' was 

postulated by J-Iuygens. Albert Einstein. with the help of Plank's Quantum Theory of black 

body radiation, satisfactorily explained the effect of wave theory [1]. He explained that light 

energy consisted of photons. In 1917, he also established the existence of 'Stimulated 

Emission' in black body radiation. This concept of stimulated emission later became the 

backbone of laser physics [2]. In 1956, Malcom W. P. Strandberg of Massachusetts Institute 

of Technology came up with the idea of designing a two-level, solid state maser. By the end 

of 1956, H. Scovil, G. Feher and H. Seidd from Bell Labs devised the first maser equipment 

called Bloembergen's Equipment [3]. Around that time, work on 'Optical Masers' was also 

going on elsewhere in the world. The semiconductor maser was patent by another two 

Japanese scientists, Y. Watnabi and J. Ishizawa in 1957 [3]. A soviet researcher V.A. 

Fabricant and his associates had also been working on stimulated emission of light, 

throughout the fifties [3]. By this time, optical engineers, scientists and enthusiastic 'student 



world' had started clamoring for changing the name of 'this branch of optics' from optical 

Maser to 'Laser'. So. the name MASER vanished from the scene and the process of light 

amplification began to be known, popularly, as LASER. In 1960, Maiinan successfully 

demonstrated the operation of laser, for the first time, using a ruby crystal. Shortly after that 

Javan and his team made the first gas laser, namely. the He-Ne laser [2-3]. The next 
landmarks for lasers development are shown in table 2. 1. 

Table 2. 1: Important landmarks in the development of lasers 

Year Scientist Principlereakthrough 

1961 Javan,Bennet and Harriot 1-leijurn —Neon Laser 
1961 Johnson and Nassau Neodymium Laser 

1962 Hall Semiconductor Laser 

1963 Patel Carbon Dioxide Laser 

1964 Bridges Argon Ion Laser 

1966 Silfvast,Fowels and Hopkins Helium Cadmium Laser 
1966 Sorokin and Lankard Tunable Dye Laser 

1975 J. van der Ziel et al. Quantum Well laser 

1976 Made)' et al. Free electron Laser 

1979 Walling et al. Alexandrite Laser 

1985 Mathews et al. X-Ray Laser 

2.3 Semiconductor lasers 

The semiconductor laser diode is a forward-bias p-n junction, just like the LED. However, 

the structure appears similar to the LED as far as the electron and holes are concerned, it is 

quite different from the view point of the photons. As in the case of the LED, electrons and 

holes are injected into an active region during forward bias condition. On the other hand, 

these electrons and holes recombine radiatively via the stimulated emission process to emit 

photons in lasers. Semiconductor lasers are comprised of a large group of binary, ternary, and 

quaternary elements from Groups Ill-V from the periodic table such as GaN, AlGaN. 

InGaAsP, InGaAs, mOaN, GaAs. There are several types laser structures including Edge 

emitting laser, Vertical cavity surface emitting laser (VCSEL), Quantum cascade laser. 

Hybrid silicon laser are available. The physical structure of quantum well hetero structure is 

described in the next section. 

40,  



2.3.1 Quantum Well I-Ieterostrucfure Laser Diode 

A quantum well is often realized with a thin layer of a semiconductor medium, embedded 

between other semiconductor layers of wider band gap. Semiconductor quantum wells are 

used in the active regions of the laser diodes. The electrons and holes are confined in the 

quantum well and thus increase gain, absorption and reduce density of states. For a 

rectangular profile, the density of states is constant within certain energy intervals as shown 

in Fig.2.1. The amount of optical gain or absorption further increases using multiple quantum 

wells (MQWs), with a spacing to avoid overlap of the corresponding wave functions. 

Active Layer 
Active Layer Passive Layer 

E 

Ev  

EC  

E 

(a) (b) 

Fig. 2.1. Energy band configuration of (a) single quantum well (b) multiple quantum well. 

2.4 Key Elements of Semiconductor Lasers 

The basic elements that comprise a semiconductor laser include an active material, optical 

waveguide and resonator. This section describes the essential elements of lasers on by one. 

2.4.1 P-N Junction 

In semiconductor lasers, the active layers are placed inside the p-n junctions to inject the 

carriers. Applying a forward bias voltage across this p-n junction, the electrons are injected 

from the n-cladding layer while the holes are injected from the p-cladding layer into the 

active layer as shown in Fig.2.2. When the population inversion is generated by the carrier 

injection, net stimulated emission is obtained. It is noted that the impurities are often undoped 

in the active layers to achieve high radiation efficiency. 1-lowever, in these layers, there are 

background carriers whose concentrations depend on epitaxial growth methods. The active 

layers are not 



p-Cladding Layer 

Active Layer 

n-Cladding Layer 

Electron 

Fig. 2.2. Cross section of a p-n junction in 

semiconductor lasers. 

Fig. 2.3. Carrier injection in a p-n junction 

under a forward bias. 

ideal intrinsic semiconductors. If the doping is clone by adding impurities in the active layers, 

the injected carriers combine with the impurities. Then the carrier lifetime is reduced, and the 

modulation speed is enhanced. The carrier injection in a p-n junction under a forward bias is 

shown in Fig.2.3. The recombination of the injected carriers and the impurities do not 

contribute to laser transitions, which decrease the radiation efficiency. Thus, the active layers 

are sometimes intentionally doped to achieve high-speed modulations so long as the radiation 

efficiency is not highly degraded. 

2.4.2 Optical resonator 

The optical resonator, or optical cavity, is two parallel mirrors, placed around the gain 

medium which provides feedback of the light. The mirrors are given optical coating which 

determine their reflective properties. Typically one will be a high reflector and the other will 

be a partial reflector. The latter is called the output coupler, because it allows some of the 

light to leave the cavity to produce the laser's output beam. Light from the medium, produced 

by spontaneous emission, is reflected by the mirrors back into the medium, where it may be 

amplified by stimulated emission. The light may reflect from the mirrors and thus pass 

through the gain medium many hundreds of times before exiting the cavity. In more complex 

lasers, configuratiois with four or more mirrors forming the cavity are used. The design and 

alignment of the mirrors with respect to the medium is crucial to determining the exact 

operating wavelength and other attributes of the laser system. Other optical devices, such as 

spinning mirrors. modulators, filters and absorbers may be placed within the optical 

resonator, to produce variety of effects on the laser output, such as altering the wavelength of 



operation or the production of pulses of laser light. Some lasers do not use an optical cavity. 

but instead rely on very high optical gain to produce significant amplified spontaneous 

emission (ASE) without needing feedback of the light back into the gain medium. Such lasers 

are said to be super luminescent, and emit light with low coherence but high bandwidth. 

Since they do not use optical feedback, these devices are often not categorized as lasers. 

2.4.3 Optical Waveguide 

In the semiconductor lasers, only the active layer has the optical gain, and it is extremely 

inefficient to amplify a beam. Therefore, to amplify lights efficiently, optical waveguides are 

indispensable for semiconductor lasers. It should be noted that optical fibers are also 

representative of optical waveguides. 
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Fig.2.4. Cross sectional view of optical waveguide (a) Index guiding and (b) gain guiding. 

Figure 2.4. shows cross-sectional views of the optical waveguides. According to the 

operating principles, optical waveguides are divided into index guiding waveguides and gain 

guiding ones. In index guiding waveguides, a light is confined to a high refractive index 

region, which is surrounded by low refractive index regions. In Fig.2.4 (a), only if the 

refractive indexes fla ,n, and n satisfy fla > n, n a light is confined to a region with na  . The 

gain guiding waveguides use a property that only a gain region amplifies a light, and a light 

seems to propagate in the gain region. In Fig.2.4 (b), a light is confined to a region with the 

optical gain, g, which is larger than g and g. 

2.4.4 Optical Transition 

Among energy states, the state with the lowest energy is most stable. Therefore, the electrons 

in semiconductors tend to stay in low energy states. If they are excited by thermal energy, 

light, or electron beams, the electrons absorb these energies and transit to high energy states. 
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These transitions of the electrons from low energy states to high energy states are called 

excitations. High energy states, however, are unstable. As a result, to take stable states, the 

electrons in high energy states transit to low energy states in certain lifetimes. These 

transitions of the excited electrons from high energy states to low energy states are referred to 

as relaxations. In semiconductors, the transitions of electrons from high energy states to low 

energy states are designated recombinations of the electrons and the holes. In the 

recombinations of the electrons and the holes, there are radiative recombinations and 

nonradiative recombinations. The radiative recombinations emit photons, and the energies of 

the photons correspond to a difference in the energies between the initial and final energy 

states related to the transitions. In contrast, in the nonradiative recombinations, the phonons 

are emitted to crystal lattices or the electrons are trapped in the defects, and the transition 

- energy is transformed into forms other than light. 

2.5 Semiconductor Laser: Theory and Operation 

The fundamental principles of laser action and an overview of the theory behind 

semiconductor laser diodes are provided in this section. Specific details of some of the 

mathematical equations upon which the electrical semiconductor models are based are also 

discussed. 

