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Samenvatting 

Bmnen het kader van het afstuderen bij de faculteit Elektrotechniek van de Technische 
Universiteit Eindhoven is het afstudeerwerk uitgevoerd bij de afdeling Philips Optoelectronics van 
Philips Research. Het doel van de opdracht was het realiseren, modelleren en karakteriseren van 
zelf-pulsaties in zichtbaar licht ernitterende laser diodes. Rode lasers worden toepast in de nieuwe 
generatie optical recording systemen (DVD). Het doel van het realiseren van een zelf-pulserende 
lasers is het verrninderen van de terugkoppelruis. Bovendien kan het systeem hierdoor goedkoper 
en eenvoudiger gemaakt worden, omdat de laser dan niet meer extern gernoduleerd behoefd te 
worden. 

In het verleden is het idee ontstaan om de laser te laten pulseren met behulp van een verzadigbare 
absorber laag. In eerder onderzoek heeft men dit idee reeds succesvol gerealiseerd voor 780 nrn 
AlGaAs laser diodes. Ben rechtstreekse vertaling is echter niet mogelijk gebleken. Het doel van 
deze opdracht is dan ook geweest om dit te onderzoeken. Ben eerste stap is geweest het realiseren 
van zelf-pulserende gain-guided lasers. Hierna is er een tweede stap gezet naar het realiseren van 
zelf-pulserende index -guided lasers. Deze lasers zijn zodanig ontworpen dat het astigmatisme 
verrninderd is, hetgeen een vereiste is voor het gebruik in optical recording toepassingen. 

Als eerste is er een zogenaarnd single-mode model afgeleid voor de zelfpulserende laser diode. Dit 
model bestond uit drie gekoppelde differentiaal vergelijkingen: ren voor de ladingdragers in de 
actieve laag, ren voor de ladingdragers in de absorber en ren voor de fotonen in de cavity. Deze 
drie grootheden kunnen echter niet worden gemeten. WeI kan het gerniddelde aantal fotonen en de 
pulsrepetitiefrequentie worden gemeten. Daarom is het model vertaald naar deze twee tysisch 
meetbare grootheden. Met behulp van het model zijn er simulaties uitgevoerd. In deze simulaties 
zijn de volgende karakteristieken van de laser berekend: 
- de lichtintensiteit tegen de injectiestroom curve (U-curve) 
- de afgeleide van de lichtintensiteit tegen de stroom curve (dUdI-curve) 
- de pulsatie/oscillatiefrequentie tegen de injectie stroom curve (fl-curve) 
- de lichtintensiteit tegen de pulsrepetitiefrequentie curve (Lf-curve) 
- de energie per puIs tegen de pulsrepetitiefrequentie curve (Ef-curve) 

Met het model zijn sirnulaties uitgevoerd om de invloed van de vele parameters van het model te 
onderzoeken. Op deze manier is grondig inzicht verkregen in de tysica van zelfpulserende lasers. 
Ben belangrijk resultaat dat uit de simulaties verkregen is, is dat de levensduur van de 
ladingdragers in de absorber kort moet zijn om een goede performance van de laser diode te 
garanderen. De simulatie resultaten werden vervolgens gebruikt bij het opstellen van een design 
voor de stripe lasers. Experirnenten hebben aangetoond dat deze lasers zelfpulseerden. Vervolgens 
zijn deze experirnentele resultaten gebruikt om het model te fitten op de experimenten. Op deze 
manier is een model verkregen dat het gedrag van andere laserstructuren kan voorspellen. 

Vervolgens is de stap gewaagd naar het realiseren van zelfpulserende selective buried ridge laser 
diodes (SBR). Door de extra hoge interne verliezen, vanwege de twee begraven 
stroomblokkeerlagen (GaAs), is het design aangepast, hetgeen ondersteund is door de simulaties. 
De aanpassing was het verhogen van de mode confinement van de absorber laag. Dit kan op 
verschillende manieren worden gerealiseerd, waarvan de hierna genoemde het meest plausibel 
zijn: 
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1) het verkleinen van de afstand tussen de absorber laag en de actieve laag. 
2) het groeien van een extra waveguide om de absorber laag. 

Beide manieren zijn geYmplementeerd in de gereaIiseerde SBR-Iasers. 

Er is gebleken dat de gereaIiseerde SBR structuren pulseren bij kamertemperatuur (25°C), maar de 
performance van de SBR-Iasers (met en zonder extra waveguide) lag ver beneden verwachting. 
Dit kan verklaard worden door het fenomeen lekstroom. 

Electronen komen vanuit de n-cladding in de actieve laag terecht, maar worden ook weer 
thermische geexciteerd en kunnen op die manier in de p-cladding terecht komen. In rode lasers 
heefi de lekstroom een zeer lage activeringstemperatuur. Bij kamertemperatuur speclt de 
lekstroom daarom aI een zeer grote ro1. Een deel van de lekstroom komt ook in de absorber laag 
terecht, hetgeen de absorptie doet afnemen en daardoor ook de neiging tot zelfpulsatie. Door het 
implementeren van een extra waveguide om de absorber wordt dit deel van de lekstroom aileen 
nog maar groter. 

Uit de experimentele resultaten wordt dan ook geconc1udeerd dat het groeien van een extra 
waveguide geen goede oplossing is voor het reaIiseren van zelf-pulserende lasers met een goede 
performance. Er wordt dan ook geadviseerd, dat de absorber in de n-c1adding gegroeid moet 
worden, omdat de gaten-component van de lekstroom veel kleiner is. WeI moet er een extra hoge 
dotering in de absorber toegepast worden, om de levensduur van de gaten voldoende laag te 
houden. 



Table of contents 

1. Introduction 

1.1 Optical Recording 
1.2 Pulsed laser emission 
1.3 The objectives of the study 
1.4 References 

2. Semiconductor laser diodes 

2.1 Fabry-Perot lasers 

ill 

2.1.1 The optical processes in a laser diode 
2.1.2 Optical cavity 
2.1.3 Threshold current 
2.1.4 Light intensity versus current curve 
2.1.5 The layer structure 

2.2 Self-pulsating lasers 
2.2.1 The transversal saturable absorber layer 
2.2.2 The Q-switching process 
2.2.3 Threshold current 
2.2.4 Self-pulsating laser characteristics 

2.3 References 

3. Modeling of selfpulsating lasers 

3.1 The derivation of the single-mode rate equations 
3.1.1 Rate equations in tenns of numbers 
3.1.2 Rate equations in terms of densities 

3.2 Advanced topics on the rate equations 
3.2.1 Spontaneous recombination 
3.2.2 Quantum efficiency 
3.2.3 The determination of the gain function 
3.2.4 The determination of the absorption function 

3.3 Important physical quantities 
3.3.1 Optical output power 
3.3.2 Threshold current 

3.4 Example of modeling 
3.4.1 Solving the rate equations for a particular set of parameters 
3.4.2 Operating regions 
3.4.3 Calculated characteristics 

3.5 References 

4. Modeling and design of self-pulsating lasers 

4.1 Introduction 
4.1.1 The validity of the single-mode model 
4.1.2 The instability condition 

1 

1 
3 
4 
4 

7 

7 
7 
8 
9 
10 
11 
12 
12 
13 
15 
15 
17 

18 

18 
19 
21 
24 
24 
25 
28 
30 
33 
34 
34 
35 
35 
37 
41 
42 

44 

44 
44 
46 



IV 

4.2 The influence of different parameters on the self-sustained pulsations 47 
4.2.1 The influence of the absorption ratio 47 
4.2.2 The gain function 49 
4.2.3 The absorption function 50 
4.2.4 The minority carrier lifetime in the absorber 52 
4.2.5 The in-plane energy 54 
4.2.6 The temperature 56 
4.2.7 The internal quantum efficiency 59 
4.2.8 Summary of modeling results 60 

4.3 Design aspects of the semiconductor laser structure 61 
4.3.1 The multi-quantum well active layer 61 
4.3.2 The absorber layer mode confinement 62 
4.3.3 The absorber layer minority carrier lifetime 62 
4.3.4 Straining the quantum well absorber layer 62 

4.4 References 64 

5. Characterization of self-pulsating lasers 65 

5.1 Experimental setup 65 
5.2 Self-pulsations in narrow-stripe, gain guided lasers 66 

5.2.1 Simulation results 66 
5.2.2 Layer structure design 66 
5.2.3 Characterization and discussion of the results 68 

5.3 Self-pulsations in index-guided lasers 73 
5.3.1 Simulation results 73 
5.3.2 Layer structure design 73 
5.3.3 Characterization and discussion of the results 76 

5.4 References 85 

6. Conclusions and recommendations 86 

6.1 Conclusions 86 
6.2 Recommendations 87 
6.3 References 89 

7. Acknowledgements 90 

Appendix A: Laser structure design for length series experiment 91 

Appendix 81: Threshold current density as a function of T obtained by 
length series experiment 92 

Appendix 82: Gain per unit current density as a function of T obtained by 
length series experiment 93 

Appendix 83: Transparency current density as a function of T obtained by 
length series experiment 94 

Appendix C1: Simulation results for different internal absorption values 95 
Appendix C2: Used parameter set for simulations in C1 96 



v 

Appendix 01: Simulation results for different absorber layer mode 
confinement factors 97 

Appendix D2: Used parameter set for simulations in 01 98 
Appendix E1: Simulation results for different absorber layer minority carrier 

lifetimes 99 
Appendix E2: Used parameter set for simulations in E1 100 
Appendix F1: Simulation results for different in-plane energies of the 

photons 101 
Appendix F2: Used parameter set for simulations in F1 102 
Appendix G1: Predicted behavior of a typical gain-guided laser diode 103 
Appendix G2: Used parameter set for simulations in G1 104 
Appendix H1: Measured U-curves at different temperatures for sample 

MOV4514 (gain-guided laser) 105 
Appendix H2: Measured (dLJdl)-curves at different temperatures for sample 

MOV4514 (gain-guided laser) 106 
Appendix H3: Measured fl-curves at different temperatures for sample 

MOV4514 (gain-guided laser) 107 
Appendix H4: Measured Lf-curves and Ef-curves at different temperatures 

for sample MOV4514 (gain-guided laser) 108 
Appendix 11: Predicted behavior of a typical index-guided laser diode 109 
Appendix 12: Used parameter set for simulations in 11 110 



1 

1. Introduction 

There are several types of optical recording systems. We would like to mention CD-ROM, 
Recordable CD and Erasable CD. An important similarity between these systems is that they 
all use 780 nm laser diodes. A more recent family of optical recording is the Digital Versatile 
Disc system (DVD). In these systems we make use of 650 nm laser diodes. This wavelength 
lies within the visible spectrum of humans. The most important reason to use shorter 
wavelengths is that we may detect smaller objects. In this way we are able to increase the 
information density on the optical discs. In DVD-applications this higher capacity is used to 
store both video as well as sound on a single disc. 

1.1 Optical Recording 
There are a lot of properties that distinguish the semiconductor lasers from the other types of 
lasers which make these lasers very attractive for optical recording systems. 
1) its small physical size (=0.3x0.3xO.1 mm3

) which enhances its usefulness in lots of 
instruments; 
2) its low driving voltage of a few volts, which is very important for implementation in 
consumer products like CD-players; 
3) its ability to modulate the optical output power by direct modulation of the external 
current; 
4) the possibility of integrating it monolithically with electronic and other optical components 
to form optoelectronic integrated circuits (OEIC's); 
5) its semiconductor-based manufacturing technology, which lends itself to mass production; 
6) the possibility of tailoring the wavelength and output beam. 

We may fix the lasing wavelength by choosing from various ill-V and ll-VI compounds as 
semiconductor laser material. Each compound has its own bandgap energy and thus its own 
wavelength range. The ability of ill-V and ll-VI compounds to form solid solutions opened 
the possibility to vary the composition in order to obtain the desired variations in bandgap and 
in refractive index, while maintaining lattice matching to the substrate. Since the photon 
energy E is approximately equal to the bandgap energy, the lasing wavelength A can be 
calculated using the relation Eg = hc/A" where h is the Planck constant, and c is the speed of 
light in vacuum. If Eg is expressed in eV, the lasing wavelength in nm is given by A = 
1238.9IEg• 

In our study we use visible light lasers with a wavelength of 650 nm. This corresponds with a 
bandgap energy of about 1.906 eV. To obtain a certain wavelength we could use the ternary 
compound GaxInl-xP from which the bandgap energy lies somewhere between 1.3 eV and 2.2 
eV depending on the parameter x. Furthermore the lattice parameter varies from about 5.4A 
and 5.8A. In order to obtain lattice matching with a GaAs substrate, the Gallium content x 
should be 0.51. However thin layer of In GaP with a slightly different Al content can be 
grown. The thin layer is compressively strained when x<0.51 and tensile strained otherwise. 
The strain will alter the material properties of the ternary compound drastically. This will be 
discussed later in this report. 
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In an optical recording system the laser beam is focused by a lenslbeamsplitter system into a 
small spot on a disk's surface. The light reflects on the discs surface and can detected by a 
photo diode which turns the optical signal into an electrical signal. Thus modulation of the 
beam intensity which hits the photodiode delivers modulation of the electrical signal. In this 
way we may store (digital) data on an optical disc by changing the reflectivity of the surface. 
However, due to the systems reversibility the laser beam will be partly coupled in the laser 
cavity, which is called optical feedback. As a result the reflected beam can greatly influence 
the laser operation and causes an increase of the noise in the optical power, depending on the 
magnitude of feedback but also on its phase. The amount of induced noise varies greatly from 
laser to laser. It depends on the coherence length, the facet reflectivity and many other factors. 
However, if the power of the reflected beam that couples back into laser, stays well below one 
percent, these effects may be neglected. 

-!+- rear-facet (1 ) 
sense diode 

RF oscillator 'If----. -laser beam at back mirror 

data signal 

laser beam ----

forward -1 
sense T 
diode(2) 

Two methods for reducing 
laser noise: 

1) monitoring laser output 
with rear-facet sense diode 

2) monitoring laser output 
with forward-sense diode 

splitter 

disc 

Figure 1.1: Two methods for reducing laser noise in an optical disc system are shown here [Marchant, ref. 1.1] 
The first methods is to monitor the laser output power by a rear-facet sense diode (1) and adjust the drive current 
to hold the output power constant. However this method is not very accurate because the light level in the 
external cavity need not be proportional to the rear-facet output. A better way to measure the optical power is to 
use a forward sense diode (2) positioned to sample a part of the beam reflected by the beam splitter. 

In figure 1.1 we can see a schematic display of an optical recording system containing a laser 
diode, a lens system containing a beamsplitter, an optical disc and two sense diodes. This 
figure illustrates two ways of reducing laser noise. In other words these methods do not 
tackle the optical feedback itself. 
The first methods is to monitor the laser output power by a rear-facet sense diode and adjust 
the drive current to keep the output power constant. However this method is not very accurate 
because the light level in the external cavity need not be proportional to the rear-facet output. 
A better way to measure the optical power is to use a forward sense diode positioned to 
sample a part of the beam reflected by the beam splitter. This is the second method illustrated 
in figure L 1. 
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Another method for reducing laser feedback is RF-modulation. This method implies that the 
laser is driven by a very-high-frequency signal. The frequency must be high because then the 
original data can be easily obtained by filtering. The original concept behind RF-modulation 
was that coherent feedback could not occur if each pulse is shorter than its optical delay 
(2·Vc). In this formula L stands for the length of the minimum optical path outside the laser. 
Taking this along a modulation frequency higher that 1 GHz would have been required. 
However experiments have shown that a much lower frequency (100 MHz) already reduces 
the effects of optical feedback with a significant factor [Marchant, ref. 1.1]. The reason for 
this lies in the fact that it takes a certain time for a laser to establish a true steady state, single 
mode operation. 
RF-modulation in optical recording systems requires additional electronics, which result in 
extra costs and thus a higher price of the optical recording system. Because of this matter 
much research is aimed at developing laser diodes which need not be modulated by an 
external current but which modulate themselves, self-pulsating laser diodes. This type of 
laser, which should have also very low noise level of course, would considerable simplify the 
optical recording system. Providing that the extra fabrication costs of self-pulsating lasers are 
low, the optical system will be cheaper. 
Finally we would like to note that self-sustained pulsations are only desirable in the read
mode of a optical recording systems. In the high-power write-mode the lasers are still 
externally modulated. Thus no pulsations at high power output are necessary. 

1.2 Pulsed laser emission 
We will discuss briefly two existing methods of achieving pulsed laser emission.! 
1) Gain switching 
This technique is known as fast gain switching and can be explained in the time-domain as 
follows: By pumping the laser above threshold laser light starts to build up. Since we do not 
employ any external cavity, the round-trip time of light traveling inside the laser is the diode 
cavity round-trip time, which is given by Td = 2·ld·nlco where ld is the length of the laser diode 
and n is the refractive index of the semiconductor material. For a GaAs laser, typical values 
are ld = 400 J.1m and n = 3.6, and we find Td"'" 10 psec. Therefore, the build-up can be very 
fast, even in the tens of picosecond range. If the pumping level remains high, relaxation 
oscillations in the form of a damped sinusoid may occur. However, if the pumping is kept 
short, the threshold is overcome momentarily and the output is juSt a single pulse which is 
essentially the first peak of the relaxation oscillation. Each light pulse generated corresponds 
to one of the electrical excitation pulses. Thus the repetition frequency of the pulses is equal 
to that of the excitation frequency. The duration of the output pulse depends on the magnitude 
and to a certain extend on the duration of the electrical driving pulse and to the cavity length. 
To achieve short pulses we must excitate with high amplitude driving pulses with a short 
duration on low threshold lasers with a short cavity length. 

2) Q-switching 
The term Q-switching denotes a switching of the quality factor of the laser cavity. When an 
increase of optical power causes a decrease in optical loss (or an increase in optical gain) 
within the laser, the round-trip gain may become larger than unity. This yield an exponential 
increase in optical power, which forms the rising edge of an optical pulse. However an 
increase in optical power implies an increase in carrier consumption in the active layer, 

I For the interested reader in pulsed laser emission we advice references 1.2, 1.3 and 1.4. 
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resulting in an decreasing optical gain. The optical power decreases when the gain becomes 
smaller then unity. When the optical pulse has shut off some time is needed to reestablish the 
carrier density so that the next optical pulse can be generated. The repetition frequency of this 
kind of pulsations lies between several hundreds of megahertz and several gigahertz in the 
case of semiconductor diode lasers. 

1.3 The objectives of the study 
A lot of research has been done in the field of instability in laser emission. The beginning of 
this period has been set in 1964, when Lasher proposed a new type of laser with bistable 
properties, a multisection laser-diode, which is an inhomogenously pumped laser diode [ref. 
1.5]. At least one part of the laser acts as light-emitting region and the other partes) as 
absorbing region. This knowledge has been greatly extended by several authors [Basov, refs. 
1.6 and 1.7; Lee, ref. 1.8; Paoli, ref. 1.9 and 1.11; Dixon, ref. 1.10; Dutta, ref. 1.12]. 
Later on the idea of a narrow-ridge self-pulsating laser has been introduced [Yamada, ref. 
1.13]. In these laser structures the outer flanks (outside the ridge-region) of the lateral optical 
mode act as saturable absorber regions, since these regions are not pumped by the external 
current. Other authors proposed the idea of using a single layer in the cladding as a saturable 
absorber layer [Hoskens, refs. 1.14 and 1.15; de Nooij, ref. 1.16]. The proposed laser 
structure was a mixing between of Q-switching and gain-switching, because both the gain and 
loss are modulated during operation. The idea of a laser diode containing a transversal 
saturable absorber layer has since then been studied by other authors too [refs. 1.17-1.21]. 
This type of laser is very attractive since the process consists of just one extra growth step and 
is therefore reproducible and relatively cheap. 
The device Hoskens presented was a 780 nm-band-AIGaAs/GaAs laser diode, which is 
suitable for optical recording systems. However laser diodes emitting in the visible red 
spectrum are even more attractive, because with shorter photon wavelengths higher disc 
capacities can be realized. This type of laser is of enormous importance, especially in DVD
applications. 
It lies in the objective of this study to extend our knowledge to 650 nm-band self-pulsating 
laser diodes with a transversal saturable absorber layer. These lasers are based on 
AIGaInP/GaInP material. Earlier results were all on based ridge lasers, which exhibit gain
guiding of the optical modes. Our first objective is to obtain pulsations in 650 nm-band ridge 
lasers. A disadvantage of gain-guided stripe lasers is the width of the farfield. Since these 
structures have no lateral mode confinement the horizontal farfield cannot be designed. In 
order to design the farfield, Selective Buried Ridge lasers are a good choice. The main goal of 
this project is to obtain pulsating SBR-Iasers. In the next chapter both laser types will be 
discussed together with their laser characteristics. 
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2. Semiconductor laser diodes 

In this chapter we will discuss the laser physics which is necessary to understand the theory in 
this report!. In section 2.1 we will deal with the most important optical processes in normal 
laser diodes. In section 2.2 the Q-switching process in self-pulsating laser diodes with a 
transversal saturable absorber layer will be presented. 

2.1 Fabry-Perot lasers 

2.1.1 The optical processes in a laser diode 

In a pn-junction there exist electrons in the conduction band and holes in the valence band. 
These carriers may have been created by stimulated absorption of a photon or by diffusion 
from elsewhere (electrical pumping of the junction). An electron-hole pair may recombine in 
several ways. We can divide the recombination processes roughly into two groups: 
spontaneous recombination and stimulated recombination. Spontaneous recombination 
implies a random uncorrelated process where an electron drops from the conduction band to 
the valence band. If dopant atoms are present transitions between acceptor and donor levels 
are also possible. Spontaneous recombination can be divided into three groups: 
1) Non-radiative recombination 
In this process an incident electron first makes a transition to an energy level inside the 
bandgap, called a trap. Subsequently a transition to the valence band may occur. During both 
transitions the released energy will be transferred to the lattice in the form of heat. Since only 
one particle is involved this process behaves like an 1st-order process. In other words the 
non-radiative recombination rate is linearly dependent from the carrier density. This has been 
illustrated in the following equation: 

( !~ ) non radiative recombinatIOn = A . n (2-1 ) 

2) Radiative recombination 
A direct electron-hole recombination produces a photon. However, just a small part of the 
created photons will be sent in such a direction that it can be confined into the optical mode. 
Radiative recombination is a second-order process because two particles are involved. At 
high carrier densities it will dominate the non-radiative recombination. In equation (2-2) we 
show the recombination rate as a function of carrier density. Please note that in intrinsic 
material we may write n·p = n2

• 

( dn) =B.n.p=B.n2 (2-2) 
d t radiative _recombination 

3) Auger recombination 
The third process is Auger recombination. However we do not have to take this into account 
in semiconductors with a high bandgap energy. 

If there is an incident photon at a time when an electron is in the conduction band, the 
incident photon interacts with the electron, causing the electron to make a transition to an 
empty state in the valence band. The downward transition produces a photon. Since this 
process was initiated by the incident photon, the process is called stimulated emission. Note 
that this stimulated emission process has produced two photons; thus, we can have optical 

I For the interested reader who wants to know more we advise [Siegman, ref. 2.1]. 
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gain or amplification. The two emitted photons are in phase so that the spectral output will be 
coherent. 

In thermal equilibrium, the electron distribution in a semiconductor is determined by the 
Fermi-Dirac statistics. However in order to illustrate the optical process in a laser we will use 
the Boltzmann approximation, which is a limiting case of the Fermi-Dirac distribution: 

[
-(Ez - E1)] 

=exp 
Nl kT 

(2-3) 

where NJ and N2 are the electron concentrations in the energy levels Ej and E2 respectively, 
and where E2 > Ej. In thermal equilibrium, N2 < N j. The probability of an induced absorption 
event is exactly the same as that of an induced emission event. The number of photons 
absorbed is proportional to NJ and the number of additional photons emitted is proportional to 
N2. In order to achieve optical amplification for lasing action to occur, we must have N2 > Nj. 
This is called population inversion. We cannot achieve lasing action at thermal equilibrium. 
Figure 2.1 shows the two energy level with a light wave at an intensity Iv propagating in the z
direction. 

N2 
--------~-----~ 

lv-

---------------E1 
Nt _z 

Figure 2.1: Light propagating in z-direction through a material with two energy levels [Neaman, ref. 2.2] 

The change in intensity as a function of z can be written as: 
dIy # photons_emitted # photons_absorbed 
- oc --=-----::----
dz cm3 cm3 

dIy h :::::> - = NzW;· v - NIW; . hv dz I , 

(2-4) 

where lti is the induced transition probability. It is assumed that there are no loss mechanisms 
and neglects the spontaneous transitions. We can rewrite equation (2-4)as follows: 
dI 
-y = g(v)Iy (2-5) 
dz 

where g(v)oc(N2 -N1)is the amplification factor. Solving equation (2-5) delivers us the 

following relation for the intensity: 
Iy = Iy (O)eIl(Y)z (2-6) 

Amplification occurs when g(v) > 0 and absorption occurs when g(v) < O. Thus we achieve 

optical gain if N2 > NJI This called population inversion. We can achieve population 
inversion by optical pumping or electrical pumping. In the case of semiconductor laser diodes 
the most common way is electrical pumping. 

2.1.2 Optical cavity 

Population inversion is one requirement for lasing to occur. However we would also like to 
have a high number of photons. This can be achieved by using an optical cavity. The cavity 
will cause a buildup of the optical intensity. A resonant cavity consisting of two parallel 
mirrors is known as a Fabry-Perot resonator. A resonant cavity can be fabricated, for 
example, by cleaving a gallium arsenide crystal along the (110) planes. The optical wave 
propagates through the junction in the z-direction, bouncing back and forth between the end 
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mirrors. The mirrors are actually only partially reflecting so that a portion of the optical wave 
will be transmitted out of the junction. For resonance, the length of the cavity L must be an 
integral number of half wavelengths: 

N(~) = nreJ . L (2-7) 

where N is an integer and nref the refractive index. Since A is small and L is relatively large, 
there can be many resonant modes in the cavity. Figure 2.2a shows the resonant modes as a 
function of wavelength. When a forward-bias current is applied to the pn Junction, 
spontaneous emission will initially occur. The spontaneous emission spectrum is relatively 
broad (about 10 nm) and is superimposed on the possible lasing modes as shown in figure 
2.2b. In order for lasing to be initiated, the spontaneous emission gain must be larger than the 
optical losses. Lasing can occur at several specific wavelengths as indicated in figure 2.2c. 
The spectrum in figure 2.2c is also called the longitudinal mode spectrum (LM-spectrum). A 
semiconductor laser typically shows a broad longitudinal mode spectrum below threshold, but 
above threshold where stimulated emission dominates, single dominant mode can be 
observed. 

Longitudinal modes 

ttttttttttt. 
-oo1K 1_ Wavelength 

2L 
(a) 

(b) 

(c) 

Figure 2.2: Schematic diagram showing (a) resonant modes of a cavity with length L, (b) spontaneous emission 
curve, and (c) actual emission of modes of a laser diode [Neaman, ref. 2.2]. Above threshold a single dominant 
mode can be observed. 

2.1.3 Threshold current 

The optical intensity in the device can be written from equation (2-6) as Iv oc eg(v)z where 

g(v) is the amplification factor. We have two basic loss mechanisms. The first is the loss due 
to photon scattering and photon absorption. We can write: 

I -a(v)z 
voce (2-8) 

where a(v) is the absorption coefficient. The second loss mechanism is due to partial 
transmission of the photons through the end mirrors. 
Now we can define the threshold as the point where the optical loss of one round trip through 
the cavity is just compensated by the optical gain. In literature [Schemmann, ref. 2.3] the 
threshold condition is then expressed as: 

RJr -Roo .exp[(2gr(v)-2a(v»)L] (2-9) 
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where Rfr and Rba are the reflectivity coefficients of the two end mirrors and a(v) stands for 
the total mode loss (internal loss and mirror loss). For the case when the optical mirrors are 
cleaved (110) surfaces of gallium arsenide, the reflectivity coefficients are 0.32 for uncoated 
facets. The optical gain at threshold, g,(v), can be derived from equation (2-9) [Schemmann, 
ref. 2.3]: 

g/(v)=a+_
1 In( 1 J (2-10) 

2L RtrRba 

The optical gain is a function of the pn junction current, given by the following formula: 

(2-11) 

where Jo is the transparency current density and ~ the gain per unit current density. 

Now, we can define a threshold current density as: 

Jthr = ~[a +_1 In( 1 J]+ Jo 
~ 2L RtrRba 

(2-12) 

where ~ can be determined experimentally of theoretically. It can be seen in equation (2-12) 
that the threshold current can be decreased by decreasing the mirror losses. This can be 
achieved by increasing the cavity length L or by increasing the facet reflectivities Roo en Rfr. 
Please note that equation (2-12) only holds for bulk active layer lasers. In that case a linear 
gain approximation will be sufficient. 

2.1.4 Light intensity versus current curve 
A typical optical output power versus diode current characteristic is shown in figure 2.3. The 
threshold current is defined to be the current value at the kink. Below threshold spontaneous 
emission dominates because no population inversion is achieved. Above threshold population 
inversion has been achieved and stimulated emission dominates. 

o 

Figure 2.3: Schematic output power versus laser diode current curve at various temperatures. The threshold 
current ith is defined to be the current value at the kink. Below threshold spontaneous emission dominates 
whereas above threshold stimulated emission dominates. 
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2.1.5 The layer structure 
In the next figure a schematic view of a stripe-geometry double-heterojunction laser is shown. 

~ back mirror 

y 

x 

Substrate z 

Figure 2.4: Schematic drawing of a stripe-geometry DH-laser diode. The oxide confines the current in the 
lateral direction. However stripe geometry lasers tend to have some current spreading effects below the stripe. 
As a result the optical volume is somewhat larger than the stripe width W. Stripe geometry lasers show gain
guiding of the lateral mode. 

The oxide confines the current in the lateral direction. However stripe geometry lasers tend to 
have some current spreading effects below the stripe. As a result the optical volume is 
somewhat larger than the stripe width W. Stripe geometry lasers show gain-guiding of the 
lateral mode. However for optical recording better lateral mode confinement is desirable in 
order to decrease the astigmatism of the laser beam. 
This can be achieved by introducing for example a Selective Buried Ridge laser diode. Two 
current blocking layers very close to the active layer can be observed. The refractive index of 
the current blocking layers differ slightly from the refractive index in the cladding. This 
difference in refractive index causes the laser the be index-guiding. Stronger lateral mode 
confinement can be obtained with this kind of structure. 
Apart from that the CB-Iayers act as current confinement layer. Since the distance between 
the current blocking layer and the active layer is typically 300 nm the current spreading is 
much less. As a result higher current densities and thus lower threshold currents can be 
obtained. 
In the following figure a schematic drawing of a Selective buried Ridge laser diode is shown: 
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Figure 2.5: Schematic drawing of a SBR-laser diode. Two current blocking layers very close to the active layer 
can be observed. The refractive index of the current blocking layers differ slightly from the refractive index in 
the cladding. This difference in refractive index causes the laser the be index-guiding. Stronger lateral mode 
confinement can be obtained with this kind of structure. Above that the CB-layers act as current confinement 
layer. Since the distance between the current blocking layer and the active layer is typical 300 nm the current 
spreading is much less. As a result higher current densities and thus lower threshold currents can be obtained. 

2.2 Self-pulsating lasers 

In chapter 1 we mentioned that the main objective of the study is to realize self-pulsating laser 
diodes with a transversal saturable absorber. In this section this idea will be further discussed. 

2.2.1 The transversal saturable absorber layer 
Hoskens [ref. 2.4/2.5] proposed a laser diode with a transversal saturable absorber layer. 
Experimental results showed that a saturable absorber in the p-cladding was the most 
practical. In p-type material electrons are the minority carriers. In figures 2.6 and 2.7 
schematic drawings of both stripe- and buried ridge lasers with a saturable absorber layer in 
the p-cladding have been given. 
Where Hoskens realized pulsations in 780nm-band AIGaAs-GaAs laser diodes we will use 
AIGaInP-InGaP based material. In Hoskens' structures bulk type layers were used as active 
and absorber volumes whereas we will use quantum wells in both the active as well as the 
absorber layer. The main reason for using quantum wells is the smaller optical gain of InGaP 
material compared to GaAs. Using thin quantum wells will greatly increase the optical gain. 
However the optical mode confinement will decrease simultaneously. 
Hoskens used the following design parameters in his laser structures: 
1) absorber layer thickness 
2) distance between absorber layer and active layer (spacer layer thickness) 
When using quantum wells we have an extra design parameter: strain. Practically this means 
that it is possible to grow thin QW -layers with a different lattice constant on a specific 
material. Variation of the strain results in variation of the bandgap-energy of the quantum 
well. As we will see later in this report the strain of the QW's will be used to match the 
absorber layer bandgap to the lasing wavelength. 
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Figure 2.6: Schematic drawing of a stripe-geometry DH-Iaser diode with a transversal saturable absorber layer 
in the p-cladding. The design parameters are: the spacer layer thickness, the absorber layer thickness and the 
absorber layer strain. 
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Figure 2.7: Schematic drawing of a SBR-Iaser diode with a transversal saturable absorber layer in the p
cladding. The design parameters are: the spacer layer thickness, the absorber layer thickness and the absorber 
layer strain. 

2.2.2 The Q-switching process 

We shall discuss the Q-switching process in the self-pulsating laser diodes on the basis of the 
following figure. We solved the rate equations (which will be derived in chapter 3) for a 
certain set of parameters. Figure 2.8 is a zoom view of the solution. 
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Figure 2.8: The Q-switching process illustrated by a time-solved solution of the rate equations, which will be 
derived in chapter 3. The constant injection current increases the carrier concentration in the active layer, noct. 

Due to the added absorption of the transversal absorber layer nact will increase to a higher concentration at 
threshold compared to the case without an absorber. Below the threshold condition the cavity has a low Q-value. 
After reaching the point where gain equals loss the cavity will switch to a high Q-value and number of photons s 
starts to build up. Part of these photons will be absorbed in the absorber layer decreasing its absorption. As a 
result the photons experience a high net gain and the optical pulse is generated. During the light pulse active 
layer carriers are being used resulting in a decreasing gain. At a certain point gain decreases below loss and the 
cavity switches to a low Q-value. The optical pulse ends and the absorber will regain its absorbing strength due 
to spontaneous recombination of the captured carriers. Now the process starts all over again. 

The constant injection current increases the carrier concentration in the active layer, nact. Due 
to the added absorption of the transversal absorber nact will increase to a higher concentration 
at threshold compared to the case without an absorber. Below the threshold condition the 
cavity has a low Q-value. 
After reaching the point where gain equals loss the cavity will switch to a high Q-value and 
photons s starts to build up. A part of these photons will be absorbed in the absorber layer 
decreasing its absorbing strength. As a result the photons experience a high net gain and the 
optical pulse is generated. 
During the light pulse active layer carriers are being used resulting in a decreasing gain. At a 
certain point gain decreases below loss and the cavity switches to a low Q-value. The optical 
pulse ends and the absorber will regain its absorbing strength due to spontaneous 
recombination of the captured carriers. Now the process starts all over again. 
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2.2.3 Threshold current 

The threshold current of the self-pulsating lasers will be higher due to the added absorbing 
strength of the absorber layer. Equation (2-10) can be extended quite easily to the case of an 
added absorbing strength: 

gr(v)=a+-
1 

In( 1 J+aabunil (2-13) 
2L RfrRbu 

where aabs init stands for the initial absorbing strength of the absorber layer. 

However equation (2-13) assumes that there are no photons coupled in the optical mode 
below threshold. Otherwise these photons would be absorbed in the absorber layer decreasing 
its absorbing strength. As a result the gain at threshold will be slightly lower than proposed in 
(2-13). In our case the coupling factor of spontaneous recombination into the optical mode is 
in the order of 10-5 which legalizes equation (2-13). 

For bulk type semiconductor lasers equation (2-13) can be extended to the case of an added 
absorption by the absorber layer: 

11kr = ![a + _1 In( 1 J + a ubs_inil] + 10 (2-14) 
~ 2L RfrRba 

where ~ is the gain per unit current density and 10 is the transparency current density. 

2.2.4 Self-pulsating laser characteristics 

The absorber layer has a great influence on the optical output power versus injection current 
curve (LI-curve). With light output power we mean the average output power because this 
quantity is strongly fluctuating. The optical pulses have durations in the order of 50-500 ps 
and peak intensities of 5 - 100 mW. In the output power versus injection current curve the 
kink will exist at a higher current value because of the added absorption. 
Furthermore at high current densities (high pulsation frequencies) the absorber gets not 
enough time to reinitialize itself for the next optical pulse. The absorber will stay bleached. 
Therefore, away from the point where self-sustained pulsations stop the light output must 
follow the light output curve as if there were no absorber (linear region). In the figures 2.9 
and 2.10 we can see a typical LI-curve and a (dUdI)-curve of a self-pulsating laser diode with 
a transversal saturable absorber layer. Please note the spike in· the (dUdI)-curve which 
corresponds to the so-called foot in the LI-curve. 
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Figure 2.9: A light output versus diode current curve of a self-pulsating laser diode. We can observe a typical 
foot at threshold which is characteristic for lasers with a saturable absorber layer. 

2.5 I- -

2.0 I- -

-« 
~ 1.5 I- --
"C -... 
....J 
"C 

1.0 I- -

0.5 -

20 40 60 80 100 120 

I (rnA) 

Figure 2.10: The derivative of the light output versus diode current curve of a self-pulsating laser diode. We can 
observe an enormous spike in the curve which corresponds to the "so-called" foot in the LI-curve. 
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3. Modeling of selfpulsating lasers 

In order to understand the physics and dynamics of self-pulsating laser diodes we will 
develop a single-mode model in this chapter. This model consists of three coupled differential 
equations which are called the rate equations. In an ordinary laser structure two rate 
equations are sufficient for describing the lasing process. The rate equations which are to be 
developed in this chapter describe the behavior of a laser structure with a transversal 
saturable absorber layer. 

3.1 The derivation of the single-mode rate equations 
First of all we have to consider which volumes participate in the lasing operation. We will 
only take into account the transverse direction. The other direction will be taken into account 
in a phenomenological way. Now we can represent our problem as shown in figure 3.1. 
We define the optical volume Vopt as the volume where the optical mode exists. The volume 
outside the optical volume is denoted as V"" which means the universe. In this volume there is 
no gain g or absorption and thus no photons S exist. Furthermore we can distinguish two 
active areas, V aet and Vabs, within this optical volume. In the active V aet and the absorbing 
region Vabs the gain gac/gabs differs from zero because of an interaction between the carriers 
and the photons. 
For a good understanding of the physical details of the self-pulsations, the rate equations will 
be derived first in terms of numbers (of photons and electron-hole pairs). Hereafter we will 
derive the rate equations in terms of densities. 

v"", 
g=O 
S=O 

Figure 3.1: Schematical display of different laser-parts. We define the optical volume Vopl as the volume where 
the optical mode exists. The volume outside the optical volume is denoted as VM which means the universe. In 
this volume there is no gain or absorption and thus no photons exist. Furthermore we can distinguish two active 
areas, Vael and V abs, within this optical volume. In the active Vael and the absorbing region Vab.! the gain gae/gabs 

differs from zero because of an interaction between the carriers and the photons. 
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3.1.1 Rate equations in terms of numbers 

The total number of photons S is can be defined as follows: 

S = Iff s(f) ·df == (s). Vorl <=> (s) = ~ 
V~ Vorl 

(3-1a) 

where <s> is the average photon density in the optical volume. 

. 
In the same we can define the total numbers of carriers in the active layer and absorber layer: 

Nact = ffInact(f)·dr==(nac,),Vac, <=>(nact)= Nact (3-1b) 
Va(f Vael 

Nabs = ffInabs(f).df==(nabs),Vabs <=>(nabs)= ~ab" 
Val>, abs 

(3-1c) 

The parameters between brackets <nact> and <nabs> are average values over the volumes 
Vactand Vabs respectively. 