2.5.1 Excitation (Pumping) 

Luminescence due to optical excitation (pumping) is photoluminescence, which is widely 

used to characterize materials. Optical excitation is also used to pump dye lasers and solid 

state lasers. When the photon energy of the pumping light is ho 1  and that of the luminescence 
is hw2, the luminescence with ho2< hw1  is called Stokes luminescence and that with hw2> hw1  

is designated anti-Stokes luminescence. Luminescence caused by electrical excitation is 

electroluminescence which has been used for panel displays. In particular, luminescence by 

current injection is called injection-type electroluminescence• it has been used for light 

emitting diodes (LEDs) and semiconductor lasers or laser diodes (LDs). In such injection-

type optical devices, the carriers are injected into the active layers by forward bias across the 

p-n junctions. Note that the current (carrier) injection is also considered the excitation, 

because it generates a lot of high energy electrons. 
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2.5.2 Absorption 

The absorption depicted in Fig.2.5 (a) is a process that the electron transits from a lower 

energy state to a higher one by absorbing energy from the incident light. Because this 

transition is induced by the incident light, it is sometimes called induced or stimulated 

absorption. When a light is incident on a material, the stimulated emission and the absorption 

simultaneously take place. The spontaneous emission and light amplification by stimulated 

emission is illustrated in Fig.2.5 (b) and (c) respectively. In thermal equilibrium, there are 

more electrons in a lower energy state than in a higher one, because the lower energy state is 

more stable than the higher one. Therefore, in thermal equilibrium, only the absorption is 

observed when a light is incident on a material. 

(2.2) 

14 
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Fig.2.5. Band diagram of three different radiative transition processes in semiconductor. 

2.5.3 Spontaneous Emission 

In lasers, light is first produced by spontaneous emission, where electrons in the conduction 

band spontaneously recombine with holes in the valence band to emit photons of equal 

energy (Eetectro)-EI )Ic  E.= hi)). This initial emission (below threshold) then induces 

stimulated emission. LEDs, on the other, rely solely on spontaneous emission for device 

performance. The rate of spontaneous emission, R, is proportional to the product of electron 

and hole concentrations. 

R — 
 

—=Bnp (2.1) 

Here, n is the concentration of free electrons, p is the concentration of holes. and B is the 

bimolecular recombination coefficient. 

This can also be expressed in terms of the equilibrium carrier concentrations (n0. po). 

R = B(n0  + p0)Lnt 



The rate of change in concentration. An (t), is an exponential with a characteristic rise time 

equal to the carrier lifetime, and An0  is the steady state excess electron concentration. 

An(t) = Anoe_B0+P0)t and t = 
1 

 
B(n0 +p0 +1n) 

2.5.4 Stimulated Emission 

If an incident photon couples" with an electron it can cause the electron to fall back into the 

valence band. This coupling" is somewhat analogous to sympathetic resonance in 

mechanical or acoustical systems. In our case, an incoming photon (emitted via spontaneous 

emissions) resonantly couples with an energized electron of the same frequency and phase. 

As the electron falls to the valence band it emits a photon. It is vital to the operation of LDs 

-' that the emitted photon is coherent with the incident photon and it has the same direction and 

phase. The rate of this stimulated emission is dictated by a process completely analogous to 

stimulated absorption, only this time there is a stimulated emission constant B21  which relates 

to transitions from the conduction to the valence band and is given by [4] 

Remission = 13201(1 - p2)p(I)w) (2.3) 

Where, p and  P2  are the occupation probabilities in the valence and conduction bands 

respectively, B12  is the Einstein coefficient for absorption, and p is the density of photons 

equal to the transition energy. These processes are really just reverses of each other; 

stimulated emission is the reverse of stimulated absorption, with the added advantage that 

stimulated emission multiplies the number of photons and thus provides gain. 

2.5.5 Einstein Relations and Population Inversion 

All the three of the processes described above (absorption, spontaneous emission, and 

stimulated emission) are related. This interrelation helps us understand the process of lasing. 

Consider a system with two energy levels E1  and E2. In equilibrium, the rate of upward 

transitions must equal the rate of downward transitions, and the populations of each energy 

level (N1 , N2) are related by Boltzmann statistics [4] 

- 

gDlexp(_j) 
= exp 

N 2  - gD2 exp(-) D2 

(E2 —E,)  
kT 

= exp (Xi'\ (2.4) 
kT D2 \kT) 

Where, gD1 and gD2  are the degeneracies of the levels (similar to density of states N and Nv) 

and indicate the number of sub energy levels within E1  and E2. 
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We then define 121  as the lifetime of carriers in the conduction band before spontaneous 

emission takes place, with A21  = r21_' being the Einstein coefficient for spontaneous emission. 

Under thermal equilibrium. 

B - (gD2 
12 
- S)  B

21 (2.5) 
gD 

A21 -  8irV3 n 
- 

B21  - - 

(2.6) 

Where, Eqn. (2.5) and Eqn. (2.6) are known as the Einstein Relations. If the degeneracy's are 

equal, then 1312=1321. Examining Eqn. (2.4), we note that in order for sustained stimulation 

emission to occur; N2  must be greater than N1 . Otherwise, the energized electrons with which 

incoming photons resonate will be depleted from the conduction band. N2>N1  defines 

population inversion, and if we assume that 1r 121, then A21  =Tr  and 

B21= 
C3 

 - 

A 

8itVfltr 
(2.7) 

2.5.6 Gain, Losses and the Lasing Condition 

Population inversion enables lasing action and optical gain in a semiconductor, and this 

population inversion is achieved by creating nonequilibrium populations of the carriers in the 

bands. These nonequilibrium populations result from minority carriers injected across a 

forward-biased junction. In a lasing medium, stimulated downward transitions Eqn.(2.3) 

represent gain, and stimulated upward transitions Eqn.(2.1) represent loss. The luminescence 

from a semiconductor represents its spontaneous emission spectrum, which has a definite 

width [6]. For lasing to occur, the gain must be greater than or equal to the loss at a photon 

energy within this spectrum (generally the peak wavelength). Because the laser is built in a 

resonant cavity, a significant photon density arises in a supported cavity mode. This 

spontaneous emission induces stimulated emission, and emitted photons stimulate even 

further recombination in a chain-reaction fashion. Since the photon density is highest at the 

peak energy, they stimulate the most transitions; this means that the output spectrum grows 

and narrows simultaneously. This is the onset of super radiance. Thus the two conditions for 

lasing are: First the gain must be at least equal to the losses in the medium. Second the 

radiation must be coherent. The directionality and coherence of emitted light is maintained by 

constructing the laser in a Fabry-Perot cavity waveguide. The electric and magnetic fields 

that dictate waveguide modes operate according to the following wave equations (derived 

from Maxwell's equations) [5] 



2 E + w 2  oCr E = 0 (2.8) 

2 H + w2  pEOE,H = 0 (2.9) 

For the light to be guided through the desired area of the material (i.e.. the active regions), it 

is necessary to confine the waveguide modes using cladding layers. The waveguide design 

determines how the light will be guided, and the cladding layers determine how it will be 

confined. The confinement factor F is the percentage of guided light that "fits" within the 

active layer. We can then define a modal gain which is equal to the threshold gain gth 

multiplied by the confinement factor F. This modal gain is a measure of the power transferred 

from the active region into the propagating mode [6]. 

I'.ga+—lfl 
1 

(R,R,)  2L (2.10) 

Where, a1  is the internal loss in the medium, and a11  is the loss due to the mirrors or facets 

(with reflectivities R, and R2) that define the cavity length L. The gain is amplified since the 

light being reflected between these two facets is in a gain medium. Eqn. (2.10) defines the 

threshold condition for lasing. The value of concentration which Eqn. (2. 10) is true is the 

threshold carrier concentration n,. 

d,11 
 (8T1V5'9t1iTrAvnr) 
 C2 (2.11) 

Where dm  is the thickness of the mode volume, and d is the thickness of the active layer, v0  is 

the light velocity in a crystal, 'rr  is the radiative carrier lifetime and n1  is the radiative carrier. 

We can then also define the population inversion necessary to satisfy the lasing condition, 

N th - 
- c2  (2.12) 

2.5.7 Operation of Laser 

A laser consists of a gain medium inside an optical cavity, with a means to supply energy to 

the gain medium (as shown in Fig.2.6). The gain medium is a material (gas, liquid, or solid) 

with appropriate optical properties. In its simplest form, a cavity consists of two mirrors 

arranged such that light bounces back and forth, each time passing through the gain medium. 

Typically, one of the two mirrors, the output coupler, is partially transparent. All light that is 

emitted by the laser passes through this output coupler. Light of a specific wavelength that 

passes through the gain medium is amplified (increases in intensity); the surrounding mirrors 

ensure that most of the light makes many passes through the gain medium. Part of the light 
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Fig.2.6. Key elements of the laser. 

Fig.2.7. Equivalent circuit of Fig.2.6. 

that is between the mirrors (i.e., is in the cavity) passes through the partially transparent 

mirror and appears as a beam of light. The process of supplying the energy required for the 

amplification is called pumping and is the energy is typically supplied as an electrical current 

or as light at a different wavelength. 
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CHAPTER III 

MODELING AND SIMULATION METHODOLOGY 

3.1 Introduction 

It is important for the better understanding of the physical device structure and analyze the 

methods to optimize the design parameters for InGaN lasers. This chapter describes the 

physical structure and mathematical models of the device. To analyze band structure profile 

one dimensional Schrodinger equations have been solved using k.p method with a 4x4 

Luttinger-Kohn l-lamiltonian matrix operator. Finite difference method has been employed 

for calculations. For laser characterization general laser equations are explained to simulate 

using computer programs. The thermal and equivalent circuit modeling are also discussed in 

this chapter. 