We will now develop the rate equations for the active region and the absorber region. 

In the active region three mechanisms are taken into account in the calculations: 
-the injection current 
-the spontaneous recombination 
-the stimulated emission 
Diffusion is not taken into account. However, it can be included in a phenomenological way 
by decreasing the carrier lifetime. 
In the absorber region we do not take into account the injection current thus only the 
recombination parameters are taken along. This simplification implies that we neglect carrier 
capture due to leakage current. 

Now the local particle equation for the active region looks as follows: 

dNact =!.....-R _(dS) 
d spon,act d 

t q t stimulated ,act 

(3-2a) 

where Ilq stands increase of carriers due to the injection current, Rspon,act stands for the carrier 
loss due to spontaneous recombination, and the latter term for the carrier loss due to 
stimulated emission. 

For the absorber region we can write a similar expression: 

dNabs _ R (dS) --- - spon,abs - -
d t d t stimulated ,abs 

(3-2b) 

Next we derive an expression for (dSldt)stimulated for the active region as well as the absorbing 
region. This can be achieved by taking the local stimulated emission equation and integrating 
both sides over the universe. This results in an expression for the number of photons. The 
equation for local stimulated emission is given by: 

(dS(r)) c (_) (_) -- =-·gr·sr 
d t stimulated n gr 

(3-3) 



20 

After integration of both sides over V.., we obtain: 

HI(dS(r»). dr = IH ~. g(r)· s(r)· ar 
v_ d t v_ ngr 

(3-4) 

Further we assume there exists a uniform gain inside the active and the absorbing regions, 
and a zero gain outside these regions. Using definition (3-1a) we obtain: 

VOPI . dd(St) = ~. gael' IH s(r) . dr + ~. gabs' HI s(r)· ar (3-5) 
ngr Vacr ngr Vabs 

For the integrals on the right side of eq.(3-5) we introduce the following definitions: 

HI s(n· dr == Vael . (s). P ael (3-6a) 

(3-6b) 

where pact en pabs are weighting factors. 

Using equations.(3-1a), (3-6a) and (3-6b) equation (3-5) can be written into: 

(
d(S») c Vael () C Vabs () -- =_. gaet' Pact 'y' S +-'gabs' Pabs 'y' S 
d t slimulated ,total n gr Opl n gr Opl 

(3-7) 

Now we can define the confinement factors as follows: 

r v"ct r v"Pt 
ael = P ael -V ¢:;> Pact = aet'-

V opt act 
(3-8a) 

r v"br r VoPt 
abs = Pabs'V ¢:;> Pubs = abs' y 

opt abs 
(3-8b) 

Substituting eqs. (3-8a) and (3-8b) into (3-7) and multiplying both sides by Vopt we obtain: 

( dS) C C (dS) (dS) - =-'g ·r ·S+-·g ·r ·S= - + - (3-9) act act abs abs 
d t slimulated ,Iotul n gr n gr d t stimulated ,act d t stimulaled ,abs 

Finally we can use the right side of eq. (3-9) to finish our rate equations for the carriers in the 
active and absorbing regions: 

dNact I C r S 
-d t = - - Rspoll,act - . gaet' aCI' 

q ngr 

dNubs C r 
-dt = -Rspon,abs +-·(lab.f· abs' S 

ngr 

where (l abs = - gabs implying that absorption equals negative gain. 

(3-lOa) 

(3-lOb) 

In fact the derivation is not yet finished since the rate equation for the photons is still missing. 
Before doing this it must be kept in mind which processes in the laser are taken into account. 
Another important issue is that only photons in the lasing mode are of interest. The dynamics 
of the photon population can be divided in four parts: 
1) Photons are created by stimulated emission in the active region 
2) Photons are lost by stimulated absorption in the absorbing region 
3) Photons are lost by mirror losses and internal losses, this introduces an average photon 
lifetime. 
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4) Photons are created by spontaneous emission which is coupled into the lasing mode. This 
is just a small part of the total photons created by spontaneous emission!! However, it cannot 
be neglected because this term is needed for starting the lasing operation. 

The above can be written in a formula as follows: 

( !~ L""",,", = ( ! a,~",. +( ! ~ L_~ + ( !~ t= + ( !~ )",".,-,,-,,", (3-11) 

The first two parts of the right side of eq. (3-11) are easily obtained since these are the same 
as in the rate equations (3-lOa) and (3-lOb) except for a minus sign. This is true since 
creating a photon means losing a electron-hole pair. The last term is obtained using the 
radiative parts of the recombination terms in eqs. (3-lOa) and (3-lOb) multiplied by a 
coupling factor p. Since photons are created by spontaneous emission this term is positive. 

The third term of eq. (3-11) must contain the photon losses due to internal absorption (in the 
cladding layers and in the unpumped regions in the tails of the optical mode) and mirror 
losses. Now an average photon lifetime, 'tph can be introduced. This parameter characterizes 
the exponential decay rate of the number of photons and is given by: 

_1_ = _c_[a. + _1 In_l_] 
't ph ngr lOt 2L RfrRba 

(3-12) 

where Rjr and Rba are the facet reflectivities of the laser diode and L is the cavity length 
(distance between the facets). 

Now the rate equation for the number of photons is given by: 

ddSt ={~[racl.gacl-r(lbS .aabs]-_1 }S+P[Rspon.acl + Rspon.abs] 
nv 't p 

(3-13) 

3.1.2 Rate equations in terms of densities 

Translating the rate equations (3-lOa), (3-lOb) and (3-13) to densities instead of numbers 
requires some caution. It should be kept in mind that the densities over the different volumes, 
Vaet, Vabs and (VoprVaerVabs) are assumed to be uniform. Using definitions (3-1a), (3-1b) and 
(3-1c) we deduce the following set of rate equations from eqs. (3-lOa) and (3-lOb) (note: 
RSPon.(i/ = (Rspon.m / V(i)) with (i) = act, abs ): 

d(n act ) _ I -R' __ c. g .r ._Vo_pt .• (s) 
d t V """,.0<1 act aet V q. m ~ m 

d(nabs) = -R' +~.a . r . VoPt .(s) 
d t tpoII.abs abs abs V 

ngr abs 
This can be rewritten using eqs. (3-8a) and (3-8b): 

d(nacl ) = I _ R* 
dt :qX)fI.,iJ.('1 

c 
-. gael' Pact' (s) 
ngr 

d(nabs) • c ( ) 
--'-d-t~ = - R l/P01'.abs + - . a abs . P abs . S 

ngr 

(3-14a) 

(3-14b) 

(3-1Sa) 

(3-1Sb) 
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Now pabJ can be expressed in terms of Pact: 

rabs Vaet 
Pabs =y'r' Pact 

abs act 

(3-16) 

Looking at eqs. (3-6a) and (3-6b) it is easy to perceive that the following is true: 

P 
= (sac,) 

act (s) , (3-17a) 

P 
= (Sab.) 

abs (s) (3-17b) 

Since we do not know the optical volume we can set the value of pact to unity, This implicates 
that we fix the optical volume in such way that the average photon density over the optical 
volume is equal to the average photon density in the active region. This has been illustrated 
schematically in figure 3.2, 

1 
photon 
density <5> 

n-c1adding 

Optical ,:olume 

volume 

<Sacl> == <s> !!!! 

p-c1adding 

<Sabs>=P abs <s> 

o<pabs<1 

y (lateral direction) • 

Figure 3.2: Schematic illustration of photon densities in a self-pulsating laser, We have defined the average 
photon density <sop'> in the optical volume as the total photon number divided by the optical volume, Since we 
do not know the optical volume we can set the value of Pact to unity. This implicates that we fix the optical 
volume in such way that the average photon density over the optical volume is equal to the average photon 
density <Sact> in the active region, From the equation (3-16) it follows that in that case Pabs is smaller than unity. 

Using the expressions for pact en pabs the rate equations (3-1Sa) en (3-1Sb) become: 
d(nact ) _ I 

dt 
-R* -~'g ·{s} V SPOll,act act q' act ngr 

(3-1Sa) 

(3-1Sb) 
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The rate equation for photons (3-11) in terms of densities will now be derived. The first three 
terms have already been derived in section 3.1.1 (see equation (3-7). We must be cautious 
with the last term of equation (3-11). because the optical volume is not equal to the absorber 
layer volume and the active layer volume. We will illustrate this matter for the last 
expression. concerning the spontaneous emission in the mode. 

Using definition (3-1a) and the right side of equation (3-13) it is easily shown that: 

(
d(S)J =_1 .(dS) =_1 (R +R )= Rspon,act + REPon,abE 

d V d V spon,act spon,abs V V 
t spon opt t span opt opt opt 

(3-19) 

Equation (3-19) can be rewritten in the form: 

(
dd(St)J = Vacl • Rspon,act + Vabs • Rspon,abs = Vact • R* Vabs R* 

V V V V V spon,act + -. spon,abs 
act opt abs opt opt Vopt spon 

(3-20a) 

(
d(S)J = lact 'R* + labs. R' 

==> dt spon Pact spon,act P abs spon,abs 
(3-20b) 

Since pact has been set to unity and knowing the relation between Pact and Pabs (eq. 3-16) the 
following expression is obtained: 

=> (dd( St) Jspon - * V
abS 

* - laci • Rspon,act + V· lact . Rspon,abs 
act 

(3-21) 

We finally obtain the following rate equation in terms of photon densities. 

d(s) {c [ ] 1}() A[ . Vabs .] --= - lact • gaet - labs '(Xabs -- S +.., lact' R +--. lact • R d tnt spen,"'" V ;pan,am 
V p ~ 

(3-22) 
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3.2 Advanced topics on the rate equations 
Until now we have two systems of rate equations, one where the unknown parameters are 
numbers and one where the unknown parameters are densities. Before we go further an 
appropriate system must be chosen. In both cases numerical solving of the differential 
equations is necessary. The second system (densities) has a some disadvantages. Firstly the 
rate equations have become more complicated which makes the understanding a lot more 
difficult. Another disadvantage is the high order of magnitude and the greater difference in 
order of magnitude «nact> ::::: lxlOJ9 cm-3

, <nabs> ::::: lxlOJ8 cm-3
, <s> ::::: lxlOJ6 cm-3 

). This 
may lead to numerical instabilities when solving the rate equations. To overcome this 
problem we chosen to work with the system of numbers, where the numbers are much smaller 
and differ less in magnitude (Nact ::::: 5xloB, Nabs::::: 2xl07

, S::::: 2xl~). 
However numbers of carriers do not give relevant information to most of the scientists. 
Therefore the numbers Nact and Nabs will be translated to densities. This can be done by 
dividing by the active or absorber volume respectively. The third parameter S will be left in 
numbers because then the output power of the laser is quite easily obtained as will be shown 
later in this report. Furthermore it is quite unphysical to calculate in photon densities since we 
do not know the optical volume. 

The rate equations which are to be used are repeated below: 

(3-23a) 

dNabs c (N) r S -d t = - Rspon,abs + - . a abs abs' abs' 
ngr 

(3-23b) 

(3-23c) 

3.2.1 Spontaneous recombination 

First of all we need to find expressions for the spontaneous recombination in the active and 
absorber layer. Two kinds of spontaneous recombination are taken into account: 
1) Non-radiative recombination 
This is purely a loss term because non-radiative recombination does not produce photons 
which can participate in the lasing mode. The net non-radiative recombination rate is directly 
proportional to the amount of carriers: Rspon,nr = A·N where A is inversely proportional to the 
average excess carrier lifetime: A = l/'t. A necessary condition for self-sustained pulsations is 
a long excess carrier lifetime in the active volume. However the excess average carrier 
lifetime in the absorbing volume should be short, otherwise the absorber will not recover 
quick enough after bleaching. Since the active region consists of undoped material the excess 
carrier lifetime will be greater than 50 nsec, which is long enough. To achieve a short lifetime 
in the absorber layer dopant atoms (Zn for p-type material) must be incorporated. As a result 
the doping profile of the absorbing region is another design parameter which will be 
discussed in chapter 4. 
2) Radiative spontaneous recombination 
This is partly a loss term because only a fraction ~ of the photons which are created by 
spontaneous recombination, will be coupled into the lasing mode. For normal lasers ~ is in 



25 

the order of 10-5 which is a very small fraction of the total photons. The net radiative 
recombination rate is proportional to the squared carrier density: Rspon,rad = (BIVact)·N2 where 
B is the bimolecular recombination constant per unit volume. We do not know exactly the 
experimental value of B. 
Above that B varies with temperature as follows (jor quantum wells): B - Tl ILeys, ref. 3.1]. 
However we do know that B lies somewhere between 2xlO·1l cm3·sec·1 and lxlO· JO cm3·sec·1

• 

In order to obtain an expression in numbers we divide B by the active volume. 
3) Auger Recombination 
Auger recombination, which is the third form of spontaneous recombination. This is a process 
where three carriers interact with each other (two transitions). This causes Auger 
recombination to be a third order process. In red InGaP laser diodes Auger recombination is 
not significant and can be neglected, this in contrast to long-wavelength materials. 

In our model we assume that there exists both radiative and non-radiative 
recombination in the active volume and the absorber volume. In the third equation for the 
photons only the radiative recombination terms may be placed (non-radiative recombination 
does not produce photons). The rate equations now become the following: 

(3-24a) 

dNabs --= 
dt 

(3-24b) 

3.2.2 Quantum efficiency 

It is very important to understand which processes in a laser diode are losses. 
-The first loss occurs due to the current spreading. Even at low temperatures there is a 
divergence of the current profile under the ridge. The width of the current profile may exceed 
also the width of the current profile. As a result the current density under the ridge is 
somewhat smaller and thus the threshold current will be higher. 
-The second loss term is the leakage current. Electrons injected from the n-side of the laser 
diffuse partly into the p-c1adding. These electrons do not contribute to the lasing mode. The 
diffusion length of electrons in InAIGaP at room temperature is in the order of 50 nm. With 
increasing temperature the leakage current increases as a result of the increasing diffusion 
length. Diffusion of minority carriers into the absorbing region must be avoided for this will 
bleach the absorber and thus deteriorate self-pulsating behavior. 
-And finally there exist non-radiative spontaneous recombination, which is a temperature 
independent loss term. 
To account for all these losses the internal quantum efficiency has been introduced. The 
internal quantum efficiency accounts for the relative part of the injected electrons that 
participate in radiative recombination in the lasing mode. Physically this means that we must 
know the optical power in the cavity. The problem is that we can not measure this quantity 
directly. What we can measure is the power outside the cavity as a function of injection 
current (LI-curve). The differential quantum efficiency can be directly calculated from the 
slope of the LI-curve in the linear region (above threshold): 
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2. q .(_dL) 
d I above threshold 11 D = ____ ..;,;;:..c:..'-'-='-'-'--'''-'-

Ephoton 

(3-25) 

The relation between the power at each facet and the internal optical power is [Casey, ref. 
3.2]: 

_lIO( I J 
Pfacet = ~nI • a+m = ~DI • 2 . L1 R(fr . hal J 

am a int a int +--·In ---
2·L R fr • Rba 

(3-26) 

An analogous relation between the quantum efficiency's can be derived: 

_lIO( 1 J 
11D=11int' 2.L

1 
R(fr'ba

1 
J 

aim + ·In ---
2· L R fr , Rba 

(3-27) 

As a result we can see that the internal quantum efficiency is the linear extrapolation of 
differential quantum efficiency to cavity length zero. We can understand this physically as 
follows: 
There are no internal losses at laser length zero (the mirror losses tend to go to infinity). In 
this case the power output at the facets equals the optical power inside the laser, which is the 
quantity we would like to know. Of course we cannot realize lasers with cavity length zero. 
To overcome this problem we will repeat the experiment for different laser lengths. When we 
put these values in an (lIrlD-L}-plot a line can be drawn through these points (see figure 3.3). 
The intercept of this line with the (lIrlD}-axis equals llrlint. An illustration of the theory above 
is given in the figure below: 
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Figure 3.3: The inverse of external differential quantum efficiency vs. cavity length for a particular laser diode 
[Pinkas, ref. 3.3] 

The internal losses due to photon scattering aint can be calculated from the slope of the linear 
fit, using eq. (3-27) (with RfT = Rba = R /f): 
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(3-28) 

Now that we know the internal quantum efficiency we can mUltiply the external injection 
current with this factor. Please note that the internal quantum efficiency excludes 'the non
radiative spontaneous recombination even though carriers in the active volume are used 
during this process. Therefore we are making a small mistake when we use llint as a correction 
factor. However above threshold the non-radiative radiation is a very small part of the 
spontaneous recombination so this simplification is assumed to be valid. 

The experiment described above can also be done at different temperatures. Especially the 
leakage current is very sensitive to temperature changes. With increasing temperature the 
leakage current increases too. As a result of this the internal quantum efficiency decreases 
with temperature. After putting the values of llint in a plot an first-order exponential fit seems 
an appropriate choice for the temperature dependence [Ishikawa, ref. 3.4]. 

11,", = C· exp( - ~ J (3-29) 

For a particular InGaP semiconductor laser the internal efficiency curve looks like illustrated 
in the next figure. 
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Figure 3.4: Internal quantum efficiency (l1inl) as a function of temperature (T) for a particular laser diode 
[Ishikawa, ref. 3.4]. 

As a result of the increasing internal quantum efficiency the threshold current increases 
accordingly. Halving of the internal quantum efficiency means a doubling of the threshold 
current. As we will see later in this report a further specification of threshold current has to be 
specified to avoid confusion with other manuscripts. In this case we will use the threshold 
current as the point where gain equals loss. In other words, the current value at which the 
round-trip gain (total gain/total loss) equals unity. 

Finally the rate equation for the carriers in the active volume becomes: 

ddNtacl = llint . lexl - Nacl -B·N;ct -~·gacl(N.acl)-ract'S 
q 1: act ngr 

(3-30) 
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3.2.3 The determination of the gain function 

The next step to be taken is to develop an appropriate gain function. This functions depends 
on the carrier density in the active volume. For bulk type laser diodes a linear gain function is 
acceptable. However quantum well lasers as in our case tend to have a gain saturation effect. 
Therefore a logarithmic function seems an appropriate choice [Agrawal, ref. 3.5]. 

g = r . g = r· Beta· J 'In(~J modal act 0 J 
o 

(3-31) 

where Jo is the transparency current density (Acm-2) and Beta is the gain per unit current 
density (cm·A I

). A possible way to determine the gain as a function of carrier density in the 
active layer is to measure the threshold current density as a function of laser cavity length 
[Agrawal, ref. 3.5]. This experiment must be done on lasers without a saturable absorber 
layer, because an absorbing quantum well has an non-constant absorbing strength (the 
absorbing strength decreases with increasing photon capture). At laser threshold gain equals 
loss. In this case we only have to take into account mirror and internal losses which leads to 
the following expression: 

Il. iot + _1_ 'In[ 1 J 
J 

Jo 2·L Rtr·Rbo 
thr =-·exp 

11 int 

(3-32) 

where 11int (internal quantum efficiency, O<11int<l) accounts for the losses due the non optical 
processes like diffusion, leakage current, non-radiative recombination) and Il.int accounts for 
the internal losses (photon scattering and losses due to the unpumped regions). 
These two parameters have been extracted from the experiments described in the section 
3.2.2. The parameters r, Rfr and Rba should be known. The next step is extracting Beta and Jo 
from the exponential fit of the experimental (Jthr-11L)-curve. Since 11int depends on 
temperature we evaluate the fit at every temperature. As a result of this Beta and Jo are also 
temperature dependent. 
For the experiments described above we used 650nm-band semiconductor lasers with an 
active layer which consisted of 3 Gao.3SInO.62P quantum wells (l % compressive strain) of each 
30A thickness separated by two 130 A (AlO.4Gao.6)o.SIIn0.49P barrier layers [see also appendix 
A]. The same active layer quantum well structure will be used in the self-pulsating lasers. 
At the temperature of 20°C typical values are: Beta = 466 cm·A-1 and Jo = 4.51 Acm-2. 
Details can be found in appendix Bl. Repetitive evaluation of this fit for the temperature 
range -100°C to +80°C delivered us the temperature dependence of these parameter. In 
appendices B2 and B3 these quantities have been plotted against temperature. 
To make the gain function applicable in our model the relation between injection current 
density and carrier density/number must be known. For the derivation of this relation we will 
make use of the rate equation for carrier densities in the active volume (eq. 3-24a). 
We assume that there are no photons in the cavity below threshold. This eliminates the last 
term of equation (3-24a). Furthermore we will look at steady state conditions so the left side 
is also zero. The last remark deals with the internal quantum efficiency. Please note that we 
did a fit with the gain as a function of the external current density. This means that all 
internal losses have already been included in the fit. Thus we may not include the internal 
quantum efficiency. The total of all the given simplifications leads to the following equation 
to be solved: 
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o = i - NaCI - VB . N~cl 
q 't act act 

(3-33) 

Now the relation of J with naet is quite easily obtained (using: Vaet= A·d.aet) 

(
Naci B N 2 ) 1= J·A = q' --+-_. act 
't acl Vael 

=> J=!I. Vact .(Nael +.!!...-.N;CI)=q.daCI.(Natvact +B.(Nact )2J 
A Vact 't act Vaet 't act Vaet 

(3-34) 

Above threshold there is no longer a steady state system. Photons will be created decreasing 
the amount of carriers in the active layer and thus decreasing the gain. It is for this reason that 
the active layer carrier density will never exceed the threshold carrier density. Hence the use 
of eq. (3-34) is allowed. 
There is still one problem which should be solved. A logarithmic function goes to minus 
infinity for small input values which is not very physical. At low carrier densities we 
estimated the modal gain function by linear extrapolation from the point where gain equals 
zero. This is illustrated in figure 3.5. 