3.2 Proposed Physical Model of Laser 

The laser device comprising a hetero structure that is composed of an active layer and a pair 

of cladding layers which sandwiches the active layers in between. The optical guiding layers 

P Contact 

p-GaN cladding layer (0.1 pm) 

p-In0 IsGios5N guiding layer (0.2pm) 

InGaN active layer (10 nrn) 
In0 15CYao 35N barrier layer (lUnm) 

n-In0  isGamN guiding layer (0.2pm) 

n-CaN cladding layer (0.1 pm) 

- 

N contact 
n-contact layer (0.6tm) 

_________________ 

2-pm CaN Template I 

I (0001) co-Sapphire Substrate I 

Fig.3. I. Schematic structure of the proposed edge emitting laser. 
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are positioned between one cladding layer and the active layer and between the active layer 

and the other cladding layer, a striped contact layer in which current injected into the laser 

device is confined.The schematic structure of the proposed I .55-tim quantum-well 

heterostrucre lasers using InGaN is shown in Fig.3.1. A c-plane sapphire wafer is used as the 

substrate. The laser structure consists of 0.6 tim 

m 

-thick nickel as n-contact and gold as p- 

contact, 0.1 ji thick GaN cladding layer, 0.2 jim thick In0 15Ga085N guiding layer, and a 10 

nrn thick InGaN active layer along with 10 nm thick In0 5Ga0 85N barrier layer. The guiding 

layers termed as index guiding waveguides are used in laser to confine the laser light in active 

region. The cladding layers are used to reduce the penetration of the optical mode outside the 

guiding layers [1]. It facilitates to activate the leakage current due to drift and diffusion of 

electrons through the p-cladding layer. The leakage current increases as the cladding 

thickness is reduced 

3.3 SimuLation Process 

Simulation and characterization on InGaN based lasers are very immature. To realize a 

physical structure, simulations on structure and parameter optimization are necessary. This 

section describes the simulation processes adopted for analysis the proposed physical model. 

3.3.1 Physical Properties 

This section analyzes the physical model of the proposed laser structure. It includes band gap 

- energy determination, composition of constituent materials, lattice constants and electronic 

band energy calculation for both conduction and valence bands. 

3.3.1.1 Composition of In and Ga 

In recent years most of the intensive research has been focused on Ga-rich EnGa1 _N and 
GaAl1 N alloys whose energy gaps cover the short wavelength visible and near ultraviolet 

parts of the electromagnetic spectrum [3-4]. It was suggested that the band gap of InN should 

be much smaller than 1.9 eV[5]. Recently new band gap of 0.65 eV for InN has been reported 

[5-6]. The band gap of the InGaiN can be approximated by the parabolic form [7]. 

EgInGaN(X) = XEg1nN  + (1 - X)EgGaN - bx(1 - x) (3.1) 

Here, EII1N= 0.69 eV and EgGaN= 3.4 eV, and Bowing parameter. b1.23 eV (for lnGa1 N) 

[8-9]. Figure 3.2 shows the fraction of In and Ga in ln.Ga t N. 
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Fig.3.2. Composition of In and Ga in InGai.N. 

3.3.1.2 Lattice Constant 

The chemical bonds of InGaN are predominantly covalent, which means that each atom is 

tetrahedrally bonded to four atoms of the other type. Because of the large difference in electro 

negativity of In and N atoms, there is a significant ionic contribution to the bond which 

determines the stability of the respective structural phase. 

The lattice constants of the unstrained InGaN layer depend linearly on the indium 

composition. Lattice constants a(x) and c(x) of lnGa,.N are predicted by Vegard's law as 

alflG2N(x) = (3.1986 + 0.3862x)A (3.2) 

CII)GaN(X) = (5.2262 - 0.574x)A (3.3) 

3.3.1.3 Refractive Index 

In index guiding waveguides, a light is confined to a high refractive region and is surrounded 
3.6 
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Fig.3.3.(a) Lattice constant a(x) of InGa1 N. (b) Lattice constant c(x) of ln.Ga,.N. 
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by low refractive index region. If the refractive indexes 11a- flg, and n represent the refractive 

indexes of active layer, guiding layer and cladding layer respectively and satisfy na> ng, n a 

light is confined to a region with na  i.e. in the active layer. The gain guiding waveguides use a 

property that only a gain region amplifies a light, and a light seems to propagate in the gain 

region. 

Optical reflection and wave guiding mainly depend on the refractive index profile inside the 

device and for photon energies close to the band gap, as the refractive index is a strong 

function of wavelength [10]. The refractive indexes of ternary alloys are extracted from GaN 

waveguide measurements using bandgap variations and are given by [7, 11] 

n(lnGa1_N) = 2.5067 + 0.91x (3.4) 

Bandap .- 4.0 

1 5.0  3.0 

4.5 H 2.0 ' 

1 4.0  II f1.0 i 
;3.5 H I-o 
> 

3.0 Refractive Index 
[} 

-1.0 

2.5 -2.0 

2.0 H 4- -3.0 

1.5 

0.'! 0.2 0.3 0.4 0. 0.6k 
:n-Contact Layer Vertical Position (tni) p-Contact Laser 

Fig. 3.4. Energy band diagram of InGaN quantum welt together with refractive index profile. 

Figure 3.4 shows the distributions of the energy and the refractive index of InGaN based 

quantum well laser. Under a forward bias, the holes are injected from the p cladding layer to 

the active layer, and the electrons are injected from the n-cladding layer to the active layer. 

The energy barrier for the holes is AF, at the interface of the n-cladding layer and the active 

layer; that for the electrons is AE at the interface of the p-cladding layer and the active layer. 

In many semiconductors, their refractive indexes increase with a decrease in the band gap 

energies. Hence, the refractive index of the active layer na is usually greater than that of the p- 
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cladding layer n and that of the n-cladding layer n. As a result, a light is efficiently confined 

to the active layer, which results in a high light amplification rate. If n2, n and n5  be the 

refractive indexes of the guiding layer, the cladding layer and substrate respectively, then to 

confine a light in the guiding layer, we need na >ns >nc, and ni-n, is usually in the order of lO 

to 10'. 

3.3.2 Electronic Energy Bands 

The ternary nitride compounds AIGaN and InGaN can be grown both as hexagonal as well as 

in cubic structures [12-14]. Growth of Cubic InGaN quantum wells with high structural and 

optical quality has been reported by [15-17]. To make the calculation simple we assumed a 

cubic structure for our proposed InGaN based laser. 

The time independent Schrodinger equation is given by [18-19] 

E(k = _rZ 2 
-V2 iii + uqi1 ] (3.5) I-  2m' 

V2= + -- 
Ô 2  a2  Where, 

ôx2 + 

The Poisson's equation in the semiconductor is given by [18] 

V. (V(l) = —p (3.6) 

Where, 1 is the electrostatic potential and p is the charge density given by 

p = e(p - n + C0) and CO  = N - N 

Here, e= 1.6 x1O °  C is the magnitude of a unit charge, p is the hole concentration, n is the 

electron concentration, N is the ionized donor concentration, and N is the ionized acceptor 

concentration. 

For one dimensional case (z-axis) 

E.4i1 = 
2m dz2 (3.7) 

If the energy dispersion relation for a single band n near k0, (assuming 0) is given by [18] 

= E(o) +a,(_)kak (3.8) 

For the Hamilton ian H, with a periodic potential U(z) H0  is given by [18] 

- h2  d2  
(3.9) 

In this section, we study the calculation of the band structures of semiconductor quantum 

wells. Here we focus on the k.p method of the Luttinger-Kohn Hamiltonian. 
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3.3.2.1 Conduction Band 

In the InGaN quantum well, the conduction bands are assumed to be parabolic. The effective 

mass theory for the conduction band is obtained from the dispersion relation [1 8] 

E(k)=-, (3.10) 

Where, the effective-mass of the electron in the conduction band is m m in the barrier 

region and m* = m in the quantum well. In the presence of the quantum-well potential, 

(v° (=E) JzlI>  Lw 
V(z)= 

L 10 IzIi< -  
2 

Where, the energies are all measured from the conduction band edge. For one dimensional 

case the time independent Schrodinger equation is given by [18] 

[ h2  d2  E4i1  = ----- + I.J.(z)] iIi(z) [H0 ][)  

In this case the 1-lamiltonian operator is 

I h d2  H0  = 

Infinite difference [19] technique, 

(ä4J2 ' 

E3z2)zz  -'4 [4J+(z) - 2M 1 (z) + P1 _1(z)] and U(Z)Y(Z) -' U(z)Y(z) 

- It 2  
This allows us to write, Let, t o 

 - 2mea 2  

[ It 2  d2  

[_ + U•(z)} (z) 

- 
It 2  

['P~1(z) - 2'-P1(z) + '-P_ j(z)] + U 1(z)P1(z) 
- - 2mea2  

(U1(z) + 2to)41(z)-t04J1_1(z) - t0 4 1+1(z) 

So a 4x4 Haniiltonian matrix becomes 

2t0  +U1  —to  0 0 

H - to  2t0 +U2  —to  0 
- 0 to  2t0 +U3  —to  

0 0 —to  2t0  +1J4  

Now, the time independent Schrodinger equation becomes, 
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-4 

—to 2t + U 2 —to 0 . 0 p2  

12t + U1 —to o o -i'- , 

0 —to 2t0 +U3 —to . o E 

.. II 

I 0 0 : 
. 2t + UN _ i —to  

1 0 0 0 —to 2t0  + UN j N 

The eigen-values and eigen-vectors of the Hamiltonian matrix give the corresponding 

conduction band energies and corresponding wave vectors [I 9] i.e.[V,D]=eig(H). Now the 

electron density in the conduction band is calculted from the wave functions P as the square 

of the wave function. P2, represents electron density at any given point. Since the square of 

any real number is zero or positive, it is clear that electron density cannot be negative, as 

expected intuitively. 

3.3.2.2 Valence Band 

In the InGaN quantum well the valence bands are assumed to be non parabolic. For a given 
quantum-well potential, 

1 0 IzII< 
Vh(z) = L 

( —E  

The Luttinger-Kohn Hamiltonian matrix in the dependency on wave function is defined as 

[20-2 1] 

[P+Q —S R 01 
P—Q 0 R1 

R 0 P — Q SI 
0 R S P+Qj 

Where, the values of P, Q, R and S are given by [2 1-23] 

p = X! (k 2  + k12  + ), 2m0  \ Q = ( 2 + k1  2m0 2 - 2 
2) 

2m0
2yt2 

- k2 2 ) + 2iy3 k1k2 ] and S = -
R _2(k ik 

rn0 az 

h2 r a2  i Now, P+Q = 2mo  [(Yi +y2)k 2  —( —2Y2)] 

h 2  r 02 1 h 2  P _Q[(yi — y2)kt2 _(yi+ 2y2) ....._.iand 2mo Oz2 J - m0 az 

For Luttinger-Kohn Hamiltonian matrix E'I-'hl  = HtPhj(z) 

Taking, to  = and using finite difference method [18], we get 
2m 

h2 

ea2 

h 2  I 
(P + Q)4-',(z) = umo  - [(y + y2)k t 2  — (Yi — 2y2) 

] 
+ U1(z)} P(z) 
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0 

B3' 

C3' 

E3  

0 

A3' 

0 

0 

0 

0 

0 

0 

0 

C3  

B3  

0 

E3  

0 

A3  

= 
2m0 

(-2)1 
f--[(Yi + y2)k2 - (y - 2Y2)--j + Ui(zi)} 4'n(zi) + I,  

( h2 

2mo

r 

- [(' + y2)k t 2  - (Yi - 2y2) + U1+i (z,+i)}  

( h2 r 
- [(y + y2)k t2 

- (y 
- 2Y2) + U j_ i (z j_ i )} 4 1,(z,_1) 2mo 

=  

Where, A, 
= ; [(yr + y2)k t 2  - (Yi - 2Y2) + U, (z,) 

h2  
B_[(yi  + y2)k2 

- (Yi - 2y2)4 2m0 ] + U,.1(z,_1) 

Similarly, (P - Q)'P(z) = 

(—S)"P(z) = v'h2y3 
 (k - ik2)-qJ(z) 

m0 dz 

- - 
/h2 y3   

- (k - ik2  
m0 2a 

= C,4-'1 (z,+1) + 

Where, C, = m0 23 

R4(z) = —[-'y2(k2 - k2 2) + 2iy3 k1k2]4J(z,) 2m0  

Now the Hamiltonian matrix for 3 nodes is shown as 

A, 0 E, 0 82 -D2 0 0 0 0 

o 0 E, -D2' B2' 0 0 0 0 

E, 0 A,' 0 0 0 B2' D2 0 0 

o E,' 0 A1 0 0 D2' B2 0 0 

B -C1 0 0 A2 0 E2 0 B3  -C3  

-C,' 0 0 0 A2' 0 E2 -C3' B3' 

H'= 0 0 B,' C, E2' 0 A2' 0 0 0 

o 0 C,' B, 0 E2' 0 A2 0 0 

o 0 0 0 B2 -C2 0 0 A3  0 

o 0 0 0 -C' B2' 0 0 0 A3' 

o 0 0 0 0 0 B2' C2 E3' 0 

o 0 0 0 0 0 C2' B2 0 E3' 

(3.12) 

(3.13) 
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3.3.3 The fundamental Set of Equations 

The general set of equations used for parameter optimization and performance evaluation has 

been discussed in this section. This includes gain of the laser, threshold behavior, temperature 

dependency of gain and threshold current, efficiency and output power. 

3.3.3.1 Gain 

This section describes different types of gain. Optical gain, material gain, modal gain and 

optical power gain of 1.55 jim InGaN based lasers has been presented. 

I. Optical gain 

The photon current associated with an electromagnetic wave travelling through a 

semiconductor is described by [10] 

'ph = lexp(—ax) (3.14) 

Where, a is the absorption coefficient. If electrons are pumped in the conduction band and 

holes in the valance band, the electron- hole recombination process (photon emission) can be 

stronger thnn the reverse process of electron- hole generation (photon absorption). In general, 

the gain coefficient is defined by, gain = emission coefficient - absorption coefficient. 

If fe(e)  and f1(Eh)  denote the electron and hole occupation, the emission coefficient depends 

upon the product of fe(Ee)  and fh(Eh1)  while the absorption coefficient depends upon the 

product of(l - f(Ee)) and (1- fh)(Eh)).  For this transitions we have 

= Ncexp(EFC — EC) 
MT 

NVeXp(E V — E J) 

MT 

(3.15) 

(3.16) 

Where, Nc  = 2 
(2tmKT 3/2 (2itmKT)3/2  
\. h2  ) and N=2 

h 2  

Here, n and p are the electron concentration and hole concentration respectively: Ec and Ev 

are the energy of the bottom of the conduction band and that of the top of the valance band, 

respectively; K= I .3807x J K' is Boltzman constant; T=300K is an absolute temperature; 

N and Nv  are the effective density of states for the electrons and holes, respectively; me* and 
mh* are the effective mass of the electrons and holes, respectively; and h= 6.6xl0 34Js is 

Planck's constant. The energies E  and  Eh  are given by [10] 

Ee=Ec+(w_Eg) m  
m+m (3.17) 
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Eh= 
LV — (w — E g) m 

m+mj (3.18) 

The occupation probabilities are 

f(E) = 1 

exp( ____ 

(3.19) 
_ '

KT 
)+iJ 

1 
_____ 

(3.20) 
KT 

fh(Eh) = 
(EFV_Eh)j 

[exp 

The quasi Fermi levels are [10] 

W 
EFC  = Ec + KT In ( + (3.21) NJ j 

I p \1 

EFV  = E - KT[ln( - + j (3.22) 
\.NJ 

') v 

Gain is approximately given by [10] 

1 

G(bw) = 
5.7* 104thw_Eg)[fe(Ee)+fh(Eh)_1J cm

1 (3.23) 

Material Gain 

The material gain can be determined from the spontaneous emission rate using [24] 

G(N) = g0 (
N 
- N 0) (3.24) 

VW  

Where, N is the number of quantum well, v, is the volume of quantum well, N 0  is the 

initial carrier concentration in the well and is a factor. A narrow well has a larger separation 

of sub bands, resulting in sharper gain and spontaneous emission spectra than those of a 

wider well. It is clearly seen that the TM polarized gain is very small, as expected from the 

valence sub band structures, since the HH and LH sub bands contribute mostly to TE 

polarization. 

Modal Gain 

Fg  the modal gain, does not depend explicitly on w, the quantum well width. It depends only 

indirectly on w in that changing the width affects the separation between the sub bands which 

influences the positioning of the quasi-Fermi level; the overlap between electrons and holes is 

also affected [25] 

= ! In -- + a 
L Rm 

(3.25) 
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Here, g is the material gain, L is the cavity length, Rm  is the mirror reflectivity, and a is the 

non radiative absorption loss per unit length. 

iv. Optical power gain 

The optical power gain coefficient of laser is written as [10] 

g (3.26) 

Where the right hand side is called the mirror loss and R1  and R2  denotes the reflectivity's of 

the mirrors. 