~ , 
E 
.£. 
c:: 
'(ij 
Cl 
"(ij 
"0 
0 
~ 

150.-~-.--~-.--r--.~~~-.--~-r~~~~--.--r--r-~~~ 
.. ~. 

Typical parameter values (T = 20°C): 

100 !--- Beta" 4.51 em Amp" 

Jo " 466 Amp em2 

50 i----'-

0 

-50 

B = 2.810'11 em Amp" 

'taet 50 nsec I . 

r aet 2.7 % 

.. ", .•.•.. /< 
.. / ..... , _ .. -_ .. 

"~-""'-"" ... ... ' 

, : : 

.->K
"-'-''''--~ . . . 

.. .. ". - • To .." ••• _ ._ • 

.. "'. . . "' . . - - _. _., . 

". '" ••• "; : ' •• i 

Logaritmic gain curve 

Linear extrapolation of gain curve 

-150~~~--~~--~~~--~~--~~~~~~--~~--~~~~ 

0.0 5.0x1018 1.5x1 019 2.0x1019 

Active layer carrier density. nac1 (cm,3) 

Figure 3.5: Calculated modal gain curve as a function of active layer carrier density. For negative gain values 
we evaluated a linear extrapolation of the curve. We used the parameter values of Beta and Ie at T = 20°C. 

The solid line is the adapted logarithmic gain curve. For gain values below zero a linear 
approximation has been calculated. For values greater than zero both curves are the same. 
Another important issue is that the gain function depends on the spontaneous emission factor 
B which we do not know exactly. The value lies somewhere between 2xlO·ll cm3·sec·l -lxIO' 
10 cm3.sec·1• As we will see later in this report we adjust this parameter in such way that the 
theoretical results fit to the experimental results. This will be further discussed in chapter 4. 
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3.2.4 The determination of the absorption function 

The next step is to find a proper absorption function for the saturable absorber. In order to be 
able to design the absorbing strength within certain limits a quantum-well absorbing layer 
(QWAL) will be grown. In fact we do not know exactly the absorption of InGaP quantum 
wells. Measuring the absorption is possible, but this rather a delicate experiment with a lot of 
difficulties to overcome. 
Fortunately we do know some things about the absorption of quantum wells. The quantum 
wells are designed to have just one allowed energy level!!! Of course the electrons 
captured in the quantum well, located in the p-cladding, interact (bandgap renorrnalization, 
exciton energy). However these effects will be neglected. In the other directions, parallel to 
the junction planes, there exists no quantum effect. Thus the electrons in the absorber act 
as a two-dimensional electron gas! For simplicity we neglect the interaction between the 
electron gas with the hole gas. 
We have derived a single-mode model. Thus we are interested in the absorbing strength at a 
particular energy level. The absorption, at a particular energy above the bandgap energy, 
reaches its maximum when there are no minority carriers in the conduction band. While 
absorbing photons, the states are being filled decreasing the possibility for other photons with 
the same energy to be absorbed. In the following figure this has been illustrated 
schematically. 

z (transversal direction) 

QW width: 8 n~ 

P-cladding2 

2-Dim. Electron Gas 
(minority carriers) 

2-Dim. Hole Gas 
(majority carriers) 

P-cladding1 
(spacer 'layer) 

Eg,eff Quantum effect 

Figure 3.6: Schematic illustration of the quantum effect for minority carriers (electrons) and majority carrier 
(holes) in the transversal absorber layer. In the model we neglect the interaction between the electron and the 
hole gas. 

To get insight in the absorbing behavior of a quantum well structure we will calculate the 
absorption using a simplified model which has been published in literature [Bastard, ref. 3.6; 
Vonken, ref. 3.7; Casey, ref. 3.8]. 
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The absorption of a photon for a single quantum well is determined by the probability of an 
electron transition from the valence band to the conduction band. For each state the 
probability of a transition is given by: 

q2K 2 [ n2k2(1 1J 1 a(ro) = 2 ·1(""Wz)1 .2LO (Eet-Eh)+-Z -+- -nro 
4E omonre/cron R k, 2 me mh 

where 
q = elementary charge (l.6022·10-19·Coul) 

Eo = permittivity in vacuum (8. 8542·10-12. CouI2.fl·m-1 ) 

mo = electron rest mass (9.1095.10-31 kg) 

c = speed of light in vacuum (2.9979·1r1 m·sec-1
) 

n = reduced Planck constant ( 1.0546·10-34.j·sec) 

nref = refractive index (typical 3.5) 
me = electron effective mass (typical 0.11) 

mh = hole effective mass (typical 0.4) 
£ = effective quantum thickness (typical 15 nm) 

1(", lW 2)1 = overlap integral of wave functions (typical 1) 

K = Kane-matrix element (typical 16 e V) 
(EerEh) = transition energy (typical 1.8-1.9 eV) 

nro = photon energy 

After summation over all possible states we obtain the following expression: 

q2 K I(~" )1 2 
me' mh ( ( ) a(ro) = 2' "'11'+'2' .1-f.-fJ·Hnro-(Eel -Eh ) 

4E omonre/cron R me + mh 

where 
/C,/V 
H( .... ) 

me ·mh 

me +mh 

= fermi-function for the electrons and holes respectively 
= step function ~ 

= reduced effective mass 

n ro - (Eel-Eh) = in-plane energy of the photons 

The fermi-functions for the electrons and holes are given by: 
1 

!'C = ---=--=-E-EFc 

1 +e kBT 

1 Iv = -~-;::--
1 + e kBT 

where 
kB 
EFe,EFv 
T 

= Boltzmann constant (1.38066.10-23 JIK) 
= quasi fermi energies of electrons and holes 
= temperature 

(3-35) 

(3-36) 

(3-37) 
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Fermi energies can be calculated using the theory of a electron or hole gas, which can be 
found in literature [Bastard, ref. 3.6]: 

( 

1t·1i2·n J 
E k T 1 m ·m ·kB-T 1 

Fe B" n e '0 -

(3-38) 

where n and p are the electron and hole carrier density respectively. As a result a relation 
between the absorbing strength and the carrier density has been obtained. Using the equations 
above the absorption of the QW AL has been studied. The calculations increased our 
understanding of the nonlinear absorption processes. 
In figure 3.7a the temperature dependence of the absorption has been plot. Important to note 
is that all curves have been calculated for in-plane energy zero, which means that the photon 
energy equals the transition energy of the electrons. Since a doping level of lxlOl8 cm-3 has 
been adopted in the QW AL this has also been added to the calculations. The quantum well 
thickness used in the calculations is 8 nm. In figure 3.7b we can see a plot of the absorption as 
a function of in-plane energy. The temperature has been kept constant at T=25°C. From figure 
3.7a we can learn the following: 
-Increasing temperature results in an increasing overall absorption. The initial absorbing 
strength which also determines the threshold current of the laser device, increases slowly 
with temperature. 
-The transparency density (the point where the absorption equals zero) increases somewhat 
faster. The effects of both the increasing initial absorption and the bleaching density on the 
laser dynamics will be discussed in chapter 4. 
In figure 3.7b the following can be observed: 
-Increasing the photon energy. (and thus the in-plane energy) goes along with an increasing 
transparency density while the initial absorption stays almost constant. This trend will 
deteriorate pulsed laser action as we will see lateron in this report. 
-For low in-plane energies « 20 meV) the absorption curve tends to be exponential while for 
higher in-plane energies this will no longer be true. In those cases a double-saturating 
function like an arctangent will suit better. 

In the simulations an exponential fit has been used. 

Nabs +b 

ex abs = a . exp ---:;.=-- (3-39) 
c 

Since our goal is to obtain pulsations at room temperature we will use the absorption curve at 
T = 298 K in our simulations. Typical parameter values are: 
a = 5382 cm-J 

b = -2.43.1018 cm-3 

c = -2642 cm-1 

Other temperature effects will be studied in chapter 4 where we will deal with the simulation 
results. 
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(a) Calculated absorption curve as a function of temperature 
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(b) Calculated absorption curve as a function of In-plane energy 
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Figure 3.7: a) Calculated absorption curve as a function of temperature. The in-plane energy is 0 meV in all 
cases. b) Calculated absorption curve as a function of in-plane energy. The temperature is 20°C in all cases. We 
evaluated both figures for a quantum well thickness of 8 nm and a dope level of lxlOl8 cm'3. 

3.3 Important physical quantities 

In this section some important laser characteristics and properties will be discussed. It is 
important to note that solving the rate equations, delivers us quantities which we cannot 
measure directly. For this reason we would like to translate the results to quantities which we 
can determine experimentally. A good understanding of this aspect is necessary to understand 
use of the modeling and simulations, which will be discussed in the next chapter. 
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3.3.1 Optical output power 

Since we have chosen for calculations in numbers it is quite easy to calculate to optical output 
power at one facet of the laser, which is a quantity that can be measured easily. The following 
relation can be derived [Agrawal, ref. 3.9]: 

1 hc 
Pjacet = '2 'T' vgra m . S (3-40) 

The derivation of eq. (3-40) is quite obvious. The term am.vgr is the rate at which p~otons of 
energy h·c/).. escape through the two facets. Since we are interested in the power at one facet 
we multiply by a factor l/2·S stands for the amount of photons inside the cavity. 
During pulsating behavior the amount of photons fluctuate several order of magnitude. In that 
case the average photon number must be taken. Relation (3-40) will be used to calculate the 
light-intensity versus current curve. 

3.3.2 Threshold current 

To avoid misunderstanding it is very important to give a definition of the threshold current. In 
chapter 2 we discussed normal laser diodes without a saturable absorber layer. In these lasers 
the threshold current can be defined as the current at which gain equals loss. This definition 
holds very well because normal laser diodes have constant optical mode loss. The mode loss 
consists of two parts: mirror losses and internal mode losses. 
In semiconductor lasers with a saturable absorber layer this definition is somewhat 
ambiguous. Of course the same definition can be held, but it should be kept in mind that the 
losses are not constant during use. The mode loss is modulated by the optical pulse itself. 
In order to obtain a relation for the threshold current we assume that there are no photons 
inside the cavity just below threshold. The absorber layer has still its (maximum) initial 
absorbing strength. As a result the mode experiences a total loss which consist of an extra 
absorbing part. 

a = a int +_l_ ln( 1 J+aabUnitial (3-41) 
2·L R jr • Rba 

The threshold current of a self-pulsating lasers with a saturable absorber will therefore be 
higher. In section 3.2.3. we discussed the length series experiment in which we used a 
logarithmic fit on the gain function. Equation (3-32) can quite easily be extended to the case 
of an extra saturable absorber. We simply multiply the extra absorption with the confinement 
factor of the absorber layer and add this in the exponential term as follows: 

a int + _l_ln( 1 J + r"bs . a abs_initial 
J ·A 2L Rjr • Roo 

I'hr = _0 -exp --------'----'----~------
fLnt r aet • Beta· Jo 

(3-42) 

Important to note is that this definition holds only if the coupling of the spontaneous emission 
into the mode is low (lxlO-5

). Otherwise the absorbing strength of the absorber will already 
be pulled down by the spontaneous emission, resulting in a lower threshold current. The 
major part of the spontaneous emission will not be coupled into the optical mode due to the 
fact that the absorber quantum well (8 nm) is much thinner than the characteristic length 
(l/<XtotaI is typical several hundreds of microns) of the photons. Furthermore, most photons 
will be absorbed outside the optical mode (outside the ridge). 
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3.4 Example of modeling 
In this section we will discuss some general modeling results in order to give an idea of what 
behavior can be expected from a self-pulsating laser diode with a saturable absorber layer. 
The absorber layer may be put in both the n-cladding or the p-cladding. Due to the shorter 
lifetime of electrons a saturable absorber in the p-cladding has been chosen. However it 
should be possible to obtain self-sustained pulsations with saturable absorber in the n
cladding [Hoskens, ref. 3.10] if a short lifetime of the holes can be realized. 

3.4.1 Solving the rate equations for a particular set of parameters 

For a certain set of parameters the rate equations have been solved numerically with help of a 
computer. For most calculations we used an interval of 20 ns and a timeslice of 1.2207 ps. 
The time-solved solution of the rate equations delivers us a lot of information about the lasing 
process. We have calculated the solution of the rate equations for many different parameter 
sets. The most important physical parameter is the external driving current. We will 
demonstrate the self-pulsating laser dynamics as a function of injection current. This will be 
done on the basis of the following parameter set. This parameter set has been obtained by 
fitting the theoretical results to the experimental measurements. We will explain this matter in 
chapter 5. 

8nm 
71-1m 

500l-lm 
0.027 
0.0075 
0.32 
0.5 
2.8.10.11 cm3·sec·1 

650nm 
4.51 cm·Amp·1 
466 Amp·cm·2 

5382cm·1 

-2.43.1018 cm·3 

-2642 cm') 
6cm') 

At a specific driving current above threshold, pulsations in the photon number can be seen. In 
figure 3.8 a time-solved solution is plotted. Pulsations do not start immediately after 
switching on the current, but it takes several nanoseconds before pulsations start. The active 
layer carrier density starts increasing exponentially after switching on the external driving 
current. At a certain point in time the modal gain equals optical mode loss. At this point the 
number of photons starts to increase. These photons are being captured inside the absorber 
layer reducing its absorption. As a results the photons experience even higher optical gain. An 
optical pulse is generated. However the creation of photons inside the active layer implies the 
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consumption of carriers, reducing the population inversion level and thus the modal gain. 
Finally the gain will drop below threshold and the optical pulse will stop. Now the absorber 
will regain its absorbing strength by recombination and or diffusion of the excited carriers. 
Meanwhile the active layer carrier number start starts increasing again building up optical 
gain. Hereafter the whole process starts over again. This process is called repetitive Q
switching. 
Another important observation is that the active layer carrier number is shows low 
modulation depth (±12 %) while the absorber carrier number modulation depth is 'about 90 
percent. The physical explanation lies in the slope of the (modal) gain and (modal) absorption 
function respectively. The slope of the modal gain function in the working point is relatively 
low while the absorption function has a steep slope in its working point. This proportion is 
also determined by the transversal mode confinement factors r act and r abs. The higher the 
confinement of the layer the less the modulation of the carrier number. 
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Figure 3.8: Time-solved solution of the rate equations for a certain set of parameters. The thin solid line 
symbolizes the active layer carrier number Nac1' When switching on the current the active layer carrier number 
increases exponentially until the point where the model gain equals the optical mode loss. At this point the 
photon number S starts increasing, which is symbolized by the thick solid curve. The absorption of photons 
inside the absorber layer will increase absorber carrier number Nabs increases. Furthermore the net gain will 
increase even more and an optical pulse is generated. The optical pulse will stop because carriers are being 
consumed during photon emission, decreasing the optical gain. After the optical pulse the absorber needs some 
time to lose its carriers and regain its absorbing strength before the next pulse can be generated. 
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3.4.2 Operating regions 

In an ordinary laser two operating regions can be distinguished: a region below threshold and 
a region above threshold. Below threshold the active layer carrier density approaches 
exponentially its steady state value which depends on the external pumping current. The 
photon number exhibits a s-curvature. The steady state value of the photon number below 
threshold is low (several thousands of photons). Above threshold normal lasers exhibit 
damped oscillations towards a steady state value. The steady state value for photons above 
threshold may be in the order of 105 - 107 photons. 
In a self-pulsating laser diode four operating regions can be distinguished: 
1) "below threshold" region 
Below threshold photons are created by spontaneous recombination. Meanwhile photons will 
be absorbed by the absorber which will increase the absorber carrier density. Both the 
absorber carrier density as the photon density approaches its steady state value following a s
curve. The photon curve reaches its steady state value earlier than the absorber curve since 
absorption is only possible in the presence of photons (creation before absorption). In figure 
3.9a we show the calculated normalized densities as a function of time below threshold. 
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Figure 3.9a: Solution of rate equations below threshold (/ = I tftr - 4 mAl. The active layer carrier number 
approaches its steady state value exponentially while absorber carriers and photons grow following a second
order curvature. 

2) relaxation oscillation region 
When the gain equals the total mode loss threshold has been reached. From this point typical 
solutions of the rate equations look as shown in figure 3.9b. Damped oscillations in both the 
absorber carriers as well as the photons can be observed. The size of this relaxation 
oscillation region depends on the used parameter set. It varies from a single point to some 
milliamperes. 
It is important to keep in mind that the steady state values in figure 3.9b are some orders of 
magnitude higher than in figure 3.9a. This explains the longer time interval needed to reach 
steady state in figure 3.9b. 
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Figure 3.9b: Solution of rate equations at threshold (I = 1thr). Relaxation oscillations can be observed. The size 
of this relaxation oscillation region depends on the used parameter set. It varies from a single point to several 
milliamperes. 

3) self-sustained pulsation region 
Further increasing the external current leads to self-sustained pulsations which can be seen in 
figure 3. 9c. Physically we can see this as follows. At a certain pumping rate the net gain is 
high enough to generate an optical pulse. This pulse bleaches the absorber in such a way that 
the instability condition (which will be presented in chapter 4) is satisfied and repetitive pulse 
generation follows. The theoretical range of pulsations for the used parameter set lies between 
1 rnA above threshold up to 12 rnA above threshold. The pulsation frequency increases with 
increasing injection current. Higher injection currents imply faster carrier build up and thus 
faster pulse generation. 
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Figure 3.9c: Solution of rate equations at higher pumping current (I = 1thr + 4 mA). Self-sustained pulsations can 
be observed. 
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4) non-sustained pulsation region 
Between each pulse the absorber needs time to regain its absorbing strength. This process is 
limited by the minority carrier lifetime. At high optical powers the absorber cannot regain its 
original absorbing strength between two pulses. Therefore the pulsations decay and finally 
steady state operation will be reached. In figure 3.9d the relaxation oscillations can be 
observed. The frequency at which self-sustained pulsations switch over to damped 
oscillations is typically 900 MHz for this set of parameters. 
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Figure 3.9d: Solution of rate equations at higher pumping current (I = Ilhr + 16 mA). Non-sustained pulsations 
can be observed (the photon number does not return to zero after approximately 12 nanoseconds). 