3.3.3.2 Efficiency 

External quantum efficiency and power conversion efficiency for InGaN based lasers are 

described in this section. 

i. External Quantum Efficiency 

The external differential quantum efficiency id  (in no units) is defined as the number of 

photons emitted outward per injected carrier. The external differential quantum efficiency, lid 

for the total light output is given by [10] 

AP 

- 
LXP e 

fld = 
- Al tw (3.27) 

Where, w is an angular frequency of the light, Fi is Dirac's constant, and q is the elementary 

charge. The total loss is a sum of the internal loss and the mirror loss. For a reference system 

placed outside the optical cavity, the mirror loss indicates the light emission rate from the 

optical cavity. As a result, using the internal quantum efficiency i, which is defined as the 

number of photons emitted inside the optical cavity per injected carrier, the external 

differential quantum efficiency 11d  is expressed as 

1. 1 
(Mirror Loss) 

___________ 
1112  

I fld =  ' (Total Loss) = 
a1+- 1 1  In-- = 11i 2a1 L+ln---- 

(3.28) 
R1 R2  

Where, the optical losses at the facets due to the absorption or the scattering were assumed to 

be negligible If waveguide loss aw  and the unavoidable signal shot noise loss Ctu  are 

considered then 

1 
(Mirror Loss) In — --- 

(3.29) id = (Total Loss) = 
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Where, a indicates the internal waveguide loss and a indicates the unavoidable signal shot 

noise loss which is not more than 5 % of the total loss [26]. 

ii. Power Conversion Efficiency 

The power conversion efficiency is calculated as below [27], where id  is the differential 

quantum efficiency and Vh is the bias voltage. 

flp = fld(1 "j) (3.30) 
Vb 

3.3.3.3 I-V Characteristics 

This section describes the electrical characteristics of the proposed laser structure. The 

electrical characteristics include current —voltage relationship, determination of threshold 

- current density, temperature dependency. 

I. IN relationship 

If we assume that the electron concentration n is equal to the hole concentration p, we can 

write the rate equations for the carrier concentration n and the photon density S of the laser 

lioht as[10] 

(3.31) dt ed In  

ds 
 = G(n)S ----- +l3 (3.32) 

In a steady state, Eqn. (3.31) and Eqn. (3.32) reduces to, 

Tr 
 = 13  G(n)__L. (3.33) 

tp h 

eVa  [G(n)s+] (3.34) 
In 

Here, I is the injection current and Va = SAd is the volume of the active layer in which SA is 

the area of the active layer, d is the active layer thickness, J35 , is the spontaneous emission 

coupling factor, t is the photon lifetime and t is the radiative recombination lifetime. A 

flowing current in semiconductor lasers consists of the diffusion current, the drift current, and 

the recombination current. Here, it is assumed that the radiative recombination is dominant, 

and the diffusion and drift currents are neglected, as shown in Eqn. (3.32). 
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The carrier concentration n is approximately given by 

n = nexp 
/ eV 

(3.35) 

Where, V is a voltage across the p n-junction and ni  is the intrinsic carrier concentration, 

which is expressed as 

3 

(21tkBT\ fEg \ 
n1  = 2 

h2  ) (memh)4exp (.—) (3.36) 

Here, kB is Boltzmann's constant, T is an absolute temperature, h is Planck's constant, m 

and m11  are the effective masses of the electron and the hole, respectively, and Eg  is the band 

gap energy of the active layer. 

From Eqn. (3.33)—(3.36), a relation between the injection current I and the voltage V is given 

by 

T1  
= eVa [_psp

n1 een/2l< BT G(nje'/2kBT) 
+ 

niee/2 kB 
(3.37) 

tr G(ni ee\'/2 kBT)_.rp_l T n  

ii. Threshold Current Density 

Threshold current density is the key element to improve the device performance. To calculate 

the threshold current density, first, we consider the rate equations below the threshold, where 

net stimulated emission is negligible and S =0. 

Therefore, 
dn 

 = ---- (3.38) dt ed 

In a steady state (d/dt = 0), from Eqn. (3.38), the carrier concentration n is given by 

n (3.39) 

Thus, J= 
ed
—n 
TI) 

When the carrier concentration n increases from 0 to the threshold carrier concentration flh, 

we expect that Eqn. (3.39) is still satisfied at the threshold. As a result, the threshold current 

density Jffi is expressed as 

Jth = 
 ed  
 th (3.40) 
Tn 

From Eqn. (3.40), it is found that a small nh and a long t lead to a low Jth  Because the 

optical confinement factor ra of the active layer depends on the active layer thickness d, the 

threshold current density flth  is a function of d and there exists an optimum d value to achieve 

the lowest Jth.  Again, we calculate the threshold carrier concentration nh using the rate 
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equations above the threshold. In usual semiconductor lasers, the spontaneous emission 

coupling factor f3 is on the order of I O. Therefore, as the first approximation, we neglect 

- the term fSpflhTr. 

At the threshold, the threshold carrier concentration n th is written as 

th = no  + 
1 

(3.41) 
(goiph ra) 

In semiconductor lasers, changes in the cavity length, the facet reflectivity's, and the 

refractive indexes during laser operation are small. Therefore, above the threshold, the carrier 

concentration n is clamped on the threshold carrier concentration n th. The threshold current 

density Jth becomes 

Jth = 
 ed 

 (no + 
1 
 ) (3.42) 

Tn gotphra  

Here, it is clearly shown that the threshold current density Jth  depends on the optical 

confinement factor Fa. The threshold current tends to increase with temperature, the 

temperature dependence of the threshold current density J )  being approximately exponential 

for most common structures. Dependence of the threshold current density on temperature is 

empirically expressed as 

/ 

Jth = J0exp -) (3.43) (.F  

Where, J0  is a coefficient, T is the temperature in active layer and To is the characteristic 

temperature. which indicates dependency of the threshold current density with the 

temperature. 

3.3.3.4 Optical Characteristics 

The optical characteristics include optical output power variations with input current, optical 

confinement factor. These terms are presented in this section. 

i. Output Power 

We assume that the nonradiotive recombination is negligible, which lead to t In steady 

state, when the coupling of the spontaneous emission to the lasing mode reduced to [10] 

= l'g(n - n0 )S + (3.44) 
Tn 

= Fg0(n - n0)S + (3.45) 
In 
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Therefore the carrier concentration n and the photon density S are given by 

nth(X vV) 
n (3.46) 2(1- 13sp) 

Where, 

X = 1 + -f-- 
- 

-- and Y = 4(1 
- I3 ) Ith nth Jth 

The current for which the gain satisfies the lasing condition is the threshold current of the 

laser, 'th.  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, P0w, increases linearly 

with the applied current. The output power therefore equals 

Pout = 
 hw  
 (1 

- Ith) (3.47) 

Where, No is the energy per photon. The factor, No, 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. 

ii. Optical Confinement Factor 

Optical confinement factor is the ratio of the intensity of the light existing in the relevant 

layer to the total light intensity. 

18  = 27t2 (n 
 - n) 

(d)2 
(3.48) 

Where, F = 
F. 

, n= Refractive index of the active layer, n=Refractive index of 

cladding layer and d is the active layer thickness. 

Fig.3.5. Active layer thickness vs. optical confinement factor. 
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Figure 3.5 shows that the optical confinement factor varies with active layer thickness. To 

design our device we choose active layer thickness as 10 nm and from figure optical 

confinement factor is 0.0035 corresponding to this thickness. The optical confinement factor 

F is an important parameter to design the optical losses or the optical gains in the optical 

waveguides. 

3.4 Thermal Modeling of InGaN Based Laser 

The thermal model is a representation of the thermally dependent threshold current and 

output power. By introducing a thermally dependent empirical offset current (Ioir) into the 

rate equations, we are able to model the temperature-dependent threshold current and output 

power roll-over at different ambient temperatures. This accounts for all the static thermal 

effects like thermal leakage of carriers out of the active region, heat diffusion. For the 

quantum well structure (Fig.3.1) after the addition of the offset current, the modified rate 

equations in quantum well laser can be expressed as [28-29] 

dN(t) 
- 

[i(t)-10ff(T)] 
g0 - 

[N(t)—N0]s(t) N(t) 
(3.49) -- 

dt - eVa 1+S(t) 

= - + + 
g0  [t) 01S(t) 

(3.50) dt TP Tn i+cS(t) 

Where, e is the electron charge, Va  is the volume of active region, go  is the gain slope, c is the 

gain saturation parameter, t1  is the carrier lifetime, F is the optical confinement factor, No is 

the carrier density at transparency, t is the photon lifetime, P,p  is the spontaneous emission 

coupling coefficient. The optical power is defined as [30] 

P(t) = S(t)Vah u 
(3.51) 

Output power is also defined as [3 1-32] 

Po  = r[l - ltho_Ioff(TO + (IV - Po)Rth)] (3.52) 

Where, 101f(T) = a 0  + a1T + a2 T2  + a3T3  + a4T4  +. 

dT and V = lR +VT 1n(1+L),T = T0  + (IV— Po)Rth tth dt 

dT. 
Under DC conditions T  is zero. 

The thermal rate equation is written as [28] 

dT 
- ' + nR th dt 

Rth J (3.53) 
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Where, Rth is the equivalent thermal resistor defined as 

Rth 
= 1 (Lactive 

+ 
LSub 

) and Cth = LWNWLWPm C P  WL WsubL 

Where, Lb and Wstib are the substrate thickness and width, respectively and Lactwe  is the total 

active region thickness. This thermal resistance is important as the behavior of a laser diode is 

affected by an increase of temperature within its volume during operation, which is 

determined by the value of the thermal resistance of the device. 

The rise of temperature mainly due to nonradiative recombination processes as well as 

absorption of the generated radiation and Joule heating. This temperature increase influences 

adversely on emission, reliability and the operating characteristics of the laser. The 

temperature rise in the active region of the laser due to current injection of magnitude I is 

calculated as 

AT = RthUola pp  + RthRolpp - RthL (3.54) 

Where, lapp  is the applied input current intensity, U0  is the positive turn-on voltage of the 

corresponding ideal diode and R is the series resistance. 

The dependence AT(t) has been analyzed using (analogically to electric circuits) equivalent 

thermal ladder RT)1C1-h circuits of the Foster and Cauer types, where RTh corresponds to the 

thermal resistance and CTh  is the heat capacity of elements of the internal device structure and 

external heat sink. The mathematical form of AT(t) dependence is most simple for the Foster 

circuit presentation [33], i.e. 

AT(t) = PTI RThI (i. - exp (_!) 
Ti  ) (3.55) 

This thermal resistance Rthi  is given by [34] 

AT   ZAT   
________ Rth = - = (3.56) 

heat (PeiPopt) 

Here PT is the power dissipated by the device. RTh is the thermal resistance of the i-th 

element, Ti is the heat time constant for the i-th element of the source. The heat flux Pr is 

related to the electric power Pel  according to the relation PT = (l—i)P, where r is the power 

efficiency of the laser source. From Eqn. (3.56) we construct a special function Ri-  (t), i.e. 

(3.57) 
Ti \ Ti) 

Using this formula and the measured AT(t) dependence, values of R-rhi  and Ti can be obtained. 

The maxima of the function RT *(t*)  give the thermal resistance values for the device 

elements RTh,  as well as their positions r on the time scale corresponding to the time 

constants t RThICTh 
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3.5 Equivalent Circuit Modeling of InGaN Based Laser 

For the development of optoelectronic device models which can be used in conjunction with 

electronic components, a study of equivalent circuit model of quantum well lasers has been 

carried out. Circuit-level simulation of InGaN based semiconductor lasers is presented in this 

section. Initially, the equivalent circuit is implemented from the rate-equation of the 

quantum-well laser. Then the PSPICE simulation is used to determine the output 

characteristics of the laser. This model determines the correct numerical solution of the rate 

equations during dc simulation. It also allows to calculate the light output-injection current 

(LI) characteristics, threshold behavior, and transit time effect. 

1\'lathematical model 

The rate equations for quantum well lasers are given by [28-29,35-36] 

dN(t) = 1(t) N(t) N(t)S(t)  

dt 1eVatn 
g0 

1+cS(t) 
(3.58) 

dS(t) 
- 

S(t) + 
+ 

1N(t) g0  N(t)S(t) 
(3.59) 

r, dt t 1+E5(t) 1,  

5 
- 

Xtp 
= (3.60) Pf - llcVahC 

\Vhere, N=equilibriuin carrier concentration, Iinjection current, !Lthe carrier 
Tn 

recombination rate=AN+BN2+CN3, where A, B, and C are the unimolecular, radiative,and 

Auger recombination coefficients, respectively, S= photon density S'ot/Va, where, S,Ot  is 

again the total number of photons in the active volume, f3=I3AAN+I3BBN2+I3CCN3, where 13A, 

1n, and  13c  are coupling coefficients, Pf = the output power. Va=  is the volume of a single QW, 

lit ''is the current-injection efficiency, F=is the optical confinement factor of one QW, gois 

the carrier dependent gain coefficient, t =is the photon lifetime, Xis the lasing wavelength. 

11c= is the output-power coupling coefficient, 
1+S(t) 

= the gain saturation term. 

I\'Iodel Implementation 

To convert the rate equations into circuit model, multiplying Eqn. (3.58) by we get, 

eVa  N(t) 
— 

eVa N(t)S(t) 
(3.61) = I ---  

i dt ,i t 
g0

Il i  
 

1+S(t) 

- + 
td1 eVa  NeeXP 

(eV  
j)5(t) 

I I (3.62) + g0 
1+S(t) 
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_______ 
'\ Where, GoeV 7eV ' ago, 

eV
Tn 

aN(t) 
N = Neexp (j:) 

So, 
cit - eVa dt 

Il i dt - 'lj dt 

Current I of Eqn. (3.62) is equal to three related current components at quantum well regions 

i.e. In, Ii = and the stimulated emission component 12.  The p-n heterojunction voltage eVa  dt 

Vj can be represented by one ohmic resistance Re, series-connected with Shockley p.11 

junction diode (shown in Fig.3.6). Cd = Co (i - a junction depletion capacitance is 

added to the circuit, where Co is the zero bias depletion capacitance. Vj is the junction 

voltage, Vd is the build-in potential. 
a 

[I 

Fig.3.6. PSPICE circuit model of eqn. (3.62) 

Now, multiplying Eqn. (3.59) by qVa  we get, 

dS(t) S eVa-- = — eVa  2+ eVa -Fc  + 
1+€S(t) 

C tt )+)=G0r +Iflrc dt 1-4-S(t) C 

N(t)S(t) 

FcRp P. dt 
G0 1+ES(t)  + I31fl 

Where, R p  = o G0  = D(Jnm - 2 X 1013)2 [37] CP  

Here, D= a constant and mom = Va 

(3.63) 

In Eqn. (3.63), the first two terms represents a resistance (in parallel) and a capacitance. 

Again, the optical emission consists of a spontaneous component 3I and a stimulated 
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component G0 These two components are modeled by two (13  and 12)  current sources 

as shown in Fig.3.7. Thus, the light output is proportional to the output node in voltage 

representation. The voltage representation is applicable if transmission channel and receiver 

circuit are included in the simulation. 

cp  
r 

ft Fig.3.7. PSPICE circuit model of eqn. (3.63) 

Now from Eqn. (3.62)-(3.63), the total equivalent circuit for a single QW laser obtained has 

been illustrated in Fig.3.8. 

Fig.3.8. Equivalent circuit model of a single quantum well laser. 
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CHAPTER IV 

SIMULATION RESULTS AND DISCUSSIONS 

4.1 Introduction 

Using the mathematical formulations presented in chapter III, the performance of the InGaN-

based I.55iim quantum well heterostructure laser is evaluated in this chapter. It starts with 

the discussion of the results of band profile calculation, gain characterization, threshold 

current and bias voltage of the laser. This chapter includes the optimization of device 

parameters. The temperature effects on the characteristics are also included here. Most 

concern of this chapter is to discuss the results obtained from thermal and equivalent circuit 

modeling. The verifications of the proposed model with published results has been presented 

in this chapter. Finally, a comperative study on the models has been included. 

4.2 Properties of InGaN QW Laser 

The general properties of InGaN based quantum well edge emitting lasers like band structure 

analysis, gain nature, threshold properties, external differential quantum efficiency and 

internal quantum efficiency have been illustrated in this section. 

4.2.1 Band Structure 

We have calculated the subband energies for the conduction band (Cl) and the valence bands 

(Hi-I and LH) as a function of the InGaN well width. In the whole work, the effect of lattice 

mismatch and strain were not considered. In the InGaN quantum well, the conduction bands 

are assumed to be parabolic and the valence bands to be non parabolic. These bands have 

been computed by solving the Schrodinger equation using k.p method with a 4x4  Luttinger-

Kohn Harniltonian matrix operator. The physical parameters that have been used for 

simulations are listed in Table 4.1. These parameters like binary effective mass, lattice 

constants, elastic constants are linearly interpolated to obtain InGaN values from InN and 

GaN values using the following formula [I] 



P(lnGa1_N) = xP(lnN) + (1 - x)P(GaN) 

Table 4. 1: The values of the parameters of InN and GaN used in the simulation model. 

Parameter Symbol Unit InN I GaN References 
Electron effective mass m m0  0.11 0.20 [2] 
Hole effective mass parameter A1  - -9.24 -7.24 [2] 

A2  -0.60 -0.51 
A3 8.68 6.73 
A4 -4.34 1 -3.36  

Lattice constants a A 3.548 3. 182 [3] 
5.751 5.173  

Luttinger parameter Y1 3.72 2.70 [4-5] 
'(2 1.26 0.76 
73 1.63 1.07  

Electron affinity  eV 5.8 4.1 [6-7] 
Thermal conductivity  (W/cmK) 0.45 1.3 [8-9] 
Dielectric constant   15.3 8.9 [9] 

In the analysis of QW structures using the k.p method for the calculation of the electronic 

band dispersion, a confining potential V(z) along the growth direction z is added and k 

becomes an operator in the k.p Hamiltonian. 

0.4 

0.35 

0.3 

0.25 

0.2 

2 0.15 

2 4 6 8 10 
Position along quantum well axis (nm) 

Fig.4. 1. Probability distribution corresponding 

to the lowest eigen value. 
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Fig.4.2. Probability distribution corresponding 

to the three eigen values. 

The radial probability distribution (i.e. finding the electron in an orbital at any given distance 

away from the nucleus) tells us the probability of finding the electron in the volume of the 
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Fig.4.3. Electron density profile in conduction band Fig.4.4. Energy of the first conduction 

subband (C 1). 

quantum well of the laser. Figure 4.1 and 4.2 show the probability distributions 

corresponding to the eigen values of the Hamiltonian of the time independent one 

dimensional Schrodinger equation for conduction subbands only. Figure 4.3 illustrates the 

electron density in the quantum well corresponding to the probability distribution mentioned 

in Fig.4.1. The electron density is found to be 1018  cm 3  and shown in Fig.4.3. The calculated 

conduction band dispersion profile is shown in Fig.4.4. Apart from the band edge (kO), the 

energy is found to increase gradually with wave vector. 