A useful check for self-sustained pulsations is a plot where the active layer carrier density is 
plotted versus the absorber carrier density. Sustained pulsations show a closed curve. Figure 
3.1Oa-d show the different shapes of the plot for the four operating regions. 
1) "below threshold" region 
Below threshold the lot looks as follows: 

i 
n(abs) 

t = 10 ns 

n(act) ---+ 
Figure 3.10a: Absorber layer carrier density nabs versus active layer carrier density noel below threshold (I = Ithr 

- 4 rnA). We can observe both densities going to a steady-state value. 
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2) relaxation oscillation region 
In the relaxation oscillation region the plot looks as given in figure 3.10b. Please note that the 
steady state values of both the active and absorber layer densities are lower than their 
respective maximum values. 

1 
n(abs) 

n(act) ---+ 
Figure 3.10b: Absorber layer carrier density nabs versus active layer carrier density n ael at in the relaxation 
oscillation region (I = llhr)' Please note that the steady state values of both the active and absorber layer densities 
are lower than their respective maximum values. 

3) self-sustained pulsation region 
The self-sustained pulsation region is characterized by a closed curve (eye-shaped) as 
illustrated in fi ure 3.lOc. 

1 
n(abs) 

(act ----+ 
Figure 3.10c: Absorber layer carrier density nabs versus active layer carrier density n OCI at in the self- sustained 
pulsation region (I = llhr + 4 rnA). 

4) non-sustained pulsation region 
The last operating region with non-sustained pulsations typical show spiral shaped plots as 
illustrated in fi ure 3.lOd. 
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Figure 3.10d: Absorber layer carrier density nabs versus active layer carrier density n OCI at in the non sustained 
pulsation region (I llhr + 16 rnA). 
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3.4.3 Calculated characteristics 

Repetitive calculations yields important characteristics of the self-pulsating laser. In section 
3.3 we discussed a formula for calculation of the optical output power. Whenever we want to 
know the optical output power L we must calculate first the average photon density. This 
gives us one point in the light-intensity versus current curve. In figure 3.11 the results of the 
calculations for the parameter set of table 3.1 are shown. Please note the characteristic peak in 
de (dUdI)-curve. This peak corresponds with the so-called "foot" of the LI-curve. 
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Figure 3.11: (a) Calculated light intensity versus injection current curve. The four different operation regions 
have been pointed out. (b) Calculated derivative of light intensity versus injection current curve. The circles in 
figure 3.11 represent calculated points. We have indicated the starting and the end point of the self-sustained 
pulsations. The threshold current is 77.8 rnA. 

Other interesting characteristics are the frequency as function of injection current (fl.-curve) 
and the light output versus pulsation frequency (Lf-curve). The latter gives us the energy per 
optical pulse. We calculated the pulsation/damped oscillation frequency by determining the 
"distance" between two optical pulses. A typical frequency versus current curve looks as 
given in figure 3.12a. The light intensity versus frequency curve has been obtained from the 
LI-curve and the fl.-curve. It is shown in figure 3.12b. In the fl.-curve we can observe a kink at 
the frequency of 900 MHz. This point corresponds with the transition from pulsations to 
damped oscillations. In the (dL/dI)-curve we observe at this frequency a particular "bump". 
The Lf-curve has no physical meaning at frequencies higher than 900 MHz. In the next 
chapter we will see measured LI, (dUdI), fl. and Lf-curves. The results will be compared to 
the calculated characteristics. 
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Figure 3.12: (a) Calculated pulsation frequency versus injection current curve. The beginning and the end of 
pulsating behavior have been indicated. (b) Calculated light intensity versus frequency curve. The beginning and 
the end of pulsating behavior have been indicated. At frequencies higher than 900 MHz the Lf-curve has no 
physical meaning. The dots in figure 3.12 represent calculated points. The threshold current is 77.8 rnA. 

The energy per pulse is now quite easily obtained using figure 3.12b. We need only divide the 
light intensity by the pulsation frequency. A saturation effect of the energy per pulse can be 
observed. It reaches a maximum at 900 MHz. 
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Figure 3.13: Calculated energy per optical pulse as a function of frequency. We may note a saturation effect of 
the energy per pulse. It reaches a maximum at 900 MHz. This is the upper limit of pulsating behavior. 
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4. Modeling and design of self-pulsating lasers 

In this chapter the modeling and simulation results will be discussed in a more quantitative 
way. Variation of certain parameters will affect laser action and laser characteristics. These 
effects have been studied thoroughly and led to some design rules which will be discussed in 
section 4.2. After the modeling we will discuss the design rules and restrictions in a more 
practical way in section 4.3. A key element in the design is the application of thin strained 
quantum wells for both the active and absorber layer. because it gives us an extra parameter. 
Strain has a great influence on semiconductor material properties and will be discussed in 
section 4.3. 

4.1 Introduction 
Before dealing with the simulation results we will discuss the limitations of using the single
mode model. Hereafter the instability condition is presented. This is the starting point for all 
the simulations. 

4.1.1 The validity of the single-mode model 

The model which has been derived in chapter 3 will be used to understand the self-pulsating 
behavior in the first place. Secondly we try to use it to predict laser behavior of different laser 
structures. However. the single-model has some important limitations which should be kept 
in mind. 
1) single-mode model versus multiple-mode lasing action 
We derived a single-mode model. In other words we assume all created photons (except the 
greater part of spontaneous recombination) to be emitted into the same optical mode with the 
same energy. Most semiconductor lasers and in particular self-pulsating lasers show 
multimode lasing operation. Below threshold, where spontaneous recombination dominates, 
all semiconductor lasers are multimode. Very broad longitudinal mode spectra are observed 
below threshold. At higher current densities (above threshold) the spectrum narrows and 
finally a single dominant mode may be observed in the case of non-pulsating laser diodes. 
2) the current spreading effect below threshold 
Another physical shortcoming of the model is that the effects of the current spreading have 
not been taken into account. Especially at low injection levels (below threshold) the current 
spreads after passing the current confinement layer. As a result, the injection current density 
in the active layer will be lower. In our model. we assumed a constant active volume (no 
current spreading). Moreover, we assume both the carrier and photon distributions to be 
uniform over the specific volumes. 
3) temperature dependence of parameters 
We did not take into account the temperature dependence of the physical parameters. These 
parameters are: the minority carrier lifetimes 'tact and 'tabs. the gain parameters 10 and Beta, 
the absorption parameters a, band c, the internal mode loss flint. the intemal quantum 
efficiency llint and the spontaneous recombinations parameter B. Temperature dependence has 
been studied by implicit modification of the above mentioned parameters. This gives us a 
qualitative idea of the temperature dependence of pulsations. The model is a steady state 
model (constant temperature). However. a laser diode shows a heating effect during 
operation. Furthermore, temperature will rise with increasing injection current, which 
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coincides with a decreasing quantum efficiency. Therefore the model will calculate a 
differential quantum efficiency which is too high at high injection levels. 
4) one-dimensional model versus three-dimensional laser diode 
A laser diode is a three-dimensional object whereas the derived single-mode model is a one
dimensional model. Only the transversal processes have been taken into account. Especially 
in more complicated laser structures like selective-buried ridge lasers lateral laser processes 
should be added to the model. The current blocking layers act as lateral mode confinement 
layers. We may then introduce a lateral mode confinement factor. The real optical mode 
confinement will then be: 

r mode = r ttansversal • rlateral (4-1) 

Neither lateral diffusion of carriers has been taken into account explicitly. Diffusion of 
carriers can be taken into account in a phenomenological way by decreasing the minority 
carrier lifetimes 'tact and 'tabs. 

5) the limitations of the gain function 
The determination of the gain function has been based on a laser with the same active layer 
structure as the self-pulsating lasers. However the absorber layer has a great influence on the 
lasing operation. The laser with a saturable absorber layer has a broad gain spectrum due to 
this extra absorbing medium. In the model we ignore this aspect. The second limitation 
follows from the minority carrier lifetimes and the spontaneous emission coefficient which 
we do to know exactly. Both parameters will be used to fit the theoretical results to the 
experimental ones. The linear extrapolation of the gain function for gain values below unity 
must be seen as a simplification of the model. 
6) the limitations of the absorption function 
The last limitation which we will discuss is the absorption function. The absorption function 
describes the behavior in a qualitative way but we do not know the absolute absorption value 
which is proportional to the Kane-matrix element. The Kane-matrix element will be used as a 
fitting parameter. Our main goal of calculating the absorption function was to understand the 
absorbing behavior. 

The above-mentioned assumptions and simplifications are a trade-off between complexity of 
the model and limits on computation time and power. A full multimode description is 
considered to be beyond the scope of this thesis. It is now well established that single-mode 
models give satisfactory explanations for many experimental results. 
In a more hand-waving argument, we can regard the pulsating laser as a single-mode laser. It 
is very likely that the longitudinal modes will be locked to each other in phase in order to 
form a light pulse. In a crude way, we may view these coupled modes as one single mode. 
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4.1.2 The instability condition 
A lot of papers have been published on solving and analyzing single-mode rate equations. 
What most of them have in common is that they deal with the instability condition [Hoskens, 
ref. 4.1; Dixon, ref. 4.2; Ueno, ref. 4.3; Wang-Shou Wu, ref. 4.4; Chang-Hee Lee, ref. 
4.5]. In this report we will denote the instability condition as follows [Hoskens, ref. 4.1]. 

( d~~modal J < 11.(da;:_modal J (4-2) 
act nacr >nact.o abs naJn <nab:f.O 

where gacLmodal and aabs_modal are the gain and absorption function multiplied by the active 
layer and absorber layer confinement factor (as experienced by the optical mode). The 
absorption ratio 11 is given by the following equation: 

a udded_ubs 
11 = ------"----

a inl + a mirror + a added _abs 

(4-3) 

where C'Xadded_abs stands for the added absorption due to the absorber layer and aint and amirror 
stand for the internal losses and the mirror losses respectively. 

We can see that 11 can have values between zero and unity. The value equals zero when there 
is no absorber layer or when aint + amirror » fXadded_abs and it is unity when aim + amirror « 
aadded_abs. 
When expressed in words the instability condition means that the slope of the modal gain 
function in the working point nact,O must be less than 11 times the slope of the modal 
absorption function in its working point nabs,O. In the figure below a typical modal gain and 
modal absorption function are plotted. The slope in their respective working points are 
plotted as well. 

1 
···········1 ...... ·· ........ · ........ ···· .. ······· .. · 

Ag 
........... ----"..,-_ ................... _-""" 

0r---------~~~----~--~- Or---------~~----------------

n"",o' nact,O nabs,O 

Carrier density in active layer (em") • Carrier density in absorber layer {em"} • 

Figure 4.1: The gain and the absorption functions with the slopes in their working points. For pulsating laser 
action the slope of the gain function needs to be 11 times the slope of the absorption function. Please note that 
both functions represent modal gain and absorption values. Thus the mode confinement factors ract and rabs are 
included. 
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4.2 The influence of different parameters on the self-sustained pulsations 
Substitution of equation (4-3) into (4-2) gives the following rule to be obeyed when self
sustained pulsations are desired. 

(
d g~c~modal J < a. added_ab.. • (da. ~:_modal J (4-4) 

act nact>n"",o a. in! + a. mirror + a. added.ab.. abs nabs <n,w,O 

The above condition for self-sustained pulsations is better satisfied when 
- the absorption ratio increases 
- the slope of the gain function in its working point decreases 
- the slope of the absorber function in its working point increases 
We will discuss the influence of the above mentioned rules in the following sections. Besides 
that we will study the influence of the following parameters on the self-pulsating behavior: 
- the lifetime of minority carriers in the absorber 
- the in-plane energy of the photons 
- the temperature 
- the quantum efficiency 
Note: All simulations in this chapter have been done with a limited number of calculated 
points. This may cause some calculated curves to have some kinks which need not be seen if 
more points were calculated. 

4.2.1 The influence of the absorption ratio 
We may increase the absorber ratio by decreasing the internal mode loss (photon scattering or 
absorption). This quantity is characteristic for a particular laser structure. For example stripe 
lasers have very low internal mode losses whereas SBR-laser structures have relative high 
mode losses due to the built-in current blocking layers. Physically we cannot change the 
internal mode losses in a given laser structure much. However we may decrease the mirror 
losses. The mirror losses are given by the following equation: 

a.. = _1_ .In(-_I_-J 
mirror 2 . L R· R 

fr ba 

(4-5) 

For example increasing the cavity length L will decrease the mirror losses. However this will 
also increase the laser threshold current and is therefore no attractive option. Better is to 
increase the reflectivities Rfr and Rba of the laser facets. This can be done by coating of the 
facets. On the other hand less light will be emitted from each facet. However coating is 
necessary in the laser fabrication process because the lasers need protection of the mirrors 
against oxidation. 
We simulated self-pulsating laser behavior at three different internal absorption strengths: 0, 
12 and 24 cm-! (comparable results will be obtained if the mirror losses are decreased). An 
important measure for self-sustained pulsations is the total absorption curve. Just a particular 
part of the total absorption can be modulated namely the added absorption due to the absorber 
layer. In order to get self-sustained pulsations this added absorption term should be 
modulated periodically. In other words, self-sustained pulsation is a result of sustained 
absorber modulation. In the figure 4.2 we have put the time-solved total absorption curve 
for the three different parameter values. In appendix Cl the most important laser 
characteristics are plotted: light intensity versus current curve (LI-curve), derivative of the LI
curve (dL/dI-curve), pulsation/oscillation frequency versus current curve (fI-curve), the light 
intensity versus frequency Lf-curve and the curve showing the energy per optical pulse versus 
pulsation frequency. In all curves we marked the point where pulsations change over to 
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relaxation oscillations with a P. The used parameter set for the simulations has been placed in 
appendix C2. 
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Figure 4.2: Calculated total absorption curves at three different values of the internal mode loss: 0, 12, and 24 
cm'l. Increasing the internal mode loss decreases the modulation of the total absorption. In all cases: I Ithr :;:: 2 
rnA. At an internal mode loss of 24 cm,l we can observe damped oscillations in stead of pulsations. The 
instability condition has not been satisfied in that case. Note that zero internal mode loss is not physical since 
these lasers cannot be fabricated. However it has been used for illustration only. 

In the table below we have shown the influence of the internal mode loss on other important 
quantities. 
T bl 4 1 Sf' I f I 'th d'ffi t f' t d I a e . ummary 0 Slmu a Ion resu ts WI I eren va ues 0 lD erna mo e OSS aint . . 
Quantity 24 -1 Uint = cm 
threshold current Ilhr (rnA) 106.9 
differential efficiency 11D (W/A) 0.27 
maximum of dUdI-curve (dUdI)max 0.5 

a -a· absorption modulation tOI_max IOU1lln 
6.3 % 

a tOf _ max 

average optical output power 1.0 
at I-Ithr= 2 rnA (mW) 
peak output power at I-Ithr = 2 rnA (mW) 2.8 * 
pulsation current range (rnA) NP 
pulsation output power range (m W) NP 
pulsation frequency range (MHz) NP 
energy per pulse range (pJ) NP 

* MaXImum optical output power of first peak: of relaxation OSCIllations. 
NP: no pulsations 

Uint = 12 cm- l 6 -1 Uint = cm 
86.5 70.0 
0.34 0.48 
0.6 0.9 

10.7 % 21.0% 

1.1 1.7 

6.8 18.2 
87.5·94.5 71· 82 
0.65 - 3.5 H2*-6.7 
252·664 220 - 804 
2.6 - 5.3 4.6 - 8.3 
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We can draw the following conclusions from the simulation results given in figure 4.2., table 
4.1 and appendix C 1. Decreasing the internal mode loss will: 
- decrease the threshold current (see equation (3-42». 
- increase the differential efficiency (see equation (3-27». 
- increase the maximum in the (dUdI)-curve. In these simulations this peak is a measure for 
the bleaching of the absorber layer. The higher the peak the better pulsations are obtained. 
- increase the modulation depth of the absorption. This is quite obvious since decreasing the 
internal mode loss means increasing the absorption ratio 11 and thus better satisfaction of the 
instability condition. 
- increase the average output power at a fixed offset current value above threshold. This is 
due to the increasing differential efficiency 11D. 
- increase the peak power of the optical pulses. In other words, by decreasing the internal 
mode loss we obtain shorter and higher optical pulses. 
- increase the pulsation current range. 
-increase the pulsation output power range. 

- increase the pulsation frequency range. 
- increase the energy per optical pulse. From the energy per pulse versus frequency curve we 
can observe a particular saturation of the energy per pulse. At the saturation point the 
pulsations stop. 

4.2.2 The gain function 
In chapter 3 we derived the following gain function: 

gmod,' = r,,, 0 g= = r,,, 0 Beta 0 J o oln( ~ J (4-6) 

where J is the current density in the active layer, given by: 

J==q.daet . (Naivact +B.(NactJ2J 
't act Vuet 

(4-7) 

Both Jo and Beta have been obtained from a fit to the threshold current density. Thus we 
know the relation between the external current density J and the modal gain of the active 
layer structure. However we do not know exactly the relation between the current density and 
the active layer carrier number Nact• For this we need to know both the minority carrier 
lifetime 'tact and the spontaneous recombination factor B. These two parameters have been 
obtained from experimental feedback. We have chosen B and 'tact such that we could describe 
the self-pulsating behavior of a measured stripe laser. Later in this report we will discuss this 
in more detail. We used the following values of these parameters for all the simulations: 

T bi 42 G . t I btained from experimental results a e . am parame er va ues 0 . . 
B 2.8.10.11 cm3·sec·1 

'tact SOns 
The instability condition says that we need to make the slope of the gain function as low as 
possible. We mentioned in chapter 3 that we will use the same multi-quantum well active 
layer in all designed laser structures. Thus we need not change the gain parameters and we 
assume the active layer mode confinement factor to be the same in all laser structures. Also 
note that decreasing the confinement factor will increase the threshold current as can be seen 
in equation (3-42). 
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4.2.3 The absorption function 
Good pulsating behavior may be obtained when the absorption function is steep. Before 
studying the self-pulsating behavior at different absorber layer confinement factors we must 
determine a physical initial absorption value. This has also been done by feedback from 
measurements. We obtained an initial absorption value of 2740 cm-1 which coincides with a 
Kane-matrix element of 16.1 eV. In the simulations we will use the absorption function (at 
temperature T = 20°C, in-plane energy Eip = 0 meV) as can be seen section 3.2.4. This gives 
the following set of absorption parameters: ' 

T bl 43 Ab t I es obtained from experimental results a e . sorpl1on parame er va u . . 
a 5382 em-I 
b _2.43.1018 cm-3 

c -2642 em-l 

Now that we have obtained a specific absorption function the effect of changing the absorber 
layer mode confinement factor can be studied. We simulated pulsating behavior with the 
following confinement factors: 0.75 %, 1.0 % and 1.25 %. 
The time-solved total absorption curve for these cases has been plotted in figure 4.3. In 
appendix Dl we have plotted the corresponding laser characteristics. The parameter set is 
given in appendix D2. 