The valence band, heavy holes and light holes of InGaN based quantum wells have been 

considered in order to explain the mixing between the valence band states In Fig.4.5 HHl. 

HH2, and HH3 indicate the first, second, and third heavy holes and LH1 is the first light hole. 

For any well length, the coupling between HH bands and the other kinds of bands is weak, 

hence the HH bands are nearly parabolic. The energies of the electron for the heavy-hole and 

light-hole subbands (Fig. 4.5) are plotted as a function of the wave number. We can see that 

the magnitudes of all energy levels decrease with the increase of wave number. It is found 

that the band mixing effect between heavy and light holes is less for our InGaN based lasers. 

These bands are good agreement with the results presented by Piprek et al. [2]. 
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4.2.2 Gain of the Laser 

Gain is an important parameter for the characterization of a laser. Optical gain, material gain 

and modal gain have significant influence on the investigation of the laser performance. The 

general parameters of InGaN quantum well laser used for the simulation model are given in 

Table 4.2. 

Table 4.2: The InGaN parameters used in the simulation. 

SL. 

No 
Description of the parameters Value of the 

parameters 
Unit 

01 Photon energy, hw 0.85 eV 

02 Active layer thickness, d 10 nm 

03 Band gap energy of InGaN, Eg  0.8 eV 

04 Temperature, T 300 K 

05 Refractive index, n1  3.35 

06 Confinement factor, 1 0.0035 

08 Length of active layer, L 300 

j 

p.m  
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Figure 4.6 shows the optical gain as a function of photon energy for InGaN based lasers. At 

low injections, t and f' are quite small and the gain is negative .The f and t' increase with the 

increase of injection for electrons and holes near band gap (0.8eV). As a result, the gain 

becomes positive with maximum value of 9000 crn. The gain of this laser is higher than the 

GaAsSb/lnGaNAs/GaAs quantum well laser (5000cm 1 ) [0]. 

The threshold gain of the laser is the optical gain required for laser oscillation [II]. 

Oscillation is a state in which there is an output without an input from outsides. The 

dependency of the threshold gain on the cavity length of the laser is shown in Fig.4.7. It is 

seen that for a cavity length of 300p.m, the threshold optical gain is approximately 6cm* 
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Fig.4.6. Optical gain vs. photon energy for 

InGaN based laser at different temperature. 
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The material and modal gains are shown in Fig. 4.8 and 4.9 respectively. For photon energy 

greater than 0.8 eV, the material gain is about 3.660 cni' . For the device, we assume that, 

R=35%, L300m and a=20cm [12], which forces modal gain, Fg=45 cm. Figure 4.9 

shows that modal gain varies sharply with the change of the mirror reflectivity of partially 

transparenr mirror.These results are comparable with Ma et al. [13] and Akram etal. [14]. 

4.2.3 Efficiency Analysis 

External quantum efficiency and internal quantum efficiency for quantum well lasers are 

important for determining the number of photons emitted outside and inside the optical cavity 

Fig.4. 10. External quantum efficiency vs 
Fig.4. 11. Power conversion efficiency vs. 

cavity length, L. 
cavity length, L. 

per injected carrier [3]. In Fig.4.10 the solid line indicates the relative efficiency while the 

dotted line shows the efficiency with considering waveguide loss (a) and the unavoidable 

signal shot noise loss (ct). For a cavity length of 300 j.Lm, the efficiency becomes 59% and 

44% excluding and including waveguide loss (a) and the unavoidable signal shot noise loss 

(c) respectively. Figure 4.11 shows the variation of power conversion efficiency with the 

cavity length. For 300 jim cavity length the power conversion efficiency becomes 18% as 

shown in Fig.4. 11. The internal quantum efficiency (ii,) is determined from the vertical axis 

intercept point (1/ 'ii)  of the inverse external differential quantum efficiency (DQE) versus 

cavity length dependence linear fit line [15]. Figure 4.12 shows the calculation method for 

with respect to the inverse value of DQE as a function of the cavity length. This gives 

approximately 94% internal quantum efficiency. It can be mentioned that the reported 
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Fig.4.12. Inverse of the external quantum efficiency as a function of cavity length of QW 

InGaN laser. 

external differential quantum efficiency is 50% [14,16] while the internal quantum efficiency 

is 58% [14]. These results are compatible with the results illustrated for our laser. 

4.2.4 Output Characteristics 

This section analyzes the electrical and optical output characteristics of the lasers. The 

current-voltage and output power-injection current characteristics are explained briefly. 

4.2.4.11-V Characteristics Analysis 

The IN characteristic of InGaN 1.55 .tm lasers at various temperatures is shown in Fig.4. 13 

by solid and dotted lines for three different temperatures of 0°C, 25°C and 53°C. The increase 

of applied voltage per degree rise of temperature is approximately 0.0074 volts only. It shows 

that IN characteristics are less sensitive to temperature. The intrinsic carrier concentration 

changes with temperature, so the injection current changes. As the temperature rises, larger 

voltage is required to get a specific amount of injection current. From Fig.4. 13 it is clear that 

the bias voltage 1.1 volts is required for appreciable current. 

The threshold current density Jth as a function of the active layer thickness d is shown in 

Fig.4.14. The threshold current density increases with the increase of active layer thickness. 

The active layer thickness d, enhances confinement factor F which is proportional to d2. It is 

found that Jifi has minimum value when d approximates to zero. It is noted that the threshold 

current density 1. 119 Acm 2  is found for active layer thickness 10 rim for the proposed model. 
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The variation of threshold current density with temperature is shown in Fig.4.15. It is 

observed that threshold current density increases with the increase of temperature. Thus, it 

needs high threshold current to obtain desirable gain at higher temperature. For this reason 

the laser with less temperature sensitivity is trying to develop in recent years. The higher 

characteristics temperature of InGaN substrate (intermediate layer) exhibits superior 

temperature characteristics than other ternary materials Laser. The threshold current density 

of our proposed laser is similar (1.20-2.8kAcin 2) to reported in ref. [17]. These results show 

improved performance of the InGaN based lasers. 
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4.2.4.2 Optical Characteristics Analysis 

The output power curve and slope efficiency of the QW laser diode are shown in Fig.4.16. It 

is seen that the output power varies linearly with injection current. The threshold current of 

5.lmAmp is found from Fig.4.I6. Below the threshold current, no light emits from the laser. 

It is mentioned that 3.0 mW output power is obtained at an injection current of 8.3mA. Slope 

value of 0.695W/A has been recorded at the laser threshold current. 
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Fig.4. 16. Output power from the laser vs. the injection current. 

4.3 Thermal Effects on Threshold Current, Output and Power Efficiency 

Thermal effects calculations are of immense important to understand the performance of the 

proposed laser at different operating conditions. The temperature dependency of the laser on 

the threshold current, optical power output and efficiency has been investigated in this article. 

The behavior of output power-current (L-I) characteristics considering the thermal effect of 

mOaN based QW laser is shown in Fig.4.I7. It is seen that the threshold current increases as 

well as the light output decreases at higher temperature. The maximum limit of output power 

is limited by injection current. It is also found from this figure that the injection current is 

changed by approximately 0.9 mA for each temperature difference of 10 °C. Thus, the laser's 

output is less sensitive to temperature. 
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Figure 4.18 shows the L-I characteristics along with self-heating effect. It is found that more 

threshold current is required to emit light when self-heating effect is considered, as the 

increase in temperature of the active region causes degradation of photon emission. As 

illustrated in Fig.4. 17 and 4. 18, the simulation results are compared with the results obtained 

by neglecting thermal and self heating effects. Without these effects the output power 

increases linearly with the increase of injected current. The output power gets saturated when 

thermal effects have been considered: A significant change in threshold current is found 

excluding these effects. 

Fig.4. 19. Power conversion efficiency 

vs. injection current. 
Fig.4.20. Temperature effect on power 

conversion efficiency. 

52 



The variation of laser power conversion efficiency with injection current and temperature is 

shown in Fig.4. 19 and 4.20 respectively. The power conversion efficiency of InGaN based 

laser is dependent on injection current as well as temperature rise of the active region 

resulting from self-heating .A small increase in the injection current increases the efficiency 

sharply. It is seen from Fig.4.20 that the efficiency above 67 °C is almost zero due to sharp 

increase injunction and thermal resistance. 
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Fig.4.2 I. Thermal resistance variation with heat time constant. 

Figure 4.21 shows the thermal resistance variation with heat time constant. The maximum 

value of the thermal resistance plot corresponding to the time scale gives the optimum value 

of thermal resistance, RTh. The maximum points of RT vs. 'r" curve shows the value of 

thermal resistance. Figure 4.21 determines the approximate maximum value of thermal 

resistance, REh as 20KW'. 

.4 
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4.4 PSPICE Circuit Simulation Results 

Unlike electronic devices that are usually characterized by current and voltage. optoelectronic 

devices are normally characterized by light intensity and current. Since light intensity cannot 

be represented by any physical circuit quantities, modeling optoelectronic devices by PSPICE 

circuit model is certainly not physically transparent. 

The results of PSPICE circuit model for InGaN based laser developed according to the 

electrical equivalent circuit discussed in section 3.5 is presented in this section. The 

parameters used for the PSPICE simulation taken from ref, [18] are given in Table 4.3. 