85 

37.8 '% modulation 
- - - - -

80 .' . 
, 

75 25.5 % modulation --' , , , 
:\ /i ' /" .......... , , /\' , 

/ 

70 ' 1 / :1 : I I : I 
. I ' , 
~ I' - 8.7 % modulation: :1/ :1 ' , 

..... 
'I '; I, 

I , 
E 65 , 
Q --(ij 
'5 60 
~ 

55 
" 

" , 
" " 

, , , 
--rabs = 0.75 % " " " 

, , , 
, 

50 - -rabs=1.0% 
, 

r abs = 1.25 % 

45 
0 5 10 15 20 

time (ns) 

Figure 4.3: Calculated total absorption curves at three different values of the absorber layer mode confinement: 
0.75 %, 1.0 % and 1.25 %. Increasing the confinement factor increases both the absorption ration 11 and the 
slope of the absorption function. The modulation depth of the total mode loss increases rapidly with increasing 
confinement factor as can be seen in the plot above. In all cases: 1- Itbr = 2 rnA. At an confinement factor of 0.75 
% we can observe damped oscillations in stead of pulsations. The instability condition has not been satisfied in 
that case. 
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In the table below we have given other quantities which have been obtained from the 
simulations: 

Table 4.4: Summary of simulation results with different values of the absorber layer 
mode confinement factors rabs 

Quantity rabs =0.75 % 
threshold current Ithr (rnA) 63.6 
differential efficiency 110 (WI A) 0.29 
maximum of dLldI-curve (dLldI)max 0.5 

absorption modulation a tot max - a tot min 
8.7 % 

a tol _ max 

average output power at I-Ithr= 2 rnA (mW) 1.1 
peak output power at I-Ithr= 2 rnA (mW) 3.8 * 
pulsation current range (rnA) NP 
pulsation output power range (mW) NP 
pulsation frequency range (MHz) NP 
energy per pulse range (pJ) NP 

* Maximum optical output power of first peak of relaxation oscillations. 
NP: no pulsations 

r abs = 1.0 % rabs = 1.25 % 
71.8 81.0 
0.30 0.32 
0.8 1.8 

25.5 % 37.8 % 

2.0 3.5 
45 186 

71.8 - 83.8 LR-:l-05 
0.8 - 6.0 1.0 - 12.1 

154 -1060 188 -1595 
5.3 - 6.0 7.6 -10.1 

We can draw the following conclusions from the simulation results given in figure 4.3. table 
4.4 and appendix D 1. Increasing the absorber layer mode confinement will: 
- increase the threshold current (see equation (3-42». 
- increase the maximum in the (dLldI)-curve. This is due to the stronger bleaching of the 
absorber layer. 
- increase the modulation depth of the absorption which is explained by the increasing the 
absorption ratio". 
- increase the average output power at a fixed offset current value above threshold. 
- increase the peak power of the optical pulses. Compared to the simulations with variation of 
the internal mode loss, this effect is much stronger. 
- increase the pulsation current range. 
-increase the pulsation output power range. However the initial pulsation power. where 

pulsations start, increases also. 
- increase the pulsation frequency range. The initial pulsation frequency increases slightly. 
- increase the energy per optical pulse. Looking at the Ef-curves we may notice a difference 
with the earlier simulations in appendix C 1. The energy per pulse curves start at a higher 
energy per pulse and they reach a maximum but finally decrease. 
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4.2.4 The minority carrier lifetime in the absorber 

Another interesting parameter is the minority carrier lifetime in the absorber layer. It is 
obvious that the carriers should be able to recombine or diffuse quickly enough to reinitialize 
the absorber. The maximum pulsation frequency is limited by this carrier lifetime. 
We simulated with three different values for the minority carrier lifetime: 0.7 nsec, 0.85 nsec 
and 1.0 nsec. In the next figure the total absorption curves are plotted. We may note the 
differences in the absorption decay in the first few pulses. At higher carrier lifetimes the 
absorber does not recover to its original absorbing strength. However in all cases a sustained 
pulsation follows after several pulses. In appendix El the corresponding characteristics are 
shown. The used parameter sets are given in appendix E2. 
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Figure 4.4: Calculated total absorption curves at three different values of the absorber layer carrier lifetime: 
0.70,0.85 and 1.0 nsee. All curves start (of course) at the same level of absorption. However we may note the 
difference in the absorption decay within the first few pulses. At higher carrier lifetimes the absorber does not 
recover to its original absorbing strength. However in all cases a sustained pulsation follows after several pulses. 
In all cases: I Itbr = 2 rnA. 
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In the following table we give a summary of the interesting characteristics which followed 
from the simulations. 

Table 4.5: Summary of the simulation results with different values of the absorber 
't )'fi f mmoruy carner I e Ime 'tabs 

Quantity 'tabs = 1.0 ns 'tabs = 0.85 ns 'tabs = 0.7 ns 
threshold current Ithr (rnA) 81.0 81.0 81.0 
differential efficiency 110 (WI A) 0.30 0.30 0.32 
maximum of dUdl-curve (dUdl)max 5.3 3.4 1.9 

loss modulation a 101 max - a 101 min 
38.2%-18.1 % 38.0%-28.8% 37.8 % -36.4 % 

* * * alaI_max 

average optical output power 6.1 5.1 3.5 
at I-Ithr = 2rnA (mW) 
peak output power at 1-lthr=2rnA(mW) 56 102 186 
pulsation current range (rnA) 81- 84 81-93 81-105 
pulsation output power range (mW) 5.3 - 6.6 3.4 - 9.0 1.9 - 12.1 
pulsation frequency range (MHz) 833 -1147 367 -1405 188 -1595 
energy per pulse range (pJ) 4.9 - 6.4 6.4 - 9.3 7.6 - 10.1 

* As can be seen In the total absorptlOn curves tn figure 4.4 the modulatlOn lS not constant through tlme but 
decreases exponentially towards a steady state value. 

The simulation results which are given in figure 4.4, table 4.5 and appendix El gives us the 
following physical insight: 
Changing the minority carrier lifetime does not affect the threshold current nor the differential 
efficiency. We observe a slight difference in differential efficiency but this can be accounted 
for by the accuracy of the calculations. Furthermore it is obvious that at high current densities 
all lasers have the same differential quantum efficiency because the absorber has been 
bleached totally. 
Decreasing the minority carrier lifetime will: 
- decrease the peak in the dL/dl-curve. So the height of this peak does not give us quantitative 
information of the pulsating behavior of the lasers. 
- increase the steady state modulation depth. The modulation of the first optical pulse does 
not change significantly as can be seen in figure 4.4. 
- decrease the optical output power at a fixed offset current above threshold. 
- increase the peak power of the optical pulses. 
- increase the pulsation current range. The initial pulsation current stays the same whereas the 
pulsation limit current increase by a factor 2. 
- increase the pulsation output power range. The initial pulsation output power decreases 
whereas the pulsation limit output power increases. 
- increase the pulsation frequency range. The initial pulsation frequency decreases whereas 
the pulsation limit frequency increases. 
- increase the energy per pulse. Both the initial pulsation energy per pulse as well as the 
pulsation limit energy per pulse increase. 
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4.2.5 The in-plane energy 

The quantum well absorber can only function as a saturable absorber when the photons 
generated in the active layer have an energy which is higher than the transition energy of the 
absorber. In section 3.2.4 we showed that increasing the in-plane energy (Le. energy above 
transition energy) influences the absorption function: 
- the initial absorption value will increase slightly. 
- the bleaching point (point where the absorber becomes transparent) moves to higher 
densities 
- the exponential curve turns over in a s-shaped curve (however for in-plane energies below 
40 me V the exponential fit satisfies). 

We calculated the influence of the photon in-plane energy for the following values: 0, 8 and 
16 meV. For these in-plane energies the calculated absorption is plotted in figure 4.5. We also 
show the corresponding absorption parameters of these curves. 
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Figure 4.5: Calculated absorption as a function of the carrier density nabs for the photon in-plane energies of 0, 
16 and 32 meV respectively. For each curve we have given the parameter values which have been obtained by 
fitting with a exponential function. The temperature was set to be 20°C. 

The three absorption functions in figure 4.5 have been used in the simulations. From these 
simulations we obtained the following time-solved total absorption curves given in figure 4.6. 
Increasing the in-plane energy leads to less absorption modulation and thus worse pulsating 
behavior. Furthermore the pulsation frequency at a fixed offset current above threshold 
increases. It is quite obvious that the performance of a self-pulsating laser decreases with 
increasing in-plane energy, because the instability condition is less well satisfied when the 
slope of the absorption curve is lower. In appendix Fl and F2 the simulated laser 
characteristics and the corresponding parameter sets can be found. 
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Figure 4.6: Calculated total absorption curves at three different values of the photon in-plane energy: 0 meV, 8 
meV and 16 meV. The modulation depth decreases with increasing in-plane energy. Above that the pulsation 
frequency increases. These two observations are quite obvious because the slope of the absorption curve 
decreases for increasing in-plane energy. This deteriorates the satisfaction of the instability condition. 

In table 4.6 the other interesting results are given. 

Table 4.6: Summary of the simulation results with different values of photon in-plane 
E energy iD 

Quantity Ejp=OmeV ~p= 16 meV Eip = 32 meV 
threshold current Ithr (rnA) 70.3 71.8 72.5 
differential efficiency l1D (W/A) 0.34 0.31 0.31 
maximum of dUdI-curve (dUdI)max 0.9* 0.7 * 0.7* 

a -a .min loss modulation 'Iot,.max '101, 
27.1 % 23.0 % 14.5 % 

a,o,_max 

average optical output power 2.2 1.8 1.4 
at I-Ithr=2mA (mW) 
peak output power at I-Ithr =2rnA(m W) 45.2 31.8 10.1 
pulsation current range (rnA) 70.3 - 86.3 71.8 - 83.8 73.5* - 80.5 
pulsation output power range (m W) 0.9* -7.6 0.7* - 5.8 0.9* - 3.8 
pulsation frequency range (MHz) ~*-1339 145* -1099 H5*-925 
energy per pulse range (pJ) 5.6* - 6.44 4.5* - 5.4 3.0* - 4.1 

.. These value are not very accurate due to the limited number of calculated points. 
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From figure 4.6, appendix Fl and table 4.6 we can draw the following conclusions: 
Increasing the in-plane energy results in: 
- an increasing threshold current. This is due to a slightly increasing initial absorption which 
can be seen in figure 4.5. 
- a decreasing differential efficiency at high current densities. At higher in-plane energies 
more carriers are needed to bleach the absorber. This explains the slightly decreasing 
differential efficiency. 
- a decreasing peak in the (dLldI)-curve. The (dLldI)-curve shows some irregularities which 
can be attributed to the small number of points of the LI-curve. Interpolation gives us a good 
indication that the maximum decreases for increasing in-plane energy. 
- a decreasing absorption modulation. 
- a decreasing optical output power at a fixed offset current above threshold. This is explained 
by the decreasing differential efficiency. 
- a decreasing optical peak power of the pulses at a fixed offset current value above threshold. 
- a decreasing pulsation current range. 
- a decreasing pulsation output power range. 
- a decreasing pulsation frequency range. 
- a decreasing energy per optical pulse. 
Important note: The low pulsation limits are not determined accurately. Due to the limited 
calculated points we may have missed the precise starting point of pulsations. Therefore the 
low limit of pulsation current range, pulsation output power range, pulsation frequency range 
and energy per pulse, may deviate from the real values. 

4.2.6 The temperature 

The model presented in chapter 3 is a steady state model. In other words during operation no 
changes in parameter values (due to heating) are taken into account. Let us first resume the 
single-mode rate equations for the numbers (photons in the optical volume and carriers in the 
active and absorber region). 

d N acl I N acl B 2 C ( ) r s 
~=llint ·-----V·Nacl--·gacl Nacl . aCI' 

q 't acl acl ngr 

(4-8) 

d Nabs Nabs B 2 C () --=-----·N +-·a N ·r ·S d t V abs abs abs abs 
't abs abs n gr 

(4-9) 

(4-10) 

We do not know the exact values of several parameters and we did not include all physical 
aspects of the laser for example. Therefore it is impossible to describe temperature behavior 
quantitatively. However we may predict what will happen if the temperature rises or lowers. 
Several parameters will vary with temperature. Let us mention them: 
1) The internal quantum efficiency llint 

This parameter decreases with increasing temperature. Therefore the threshold current will 
increase and the differential efficiency will decrease simultaneously. 
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2) The minority carrier lifetimes 'tact and 'tabs 

It is difficult to predict what these quantities will do when in- or decreasing temperature. We 
assume these quantities to be constant over a temperature range of several tens of degrees. 
3) The spontaneous recombination parameter B 
It is known that the spontaneous recombination parameter decreases with increasing 
temperature according to the relation: B - T/ [Leys, ref. 4.6]. Thus the slope of the gain 
function will decrease accordingly. On it own this effect would improve self-sustained 
pulsations. 
4) The active and absorber layer volumes V aet and Vabs 

At high temperatures there exists a stronger current spreading effect. Therefore the active 
layer volume and the absorber layer volume increase with increasing temperature. Lower 
carrier densities result, deteriorating the modal gain and modal absorption of the active and 
the absorber layer respectively and thus pulsating behavior will deteriorate too. 
5) The gain function 
In the following figure we plotted the experimentally determined gain function for different 
temperatures. We can see that the transparency current density increases with increasing 
temperature. Furthermore the slope of the gain function decreases over its whole range. This 
effect on itself would improve pulsating behavior but it is partly compensated by the decrease 
of the slope of the absorption function. 
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Figure 4.7: The experimentally determined gain functions for the temperature range -20oe to +60oe. We can see 
that the transparency current density increases with increasing temperature. Furthermore the slope of the gain 
function decreases over the whole range. This effect on itself would improve pulsating behavior but it is partly 
compensated by the decrease of the slope of the absorption function. 

6) The absorption function 
We plotted the calculated absorption function (section 3.2.4) for the temperature range -20°C 
to +60°C in the figure 4.8. Increasing the temperature increases the bleaching point and the 
initial absorption increases slightly. As a result the slope of the absorption function decreases 
deteriorating pulsating behavior. 
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Figure 4.8: The calculated absorption function at different temperatures: -20°C - +60°C (the in-plane energy was 
designed to be 0 meV). We can see that the bleaching point moves to higher densities whereas the initial 
absorption slightly increases. Thus the overall slope of the absorption function decreases with increasing 
temperature. As a result the instability condition will be less satisfied at higher temperatures deteriorating 
pulsating behavior. 

7) The internal mode loss Uint 

In our model we introduced a internal mode loss term Uint which stands for processes as 
photon scattering, photon absorption in the cladding but also photon absorption in the outer 
flanks of the lateral optical mode (or in other words outside the optical volume, e.g. in the 
blocking layers). 
The internal mode loss can be obtained from the length series experiment which has been 
described in chapter 3. In the following figure we plotted the mode loss values as a function 
of temperature. However these values are not representative for the self-pulsating laser diodes 
because the extra absorber layer gives an extra internal loss component. At room temperature 
the difference will be several reciprocal centimeters. Therefore we use in our model a value of 
24 cm'! in the case of SBR-Iaser diodes. 
We can see from figure 4.9 that the internal mode loss first increases towards a maximum at 
T = -35°C and finally decreases for higher temperatures. This last trend would improve 
pulsating laser action because the absorption ratio increases leading to better satisfaction of 
the instability condition. 
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Figure 4.9: The obtained internal mode loss as a function of temperature. The values have been obtained from 
the length series ex.periment as described in chapter 3. For low temperatures the internal mode loss increases 
with increasing temperature. For temperatures above -35°C the internal mode loss decreases. This trend on itself 
would improve pulsating laser action because the instability condition is better satisfied at low internal mode 
loss. 

4.2.7 The internal quantum efficiency 
In chapter 3 we described the length series experiment in order to determine the internal 
quantum efficiency. At room temperature we obtained a value of 0.6. The experiments are 
performed on selective buried ridge lasers. However, our first aim was to obtain pulsations in 
stripe geometry laser diodes. These lasers have a slightly lower quantum efficiency. The exact 
value of these lasers has not been determined experimentally. Therefore we used this 
parameter to fit the theoretical threshold current to the experimental value. 
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4.2.8 Summary of modeling results 
We will give a short summary of the simulation results in the shape of design rules. When 
modeling and designing self-pulsating lasers we would like to achieve the following 
properties: 
1) a large pulsation current range 
2) a large pulsation frequency range 
3) a large pulsation output power range (combined with rule 2 this actually means that we 
want to achieve a high energy per pulse) 
4) very short optical pulses (this will decrease the lasers optical feedback) 
5) a low threshold current 
For the above mentioned properties the following design rules must be taken into account: 
1) The internal and mirror losses should be kept as low as possible in order to obtain a high 
absorption ratio. 
Since we cannot decrease the internal mode loss it is more practical to decrease the mirror 
losses by coating of the laser facets. However this will reduce the optical output power of the 
coated facets. 
2) The absorber layer mode confinement must be high. 
A big disadvantage of this rule is the increasing threshold current which coincides with 
increasing the absorber layer mode confinement. 
3) The absorber layer minority carrier lifetime must be as low as possible. 
The pulsation frequency range and the pulsation current range increase rapidly with 
decreasing minority carrier lifetime. However we must keep in mind that decreasing the 
minority carrier lifetime will decrease the peak in the dUdI curve. 
4) The in-plane energy of the photons must be low. 
However when the in-plane energy is negative (or when the photons have an energy which 
is smaller than the transition energy) no absorption and thus no pulsations are obtained. In 
this case the laser diode has a much lower threshold current. This in-plane energy is 
determined by the quantum well strain. In the next section we will discuss the influence of 
strain on the transition energy. 
5) The active layer mode confinement factor must be kept as high as possible because the 
laser threshold current might increase to much .. 
This follows from equation (3-42). 
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4.3 Design aspects of the semiconductor laser structure . 
In this section we will further extend the earlier mentioned design rules. In section 4.2 we did 
not mention how we can change the discussed model parameters physically. This will be the 
main subject of this section. But first we will deal with the so-called design restrictions or, in 
other words, with the parameters we do not want to change. Special limitations exist for the 
active layer design. 

4.3.1 The multi-quantum well active layer 
It lies within the goals of the project to use the same active layer structure as is used regularly. 
So we do not want to change the quantum well thickness and neither the barriers between 
them. However we may adapt the core thickness to obtain a proper vertical farfield width. 

QW's, 3 nm, 1 % compressive strain 

-~ 
~ 

Core, 40 run 

p-c1adding active layer n-c1adding 

Barriers, run 
Figure 4.10: Active layer structure which has been used in all designed lasers in this report. The quantum well 
width is 3 nm with a compressive strain of 1 % and the barrier layers are 13 nm. On both sides we placed a core 
with a thickness of 40 nm in order to obtain a well designed vertical farfield. 

In the figure 4.10 we present the active layer structure (in the form of a schematic bandgap 
diagram) which has been used in all designed lasers in this report. The quantum well width is 
typical 3 nm and the barriers between them 13 nm. On both sides of the multiple quantum 
structure a core is grown with a thickness of 40 nm. The aluminum concentration in the core 
is 40% and in the cladding layers 70%. 

The confinement factor is designed to be 2.7 % which has been calculated with the effective 
index method [Schemmann, ref. 4.7]. 
As we can see in figure 4.10 the quantum wells of the active layer have a compressive strain 
of 1 %. Straining the quantum wells changes material parameters (bandgap, electron and hole 
effective mass, etc.). This has been studied extensively by other authors [Thijs, ref. 4.8], For 
us the following aspect is of special interest: 
- The transition energy increases with tensile strain and decreases with compressive strain. 
Lattice matched InGaP-material (to GaAs) at room temperature has a bandgap energy of 
about 1.8 e V which coincides with an emission wavelength of 670 nm. However in quantum 
wells the transition energy is somewhat higher due to the in-plane energy. This will result in 
lasing operation at a much shorter wavelength. In order to obtain lasing operation at 650 nm 
we need compressive strain, which increases the transition wavelength, in the quantum wells 
aof 1%. 
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4.3.2 The absorber layer mode confinement 

In section 4.2 we have learned that the absorber layer mode confinement must be high in 
order to obtain pulsations. In figure 4.11 we have illustrated the situation of a saturable 
absorber layer in the p-cladding. We have chosen to put the absorber in the p-cladding 
because in p-type material electrons are the minority carriers which have a shorter carrier 
lifetime than holes. However electrons show a larger leakage current into the p-cladding than 
holes into the n-cladding. 
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Figure 4.11: Schematic flat-band-diagram of a self-pulsating laser device with the quantum well saturable 
absorber layer in the p-cladding. We can increase the absorber layer mode confinement by 1) increasing its 
thickness d Qw or 2) decreasing the spacing layer thickness dspadng" 

We can increase the absorber layer mode confinement by: 
1) increasing its thickness dQw . 
2) decreasing the distance between the absorber layer and the active layer dspacing. 

The first solution is not very attractive because increasing the quantum well thickness will 
increase its volume and therefore decreases the absorber carrier density. Another limitation 
follows from the fact that we cannot strain thick layers which is necessary to design the 
transition energy. 
The second solution appears more attractive, because it is possible to grow a thin quantum 
well close to the active layer and thereby increasing the mode confinement. However, by 
decreasing the distance between the absorber and the active layer, the electron capture of the 
leakage current into the quantum well will increase as well. The electron capture may bleach 
the absorber leading to reduced self-pulsations. 