Table 4.3: Parameters used in PSPICE circuit simulations. 

Serial No. Parameter Unit Value 

Re 0.468 

2 R 29.4 

3 R,  92 2.0 

4 Tns  ns 2.25 

5 Tnp ns 3 

6 C pF 0.102 

7 Cd pF 10 

8 SC  m 3  1018 
 

9 D VA 1 m6  1.79x10 29  

10 
- 10-  

The PSPICE circuit simulation evaluates the electrical characteristics such as current-voltage 

relationships, power output, turn on delay, and transient response of the laser equivalent 

circuit. Figure 4.22 shows the [-V response of the laser. It is seen that the current initiates to 

flow at an applied voltage of approximately 1 .20 volts and then increases abruptly. The 

threshold value of the voltage is approximately 1.20 volts. 

54 



-------------- - 

Aw- 

-------------------------------- 1 

2 

C) 

- 

0 0.5 1.0 1.5 2.0 
Input voltage (Volts) 

Fig.4.22. Current vs. voltage relationship for InGaN laser. 
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Fig.4.23. Output power-input current (L-I) characteristic of the proposed laser. 

Figure 4.23 represents the output power with the variation of input current (L-I 

characteristics). The power output increases with the increase of input current. Threshold 

current of 6mA and the slope efficiency of approximately 0.368 W/A are found from 

Fig.4.23. 
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Fig.4.24. Output transient voltage of the laser. 

The transient response of the laser is shown in Fig.4.24. The steady state values of output 

voltage are found after 60ns. Turn on delay of 3ns is calculated from Fig.4.25 for InGaN 

based laser. These results show the consistency with the results obtained from the previous 

discussions. 
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Fig.4.25. Turn on delay time. 
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4.5 Comparison of Results 

From the earlier studies of the InGaN based laser it is necessary to show a comparative 
- - 

clarification of the results. The general characterization of the laser shows the threshold 

current of 5.1 mA, bias voltage of 1.1 volts and slope efficiency of current-power output(L-1) 

curve of 0.695 W/A. It is found that 3.0 mW output power is obtained at an injection current 

of 8.3mA at room temperature. Thermal modeling of laser also illustrates that the threshold 

current of about 5.5 mA, slope efficiency of 0.61 W/A and a power output of 3mW at an 

injection current of approximately 7.5mA at same ambient temperature. Furthermore, the 

equivalent circuit modeling shows the threshold current of 6 mA and bias voltage of 1.20 

volts. Slope efficiency of 0.368 W/A has been found from the L-1 characteristics curve. 

Power output of 3mW has been found at an injection current of 25mA. This show a 

difference with the result from general analysis as the change in circuit parameters are not 

similar to that of calculations adopted in analytical method. Therefore, the above discussions 

show the consistency of the proposed model. 

4.6 Verification 

InGaN based lasers are very much immature. Thahab et al. [15, 19] and Piprek et al. [2, 20] 

described the performance and optical characteristic for long wavelengths (420nm) of 

InGaN/GaN laser diodes. For shorter wave lengths Sandra et al. [21] and Alias et al. [22] 

studied the laser performance using lnGaAsP and AlGalnAs/1nP respectively. Theoretical 

Ar and experimental study on InGaN based lasers is still necessary. To justify the validity of the 

proposed 1.55 .im lasers the results obtained from the simulations are required to verify and 

compare with the published results. The detail simulation results for InGaN based lasers have 

been shown in Table 4.4 and a comparison with reference work has been presented also. 

The electronic band calculation of the laser has been performed by solving one dimensional 

time independent Schrodinger equation. The energy profiles of the conduction band and 

valence sub bands are agreed to that of ref. [21, 23-24]. The calculated electron concentration 

(1018c111 3) is similar as reported in [19]. This indicates that our proposed model can 

reasonably calculate the energy band profiles. 

In this study we found high gain (9,000cm), moderate material gain (3,660cm) and modal 

gain (45cn1') of the laser. It is seen (Table 4.4) that threshold current density (1.1l9Acm 2), 

and threshold current (5.lmA) are lower than published values. It is also found the improved 

external differential quantum efficiency (59%) and internal quantum efficiency. From the 
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above study it is clear that our achievements are better than some reports and are comparable 

to others which proves the validation of the proposed model. 

Table 4.4: Detail simulation results of InGaN based laser. 

SI. No. Parameter Present Reference Work Reference 
Work 

_______________ 
 

1 Optical Gain 9000 cm' 5000cm [10] 
8000cm' [13] 

2 Material Gain 1 3600 cm 1950crn' [13] 
3 Modal Gain 45 cm' 32cm [14] 

Threshold Current, It,, 5.1mA 7.5mA [14] 
15mA [16] 

7.9rnA  
17.8mA  

4 Threshold Current 1.8kA cm 2  4kAcm 2  [16] 
Density, Jh  1.06 kAcrn 2  [171 

6 Slope oIL-I curve 0.696W/A 0.301W/A  
0.35W/A  

7 External Quantum 59% 38% [14] 
Efficiency, Tid 50%  

31%  
50% [27] 

9 Internal Quantum 94% 58 [14] 
Efficiency, ii 
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CHAPTER V 

CONCLUSIONS AND FUTURE WORK 

I 
5.1 Conclusions 

The modern ultra speed communication systems has provided a possibility to the study about 

1.55iim lasers because of their well matched and sustainability with the existing fiber optic 

infrastructures. These lasers are also posse's substantially lower attenuation, transmission 

losses, wavefbrm degradation, and dispersion penalty. The goal of this work was to develop a 

high performance InGaN based I .55tm quantum well edge emitting laser. In this thesis the 

physical model of the laser structure is proposed. Then the mathematical model of the laser is 

developed solving Schrodinger and Poisson's equation with the help of finite difference 

method. 

The simulation and analysis results for band structure of the quantum well laser reveal the 

energy separation between different band and subbands for quantum well laser. It is observed 

that the electron density in conduction band is 1018cn13. The understanding of the 

characteristics of the laser, parameters such as threshold current, gain, applied bias voltage, 

efficiency, light output are of immense important for successful laser fabrication. These 

parameters evaluate the performance of the laser. The effects of active layer thickness on the 

threshold current density and optical confinement factor in the quantum well laser have been 

investigated. The threshold current density, 1,1 19AIcni2  and the optical confinement factor, 

0.0035 for active layer thickness lOnm, are obtained. External quantum efficiency of 59% has 

been found keeping the reflectivity at 35% of one mirror and 100% of other. It is seen that 

efficiency increases with the decrease of reflectivity. This efficiency reduces to 44% when 

the waveguide and the unavoidable signal shot noise losses are considered for the same 

reflectivity. The internal efficiency of 94% and slope efficiency of 0.695W/A has been found. 

In addition, a very small threshold current (5.lmA) is obtained to emit light that requires 

lower applied voltage of 1.10 volts. Finally, the output power (5mW), high optical gain 

(9,000cm), moderate material gain (3,660 cm) and modal gain (45cn11 ) have been found. 



In order to achieve progress in the applicability of InGaN based laser under different ambient 

temperatures the thermal effects analysis is imperative. It is found that the threshold current 

has been increased to 5.5mA at the same ambient temperature. The laser efficiency strongly 

depends on the injection current and has small effect on temperature. The thermal resistance 

20KW' is calculated from this model. It is seen that the proposed laser is less temperature 

sensitive and self heating effect have little effect on the laser performance. 

In addition, to understand the performance of the proposed laser it is very important to study 

its output characteristics. These characteristics are realized through the development of the 

equivalent circuit modeling of the quantum well laser. The PSPICE circuit simulation shows 

that the output power increases with the increase of input current. Threshold current of 

approximately 6 mA, bias voltage of 1.20 volts, slope efficiency of 0.368W/A and turn on 

delay of 3ns have been found from this circuit analysis. These electrical characteristics show 

consistency with the results obtained from performance analysis and thermal modeling. 

Therefore, the study presented in this thesis indicates the potentiality of the InGaN based 

quantum well laser for the promising device in the field of modern optoelectronics. 

5.2 Future Works 

The research described in this thesis was concerned with the theoretically design, band 

structure calculation, thermal modeling and equivalent circuit modeling of InGaN-based 

1 .55j.tm quantum well lasers. The proposed lasers have been successfully designed with many 

exciting results. These have created the way for future work with a goal to fabricate practical 

InGaN based high performance 1 .55gm lasers. There are many areas where future research is 

required. The works remaining for future study are discussed as follows. 

The efficiency of the laser can further increase by using multi quantum well. By the 

appropriate use of wells number and its barriers thickness, more carriers might confine and 

efficiency may increase. The effect of strain and stress on quantum well lasers has significant 

effect. There has scope on the work to analyze the strain dependent and crystal orientation 

dependent optical properties, piezoelectric effect of InGaN based lasers. In band profile 

calculation one dimensional Schrodinger equation and conduction band, heavy holes and 

light holes have been considered. Two dimensional calculations may be implemented of the 

laser structure for more accurate results. The Hamilton Ian matrix elements can be increased 

to determine spin split-off bands. Future work can be extended on the investigation of device 

life time, determining transition time and so on. 
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