4.3.3 The absorber layer minority carrier lifetime 

The simulations in section 4.2 showed that the minority carrier lifetime in the absorber layer 
must be short in order to obtain a large pulsation current range and a large pulsation 
frequency range. A common way to realize this is the adding of dopant atoms in the quantum 
well. In literature dope levels of lxlO18 cm-3 or higher are advised [Adachi and Kidoguchi, 
ref. 4.9]. 

4.3.4 Straining the quantum well absorber layer 

In section 4.3.1 we presented an active layer structure lasing at a wavelength of 650 nm. This 
corresponds to a transition energy of 1.906 eV. The photons will only be absorbed if the 
transition energy of the quantum well absorber is equal to or smaller than this value. However 
there are good reasons for designing the absorber transition energy some me V's smaller than 
the photon energy. 
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1) The gain curve is spectrally broadened. When only a part of this gain spectrum coincides 
with the absorption spectrum of the absorber quantum well, lasing may occur at the other 
spectral part with low losses. Therefore the transition energy needs to be smaller than the 
energy of the photons emitted by the active layer. 
2) Due to process variations, the lasing wavelength might differ a bit from 650 nm. To 
account for these small variations, the transition wavelength of the absorber quantum well is 
designed to be a few nm longer. 

We have calculated the transition energy as a function of compressive strain for a 8 nm InGaP 
quantum well. The quantum effect depends on the barrier height which is determined by the 
aluminum concentration in the (AlxGal-x)O.51lno.49P p-cladding layer. For this reason we 
calculated the transition energy for two values of x: 0.4 and 0.7. The results are plotted in the 
figure 4.12. A high aluminum concentration coincides with a larger bandgap energy and thus 
with higher barriers. We observe that in both cases the transition energy decreases with 
increasing compressive strain. The dashed horizontal line symbolizes a given minimum 
energy of the photons emitted by the active layer. In order to obtain photon absorption the 
strain must have the minimum values illustrated by the two dotted vertical lines. The right 
side of these lines is marked to be the safe region as far strain is concerned. In the case of 
40% aluminum in the barriers less strain is needed. This can be explained by the smaller in
plane energy at lower quantum well barriers. 
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Figure 4.12: Calculated transition energy of a 8 nm InGaP quantum well for two different values of the 
aluminum concentration in the p-cladding: x = 0.40 and x = 0.70. A high aluminum concentration coincides with 
a larger bandgap energy with higher barriers. We can see that in both cases the transition energy decreases with 
increasing compressive strain. The dashed horizontal line symbolizes a arbitrary minimum photon energy 
emitted by the active layer. In order to obtain photon absorption the strain in these cases must have the minimum 
values illustrated by the two dotted vertical lines. The right side of these lines is marked to be the safe region for 
strain. In the case of 40% aluminum in the barriers less strain is needed. This can be explained by the smaller 
quantum effect in the case of low quantum well barriers. 
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5. Characterization of self-pulsating lasers 

In this chapter we will discuss the design and characterization of self-pulsating laser diodes 
with a wavelength near 650 nm. First we will deal with the experimental setup in section 5.1. 
In chapter 1 we pointed at two main objectives of the project. Our first aim is to obtain self
sustained pulsations in double-heterostructure stripe lasers, which was an extension of the 
work of Hoskens to visible red laser diodes He realized broad area self-pulsating lasers width 
a stripe width of 50 Jlm. It has been our aim to obtain pulsations in narrow-stripe lasers (width 
5 Jlm! I). The realization of this objective will be discussed in a section 5.2. We will discuss 
simulation results (or the predicted behavior). After this the laser design will be presented. 
The following section deals about the characterization (LI-curves, (dL/dI)-curves, fI-curves, 
Lf-curves and Ef-curves) and finally we will discuss the results. 
In order to make lasers suitable for optical recording Selective Buried Ridge lasers are 
favorable because of the low astigmatism. The second part of the project consists of 
realization of self-sustained pulsations in SBR-Iasers. A thorough discussion of the predicted 
pulsation behavior, the layer structure design and the experiments can be found in section 5.3. 

5.1 Experimental setup 
The experimental setup of the measurements have been described thoroughly by de Nooij 
[ref. 5.1]. It must be mentioned is that we measured all laser characteristics under continuous 
wave conditions. We performed the following experiments with the designed laser devices 
which design is discussed in this chapter: 
1) measurement of the light intensity versus injection current curve (LI-curve). 
This characteristic delivers us information on the threshold current and the differential 
efficiency. Self-pulsating laser diodes show a so-called "foot" with a high differential 
efficiency just above threshold. 
2) measurement of the derivative of the light intensity versus injection current curve (dUdI-I
curve). 
Self-pulsating laser diodes show a peak just above threshold with a high efficiency. The 
height of the peak in the dUdI-I-curve can give us a information on the bleaching of the 
absorber. . 
3) measurement of the pulsation frequency versus injection current curve (ft-curve). 
In this measurement a part of the output beam is focused on a high-speed photo diode which 
electrical output is connected to a (electrical frequency analyzer). The signal is a measure of 
the intensity variations with time. 
In practice, the measurement of the fI-curve consists of repetitive measurement of the 
frequency spectrum at different diode current values. Self-sustained pulsations typically show 
the pulsation frequency and higher harmonics of this frequency. The more harmonics the 
steeper and shorter the optical pulses. 

Note: The light intensity frequency curves (Lf-curves) have been calculated from the LI
curves and the fI-curves. In order to obtain the energy per optical pulse we need to divide the 
Lf-curve by the pulsation frequency. 
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5.2 Self-pulsations in narrow-stripe, gain guided lasers 
Now that we have developed a model, which describes self-pulsating laser behavior feedback 
from experiments is necessary to check the validity of the modeL However we have to keep 
in mind that it has never been our intention to develop a model which describes the measured 
characteristics perfectly. The main goal of the model is to understand the physics of a self 
pulsating laser and explain its characteristics. 
In this section we will first show a detailed calculation of a particular gain-guided structure in 
section 5.2.1. From these calculations we derive the self-pulsating properties of this laser. 
After this we will present the structure of the laser devices in section 5.2.2. Finally we will 
show the most important experimental laser characteristics in section 5.2.3 and compare them 
with the calculated characteristics. 

5.2.1 Simulation results 
In chapter 4 we discussed the influence of several parameters on the model. Now, we will 
show a more detailed calculation of a gain guided structure. We calculated the characteristics 
for the current range 5 rnA below threshold to 27.5 rnA above threshold. These characteristics 
can be found in appendix Gl. The absorber layer mode confinement was 0.75%. We give a 
review of the theoretical specifications in the following table. The used parameter set for the 
calculations is given in appendix G2. 

T hi 51 S a e • : f' I f ummary 0 slmu a Ion resu Its Ii '0 or a speci Ie gam·~ :u ided laser at T = 2Ooe. 
Quantity Value 
threshold current Ithr (rnA) 77.8 
differential efficiency 1]D (W/A) 0.38 
maximum of dUdI-curve (dUdI)max 0.70 
pulsation current range (rnA) 77.8 - 90.8 
pulsation output power range (m W) 0.77 - 6.08 
pulsation frequency range (MHz) 236·962 
energy per pulse range (pJ) 3.28·6.78 

5.2.2 Layer structure design 
In chapter 2 we showed a particular self-pulsating laser device with a transverse saturable 
absorber. In the figure 5.1 we show the layer structure of a visible light laser diode 
schematically. In order to obtain visible light GaxIn1.xP is used in the active and absorber 
layer. The cladding layers and the spacing layer are made of (AlxGal.x)O.51InO.49P. The highest 
direct bandgap energy is obtained at a aluminum content of 70%. The laser device in figure 
5.1 is a stripe laser which shows gain-guiding of the optical mode. The multi-quantum well 
active layer is the same as in the laser devices used in the length series experiment (appendix 
A). The quantum well absorber layer thickness is designed to be 8 nm. The dope level of the 
absorber is relatively high (> 1xlO18 cm·3) in order to obtain a short carrier lifetime. There are 
two parameters which are varied: the spacing layer thickness dspacing and the strain in the 
quantum well absorber. The first parameter alters the confinement and the latter parameter 
alters the bandgap energy and thus the photon in-plane energy. 
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Figure 5.1: Schematic view of the designed self-pulsating laser device. The laser device is a stripe laser which 
shows gain-guiding of the optical mode. The active layer and the absorber layer consist of GaxInl_xP, The 
cladding layers and the spacing layer have a aluminum content of 70%. The multi-quantum well active layer is 
the same as in the laser devices used in the length series experiment (aprendix A). But the core thickness 
deviates from appendix A in order to get an optimized farfield width of 30 . The quantum well absorber layer 
thickness is designed to be 8 nm. The dope level of the absorber is relatively high (> IxlO18 cm-3) in order to 
obtain a short carrier lifetime. There are two parameters which have been varied: the spacing layer thickness 
dspacing and the strain in the quantum well absorber. The first parameter alters the absorber layer mode 
confinement and the second parameter alters the bandgap energy and thus the photon in-plane energy. 

Table 5.2 gives a more detailed description of the layer structure. 

laser 

p-GaAs 

p-( Alo.7Gao.3)O.51 Ino.49P 
Gao.3sIno.62P (p > IxlOls cm·3) 
p-( Alo.7Gao.3)O.51 Ino.49P 
(Alo4Gao.6)O.51Ino.49P (undoped) 
Gao.3SIno.62P (undoped) 
(Alo.4Gao.6)o.5IIno.49P (undoped) 
Gao.3SIno.62P (undoped) 
(Alo.4Gao.6)O.51Ino.49P (undoped) 
Gao3sIno.62P (undoped) 
(Alo.4Gao.6)O.51Ino.49P (undoped) 
n-(Alo.7Gao.3)O.51Ino.49P 
n-GaAs 

Note: The core thickness deviates from appendix A in order to get an optimized farfield width of 

In figure 5.2, we present the flat-band diagram of the laser structure indicating the spacing 
layer thickness (x) and the absorber layer strain (y). 
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Figure 5.2: flat-band-diagram of the gain-guided laser structure. The design parameters have been indicated by x 
(spacing layer thickness) and y (strain). 

The parameters x and y are varied in order to get more information on the self-pulsating laser 
dynamics. The variations in the laser design are given in table 5.3. 

200nm 
150nm 2.97% 

de!.i~lled palranlet'~r values 

With these 3 wafers we want to study the effect of the absorber layer mode confinement 
(MOV4511 and MOV 4513) and strain (MOV 4511 and MOV4514) on the pulsating laser 
characteristics. 

5.2.3 Characterization and discussion of the results 
The samples MOV 4511 and MOV 4513 (with a strain value in the absorber of 0.25%) did not 
show any self-sustained pulsations. In figure 5.3a we have plotted typical LI-curves for both 
samples. The (dLldI)-curves are plotted in figure 5.3b. Neither LI-curves of the samples show 
a "foot" at threshold. 
Apparently, the effect of the absorber is to low in both cases to affect the lasing mode to the 
extend of saturable phenomena. Moreover, based on the fact that both samples have the same 
threshold current and efficiency, we can conclude that the extra absorption is negligible. 
Thus, the most important conclusion is that the transition energy of the absorber quantum 
well in samples MOV4511 and MOV4513 is larger than the photon energy of the gain 
medium. 
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Figure 5.3: a) LI-curves of samples MOV45 1 I and MOV4513. b) (dUdI)-curves of samples MOV45 1 1 and 
MOV 4513. We can see typical straight LI-curves for both samples. However the LI-curves show some 
difference between the samples. Sample MOV 4511 typically shows a small peak just above threshold. This 
indicated the presence of a saturable absorber. However the added absorption in both cases is too low for photon 
absorption. The fact that the threshold current of MOV 4511 is somewhat higher can be explained by the higher 
confinement factor. ffno photon absorption exists both threshold current values would have been the same! 

However, sample MOV 4514 (with a strain value in the absorber of 0.5%) shows self
sustained pulsations under continuous wave-operation. In this case the transition energy is 
low enough to absorb the photons of the laser mode. 
We have two indications for the presence of self-sustained pulsations during lasing operation: 
1) the frequency spectrum 
Fourier transform of a signal with retum-to-zero-pulses delivers typically the ground 
frequency with higher harmonics if the shape of the pulses differs from a sine wave. 
Observation of higher harmonics in the frequency spectrum is one of the conditions for self
sustained pulsations. When we observe just one peak. in the frequency spectrum the laser 
probably exhibits sustained oscillations on a DC-output power value. 
De Nooij [ref. 5.1] presented several frequency spectra of self-pulsating laser diodes. A 
typical frequency spectrum at 5 mW operation is plotted in figure 5.4. The operating 
temperature is 25°C. 
2) the longitudinal mode spectrum 
De Nooij also presented the longitudinal mode spectra of self-pulsating laser diodes. Self
sustained pulsation gives rise to broadening of the longitudinal modes, also known as 
"chirping". The longitudinal mode spectra are typical multimode and have widths of 2 nm 
[ref. 5.9]. In figure 5.5 a typical longitudinal mode spectrum at 5 mW is plotted. The existence 
of a broad longitudinal mode spectrum together with the higher harmonics in the frequency 
spectrum proves self-sustained pulsating behavior. 
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Figure 5.4: Frequency spectrum of a self-pulsating laser diode operating at 5 mW. The higher harmonics are 
caused by the steep flanks of the return-to-zero pulses. The steeper the flanks of the pulses the more harmonics 
might be observed. The operating temperature is 25°C. 
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Figure 5.5: Longitudinal mode spectrum of a self-pulsating laser diode operating at 5 mW. We can observe 
typical mUltiple mode laser action. However the modes are coupled. The operating temperature is 25°C. 
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We measured the following characteristics as a function of temperature (10°C - 30°C). 
1) the light intensity versus injection current curve (LI-curve) 
2) the derivative of the light intensity versus injection current curve 
3) the pulsation/oscillation frequency versus injection current curve 
From the above measured characteristic we derived the following characteristics: 
4) the light intensity versus pulsation frequency curve 
5) the energy per pulse versus pulsation frequency curve 
In appendices Hl- H5 we have plotted the above mentioned characteristics. In order to be 
able to compare the results with the calculated characteristics we also indicated the pulsation 
regions. The return to zero pulses have stopped if the longitudinal mode spectrum has become 
single mode. When increasing the current above this value one mode becomes dominant 
decreasing the spectrum width. At 300e we observed a sudden shift towards a longer 
wavelength of the laser emission. This may cause the value of the upper pulsation limit to 
increase at 300 C. 
In table 5.4 we tabulated the most important specifications at each temperature and compare 
them to the calculated values. 

Table 5.4: Results of measurements on gam-guided laser at different temperatures 
quantity measured measured measured measured measured Calculated 

T = 10°C T = 15°C T = 20°C T = 25°C T = 30°C* (T = 20°C) 
Threshold current 
Ith! (mA) 

72.0 72.9 76.0 79.8 77.8 

Differential efficiency 
110 (W/A) 
peak in (dUdI)-curve 
(dUdI)max 
efficiency ratio 

(dUdI)max/ 110 
pulsation current range 
(mA) 
pulsation output power 
range (mW) 
pulsation frequency 
range (MHz) 
energy per pulse range 
(pJ) 

0.46 

1.91 

4.15 

72.5 - 85.1 
(12.6) 

2 - 10.1 
(8.1) 

280 - 1260 
(980) 

4.2 - 8.4 
(4.2) 

0.42 

1.42 

3.38 

74.0 - 87.6 
(13.6) 

1.5 - 9.8 
(8.3) 

330 - 1260 
(930) 

4.7 - 7.8 
(3.2) 

0.38 

1.05 

2.76 

76.0 88.6 
(12.6) 

1.3 - 8.8 
(7.5) 

370 - 1180 
(810) 

3.7 - 7.3 
(3.3) 

0.34 

0.81 

2.38 

78.0 - 89.4 
(11.4) 
0-7.3 
(6.3) 

- 1100 
(710) 

0.24 

0.65 

2.71* 

83.0- 97.9 
(16.9)* 
2.0- 8.6 
(6.6)* 

450 - 1260 
(810)* 

3.5 - 6.8 
(3.3) 

* transition towards longer wavelength observed in the longitudinal mode spectrum 
Note: The values between brackets are the absolute range values. 

0.38 

0.70 

1.84 

77.8 - 90.8 
(13) 

0.77 - 6.08 
(5.31) 

236·962 
(726) 

3.28·6.78 
(3.50) 

From appendices HI-H5 and table 5.4 we can draw the following conclusions based on the 
characteristics up to 25°C. 
- The model describes the pulsating laser behavior quite well. The calculated values and the 
measured value are comparable. 
- Increasing the temperature increases the threshold current. This is due to the decreasing 
internal quantum efficiency. At higher temperatures more electrons will diffuse into the p
cladding recombining non-radiatively. This is the reason why the internal efficiency decreases 
with increasing temperature. The process of diffusion of electrons into the n-cladding is 
called leakage current. We will discuss this matter in the next section in more detail because 
in SBR-Iasers the current density is much higher. Therefore the leakage current will playa 
more important role. 
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- Increasing the temperature decreases the peak in de (dUdI)-curve. Another important 
conclusion is that the height of the peak in the (dUdI)-curve is gives qualitative information 
on the self-pulsating behavior. In table 5.4 we can see that a decreasing peak in the (dUdI)
curve coincides with a decreasing performance (smaller pulsation· frequency range, smaller 
pulsation current range and a smaller pulsation output power range). 
- However, the efficiency ratio (dL/dI)maxl Tln gives us a better indication on the change in 
performance of the self-sustained pulsations. At 30°C the ratio increases which coincides with 
the better pulsation ranges. 
- Increasing the temperature decreases the pulsation current range. 
- Increasing the temperature decreases both the minimum pulsation output power and the 
maximum output power. The pulsation output power range decreases as well. 
- Increasing the temperature decreases the pulsation frequency range. The initial pulsation 
frequency increases and the pulsation frequency limit decreases. 
- Increasing the temperature decreases the energy per optical pulse. A explanation for this can 
be the increasing leakage current. When the leakage current increases (with temperature) the 
carrier capture due to the leakage current is higher. The absorber will be bleached into a 
greater extent which will decrease the initial absorption strength (when there are no photons). 
As a result the absorption will decrease less due to an optical pulse. In this way the photons 
will experience a lower net gain and this causes the energy per pulse to decrease. 
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5.3 Self-pulsations in index-guided lasers 
In this section we will deal with the realization of self-sustained pulsations in index-guided 
laser devices. Index-guiding can be obtained by growing selective buried ridge laser devices 
which have been discussed in chapter 2. We will first show calculated characteristics of a 
particular index-guided laser. The performance of this device will be presented. In section 
5.3.2 we will present the designed laser structure. And finally we will present and discuss the 
experimental results in section 5.3.3. 

5.3.1 Simulation results 
We calculated the characteristics for the current range 5 rnA below threshold to 27.5 rnA 
above threshold. The absorber layer confinement used in the calculations is 1.0%. The 
calculated characteristics can be found in appendix 11 and the corresponding parameter set in 
appendix 12. The specifications of the laser have been summarized in the following table. 

T hi 55 S a e . : f' I f Its f, ·ft • dex-guided laser at T = 20°C. ummary 0 slmu a Ion resu or a speci IC m 
Quantity Value 
threshold current Ithr (rnA) 71.8 
differential efficiency llD (W/A) 0.30 
maximum of dL/dI -curve (dL/dI)max 1.6 
pulsation current range (rnA) 71.8 - 87.8 
pulsation output power range (m W) 0.8 - 7.5 
pulsation frequency range (MHz) 154 -1507 
energy per pulse range (pJ) 5.3 - 6.0 

5.3.2 Layer structure design 
There are some important differences between gain-guided lasers (stripe) and index-guided 
lasers (SBR): 
- The internal mode losses in SBR-Iasers are higher due to the extra GaAs current blocking 
layers. 
- The ridge width is smaller in order to make the guide laterally single-moded. Due to the 
stronger current confinement the current densities will be higher and lower threshold currents 
are obtained. 
- Index-guided lasers have a higher internal efficiency due to the stronger optical and current 
confinements. 

Simulations show that increasing the internal mode losses deteriorates the pulsating behavior. 
We have also learned that this can be compensated by increasing the absorber layer mode 
confinement, which increases both the absorption ratio and the slope of the absorption 
function. 
However we do not want to increase the confinement by growing thicker quantum wells 
because of reasons mentioned earlier in chapter 4. Neither growing of a multiple quantum 
well absorber layer is attractive because this increases the absorber layer volume as well. Now 
only two other possibilities remain: 
1) decreasing the spacing layer thickness. 
2) growing of an extra waveguide around the absorber quantum well. 
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This latter idea originates from H. Adachi and I. Kidoguchi [refs. 5.4-5.8]. The idea behind an 
extra waveguide around the absorber is that we pull the optical mode out of the active layer 
towards the absorber layer. In this way the absorber layer mode confinement will increase. 
However, the active layer mode confinement decreases simultaneously thereby increasing the 
threshold current. The instability condition is better satisfied in the case of a lower active 
layer mode confinement, thus we expect the laser to show a better pulsation performance. 

Both options of increasing the absorber confinement have been tried out in the novel SBR
laser diodes. We present the selective buried ridge laser device in figure 5.6. The multi
quantum well active layer is the same as in appendix A, except for an adaptation of the core 
thickness in order to obtain an optimized farfield width. The extra current blocking layers 
increase the internal mode losses with several reciprocal centimeters. The quantum well 
absorber layer thickness is designed to be 8 nm. The dope level of the absorber is high 
(> lxlO18 cm-3

) in order to obtain a short carrier lifetime. There are three parameters which 
have been varied in the fabrication: the spacing layer thickness dspacing , the strain in the 
quantum well absorber and the thickness of the extra waveguide around the absorber quantum 
well dwave!(uide. 

Subtrate (n-GaAs) 

Metalization In_I'nnT::I 

Figure 5.6: Schematic view of the designed self-pulsating laser device. The laser device in this figure is an 
index-guided laser (selective buried ridge). The multi-quantum well active layer is the same as in appendix A, 
except for an adaptation of the core thickness in order to obtain an optimized farfield width of 30°. The current 
blocking layers increase the internal mode losses by several reciprocal centimeters. The quantum well absorber 
layer thickness is designed to be 8 nm. The doping level of the absorber is high (>lxlO18 cm-3

) in order to 
obtain a short carrier lifetime. There are three parameters which have been varied in the production: the spacing 
layer thickness dspacing , the strain in the quantum well absorber and the thickness of the extra waveguide around 
the absorber quantum well dwaveguitk-

A detailed description of the layer structure is given in table 5.6. 
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p-GaAs 
p-(AIo.7G!I(l3)o.51Ino.49P 
(AloAGao.6)0.51Ino.49P 
Gao.3SlnO.62P (p > lxlOls cm·3) 
(Alo.4Gao.6)0.51Ino,49P 
p-(Alo.7Gao.3)0.51Ino.49P 
(AIo.4Gao.6)0.51In0.49P (undoped) 
Gao.3sIno.62P (undoped) 
(Alo.4Gao.6)o.51 Ino.4~ (undoped) 
Gao.3sIno.62P (undoped) 
(AIo.4Gao.6)0.51Ino.49P (undoped) 
Gao.3SIno.62P (undoped) 
(Alo.4Gao.6)o.5Jlno.49P (undoped) 
n-(Alo.7Gao.3)0.s 1 Ino.49P 
n-GaAs 

Note: The core thickness deviates from appendix A in order to get an optimized farfield width of 30°. 

The flat-band-diagram of a laser diode with extra wave guides around the saturable absorber 
is given in the figure 5.7. In this structure we have an extra design parameter: the thickness of 
the absorber layer waveguide. Increasing the waveguide thickness will pull the mode shift 
towards the absorber layer and thus increase the absorber layer mode confinement. At the 
same ~ime, the ac~ive layer cO,nfinement decre~ses, increasing the laser threshold current. 

, , 
absorber layer 

~<--:x_~~d.-
: y I· : p-cladding: active layer : n-cladding : t : (spacing lay~r) 

----,-z :z..~T ~-----j-

70%AI 

. AP%AI . 

. . . 0.% AI. 

... V.% N. 

.40.% Al 
70%AI 

Figure 5.7: Flat-band-diagram of the index-guided laser structure. The design parameters are indicated by x 
(spacing layer thickness), y (strain) and z (thickness of waveguide). The extra waveguide around the absorber 
quantum well are needed to increase the absorber layer confinement without increasing its volume. Thereby the 
active layer confinement decreases, increasing the laser threshold. However the instability condition is better 
satisfied in the case of a lower active layer mode confinement, thus we expect these lasers to show a better 
pulsation performance. The core thickness deviates from appendix A in order to get an optimized farfield width 
of300. 

The parameters x, y and z are used as design parameters for the mode confinement of the 
absorber layer. We obtained self-sustained pulsations in gain-guided lasers with a strain value 
of 0.5%. Nevertheless, we have chosen to vary this parameter as well in order to study the 
effect of increasing the in-plane energy. Table 5.7 summarizes the design variations of the 
parameters x, y and z. Two laser samples are grown without a waveguide around the absorber 
quantum well. 
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values 

1.25 % 
SOnm 1.25 % 
100nm 30nm 1.49 % 
100nm 30nm 1.49 % 
150nm ISnm 0.97% 
150nm lSnm 0.97% 
SOnm 36nm 1.72 % 

With these 7 wafers we are able to study the effect of strain (MOV 4650 and MOV4670), 
(MOV4671 and MOV4673) and (MOV4674 and MOV4676) on the pulsating laser 
characteristics. Furthermore, we varied the distance between the active and the absorber layer 
together with the thickness of the waveguide together with the thickness of the waveguide. 
This enables us to study the effect of the absorber layer mode confinement on the laser 
performance. We are also interested in comparing the performance of both concepts 
(MOV4560/4670 versus MOV467114677). 

5.3.3 Characterization and discussion of the results 
From the experiments it follows that only two samples, MOV4670 and MOV4676 show self
sustained pulsations at room temperature (T = 25°C). The other samples need cooling in order 
to obtain self-pulsations. In the table 5.S we have given for each sample the (average) 
threshold current at T = 25°C (calculated and measured), the maximum temperature at which 
pulsations are obtained, together with the designed active and absorber layer confinement 
factors. 

Table 5.8: The measured threshold current and the maximum pulsation temperature 
for each~~:.t=~_....., 

calculated maximum 
threshold pulsation 

confinement temperature 
r act 

3.01 % < WOC 
3.01 % 70* = 35°C 
2.59 % 97 < WOC 
2.59% 97* = WOC 
2.73 % 70 ;::;: WOC 
2.73% 70* =30°C 
2.54% 113 < WOC 

* In fact these values must be a little higher due to the increasing initial absorption value when increasing the 
strain. Since our calculations are only needed for an estimation of the threshold current, we took the same 
absorption function for both strain values. 

The performance of the grown samples is worse than expected. From table 5.S we can make 
the following remarkable observations. 
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- Sample 4670 shows the best similarity between the calculated and the measured threshold 
current. Simultaneously this sample shows the best performance up to the highest 
temperature. 
- The lasers with the extra waveguide around the absorber (MOV 467114677) show the largest 
difference between the calculated and the measured threshold currents. Moreover, these 
samples show no pulsating behavior at room temperature, except for MOV 4676, which 
measured threshold current is only 5 rnA less than the calculated one. 
-In all cases the samples with higher strain in the absorber layer show better performance than 
the samples with lower strain. 

The most reasonable way to explain the above mentioned observations is bleaching of the 
absorber due to capture of a part of the leakage current. In visible red lasers, the InAIGaP 
cladding layers provide a relatively low barrier against thermal excitation of electrons out of 
the active region. For instance, the barrier between the (Alo.4Gao.6)0.51In0.49P-core and the 
(Alo.7Gao.3)o.slIno.49P-cladding layer is only 187 meV. This is contrast to the barrier height of 
250 me V between the Alo.3Gao.7As-core and the Alo.sGao.sAs-cladding layer. 
To make things worse, the leakage current can increase even further due to a drift component 
arising from the low conductivity in the p-AIGaInP-cladding layer. Typically the temperature 
dependence of the threshold current of "well-behaved" lasers can be described by two 
currents according to: 

(5-1) 

where To and TL are the activation temperatures of the current to the active region and the 
leakage current respectively. A and B are constants which do not depend on temperature. 

When no absorber is present we find: To = 146 K and TL = 24 K. In figure 5.8 we have given 
the measured threshold current as a function of temperature for a traditional laser diode 
without a saturable absorber. Furthermore we illustrated the temperature dependence of both 
gain and leakage components. 
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Figure 5.8: The threshold current of a particular laser diode as a function of temperature. The laser current can 
be divided in two parts: a part that flows to the active region and a part that recombines elsewhere. The latter 
part is called leakage current. We can devide the operating current in two parts, which is given by the formula: 
J,I!r(T)=A·e T'T'+B·e TlT

,. The activation temperatures To and h of both parts are 146 K and 24 K 

respectively. Typical values of A and B are 210 Alcm2 and 1.2x1O-3 Alcm2 respectively. Thus at higher 
temperatures the leakage current gets even larger than the active layer current. 

In particular, the low activation temperature will playa dominant role once the leakage 
current is comparable with the current to the active region. Due to the poor mobility the 
electrons will recombine in the p-AlGaInP-cladding. When the absorber is located in the p
cladding within the diffusion length of the electrons from the active layer, a part of the 
leakage current will be captured. When the leakage current becomes substantial, it is possible 
that the absorber is bleached even before the lasing threshold is reached. 

We have chosen to study the temperature dependence of the threshold current. because this 
experiment gives us information on the losses inside the laser as a function of temperature. 
Another interesting quantity to be studied, is the maximum of the (dLldI)-curve. Even though 
this quantity does not give us quantitative information on the pulsating behavior. it does give 
us a proof of the "presence" of the absorber as a function of temperature. In other words. it 
gives a qualitative insight into the process of bleaching of the absorber layer. The higher the 
peak the more the absorber can be bleached, thus the better pulsations are obtained (provided 
that the minority carrier lifetime does not change significantly). 

Let us first discuss the results of the samples MOV4650 and MOV4670. These samples have 
been grown with a saturable absorber without a waveguide around it closer to the active layer. 
The spacing layer thickness was designed to be 80 nm. The two samples have different strain 
in the absorber. Sample MOV 4670 has the highest strain and thus the lowest transition 
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energy. In figure 5.9 we have plotted the measured threshold current as a function of 
temperature together with the maximum in the (dUdI)-curve. 
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Figure 5.9: Comparison between measured characteristics of samples MOV4650 (0.5% strain in the absorber 
layer) and MOV4670 (0.575% strain in the absorber layer). These samples do not contain a waveguide around 
the absorber layer. (a) Measured maximum of the (dLldI)-curve as a function of temperature. (b) Measured 
threshold current as a function of temperature. 
We observe a difference between the threshold current values at low temperatures. Probably the transition 
energy of sample MOV 4650 is too low for the absorption of all photons. However sample MOV 4650 shows the 
highest peak in the (dLldI)-curve (at low temperatures). An explanation is the better satisfaction of the instability 
condition due to the steeper absorption function. At higher temperatures the difference between the threshold 
current values increases. We can conclude that sample MOV4670 is less sensitive with respect to the leakage 
current. Furthermore, the (dLldI}max-curve of sample MOV4670 decreases less with increasing temperature. 
which indicates a slower bleaching of the absorber due to the leakage current. 
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Comparing the characteristics in figure 5.9b we observe that the threshold current increases 
with increasing temperature. However, the threshold current of sample MOV4670 is higher 
for all temperatures. At low temperatures the difference in threshold current is small, whereas 
at higher temperature this difference increases rapidly. 
Comparing the plots in figure 5.9a we observe the following. At very low temperatures the 
sample with a strain value of 0.5% (MOV4650) has a smaller maximum than the sample with 
a strain value of 0.575% (MOV4670). However in the temperature range -25°C to +45°C the 
curve of sample MOV4670 lies above the curve of sample MOV4650. 
At low temperatures the leakage current into the p-cladding is very small. Therefore we 
conclude that the absorber will not be bleached by the leakage current. Still we observe a 
difference between the threshold currents. The most reasonable explanation for this difference 
is that the transition energy of the absorber of sample MOV4650 is too high for the 
absorption of all photons. However sample MOV4650 shows the highest peak in the (dUdl)
curve (at low temperatures). This can be explained by the better satisfaction of the instability 
condition due to a steeper absorption function. 
At higher temperatures the leakage current increases and thus the amount of electrons, 
bleaching of the absorber, increase too. However the threshold current of sample MOV4670 
increases much faster. This can be explained by the higher strain in the absorber. A lower 
transition energy means a larger bleaching density and thus less sensitivity for bleaching (see 
also section 3.2.4). Figure 9a indicates also the smaller sensitivity of sample MOV4670 for 
bleaching by the leakage current. 
We assume that both samples have the same bleaching current. But when the transition 
energy of the absorber quantum well is lower, the absorbing strength decreases less due to the 
bleaching current. This explains why sample MOV 4670, with the higher strain value, has a 
higher maximum in the (dUdl)-curve for higher temperatures. It also explains why the 
threshold current of sample MOV4670 stays well above that of sample MOV4650 for the 
whole temperature range. 

From the lasers diodes with a waveguide around the absorber, we will only discuss samples 
MOV4671 and MOV4673. In figure 5.10 we have plotted the measured characteristics for 
these samples. In figure 5.lOa the maximum of the (dL/dI)-curve has been plotted against 
temperature and in figure 5.1 Ob we have plotted the threshold current as a function of 
temperature. 

In figure 5.10 we can observe the following: 
- Decreasing the temperature from zero degrees centigrade, increases the threshold 
current. 
- At low temperatures, where no leakage current bleaches the absorber, we still observe a 
difference in the threshold current of both samples. An explanation is that a strain value of 
0.5% is not enough for the absorption of all photons. This coincides with a smaller initial 
absorbing strength. 
- The maxima of the (dUdI)-curves decrease rapidly with increasing temperature. However 
the sample with the highest strain starts decreasing at a higher temperature. 
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Figure 5.10: Comparison between measured characteristics of samples MOV4671 (0.5% strain) and MOV4673 
(0.575% strain), (a) Measured maximum of the (dLldI)-curve as a function of temperature. (b) Measured 
threshold current as a function of temperature. 
Decreasing the temperature from zero degrees centigrade increases threshold cu"ent. 
The maxima of the (dUdl)-curves decrease rapidly wah increasing temperature. However the sample with the 
highest strain starts decreasing at a higher temperature. An explanation for these observations is the larger 
bleaching current due to the extra waveguide. Furthermore the laser diode becomes less sensitive for bleaching if 
the strain is higher. 
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An explanation for the decreasing threshold current with increasing temperature and the 
rapidly decreasing maximum of the (dUdI)-curve, is the more efficient capture of electrons 
due to the extra waveguide. The leakage current does not increase in the presence of an extra 
waveguide. but the part of electrons captured in the quantum well increases. Once captured 
inside the waveguide the electrons will "fall" easier into the quantum well. In the figures 
5.11 and 5.12 we illustrated the leakage current process schematically for low and high 
temperatures. 

Ileak I injection 

~/lb7 ____________ ~ r~a~s ____ -. 

absorber layer 

Ileak 
I injection 

absorber layer p-cladding active layer n-cladding 
(spacing layer) 

Figure 5.11: The leakage current process at low temperatures in a self-pulsating laser diode is shown 
schematically. A part of the injection current 1/lIjeclioll will be used to build up the gain in the active layer Igo/n' 

The other part is called leakage current II,ok' This leakage current is small at low temperatures and can be divided 
into three parts: a part which recombines in the p-c1adding, a part which bleaches the absorber labs and a part 
which recombines behind the absorber layer. As can be seen in the lower plot the extra waveguide increases the 
electron capture in the absorber quantum well, provided that the leakage current is the same. 
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Figure 5.12: The leakage current in a self-pulsating laser diode at high temperatures is shown schematically. A 
part of the injection current lilljeclioll will be used to build up the gain in the active layer Iga/n• The other part is 
called leakage current [leak. This leakage current is large at high temperatures and can be divided into three parts: 
a part which recombines in the p-c1adding, a part which bleaches the absorber labs and a part which recombines 
behind the absorber layer. As can be seen in the lower plot the extra waveguide increases the electron capture in 
the absorber quantum well provided that the leakage current is the same. Furthermore we observe from figure 
5.11 and 5.12 that at high temperatures the bleaching current has increased more in the structure with a 
waveguide around the absorber. 



83 

A part of the injection current linjection will be used to build up the gain in the active layer Igain' 

The other part is called leakage current Ileak. This leakage current is large at high temperatures 
and can be divided into three parts: a part which recombines in the p-cladding, a part which 
bleaches the absorber labs and a part which recombines behind the absorber layer. As can be 
seen in the lower plot the extra waveguide increase the electron capture provided that the 
leakage current is the same. A way to decrease the laser sensitivity for the bleaching current is 
to increase the absorber layer strain. In this way we tackle the results of the bleaching current 
in stead of the leakage current itself. 

In figure 5.13 we compare the characteristics of lasers with and without a waveguide around 
the absorber. 

The following differences between the two sets are observed: 
- The threshold currents of the lasers without an extra waveguide increase more rapidly than 
the lasers with an extra waveguide around the absorber. Furthennore these lasers do not 
show a decreasing threshold current with increasing temperature. From this we can conclude 
that the bleaching current in the samples without an extra waveguide is much smaller than in 
the lasers with an extra waveguide. 
- The maxima of the (dVdl)-curves of the lasers with an extra waveguide are much higher at 
low temperatures. This can be explained by the fact that the instability condition is better 
satisfied if the mode confinement of the active layer is low and if confinement of the absorber 
is high. Both trends explain the higher threshold currents at low temperatures (see also 
equation. (3-42) ). 
- The decay of the maxima of the (dUdl) curves is much faster in the lasers with an extra 
waveguide. The reason of this abrupt change lies in the fact that more electrons are captured 
in the absorber quantum well due to the extra waveguide. 

Summarizing we can conclude that both concepts show improvement of the characteristics 
when a higher strain in the absorber is used. The idea of an extra waveguide seems to be not 
sensible due to the increased carrier capture due to the leakage current. The carrier capture 
due to the leakage current may be decreased by: 
-Increasing the distance between the active and the absorber layer. 
-Reducing the current density in the active layer. 
The current density in selective buried ridge lasers is higher due to the stronger current 
confinement (smaller ridge area). Therefore the leakage current in SBR-Iasers is higher. 
However we can still decrease the current density by decreasing the mirror losses. In this way 
less gain is needed for lasing and thus lower current densities are obtained. 
-Increasing the barrier height between the active and the absorber layer. However in our 
case we used 70% aluminum in the cladding layers. This parameter cannot be further 
optimized. 

The sample with the highest threshold current and the highest peak in the (dUdn-curve is 
MOV 4670. This laser also shows the best performance. Pulsations were obtained up to 35 
degrees centigrade, which is still too low for optical recording purposes. In chapter 6 we will 
discuss the further improvement of the laser performance. 
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Figure 5.13: Comparison between samples MOV4650, MOV4670 and MOV4671. MOV4673 in order to study 
the influence of the extra waveguide around the absorber. (a) Measured maximum of the (dUdI)-curve as a 
function of temperature. (b) Measured threshold current as a function of temperature. 
The following differences between the two concepts are observed: 1) The threshold currents of the lasers 
without an extra waveguide increases more rapidly than the lasers with an extra waveguide around the 
absorber. Furthermore these lasers do not show a decreasing threshold current with increasing temperature. 
From this we can conclude that the bleaching current in the samples without an extra waveguide is much smaller 
than in the lasers with an extra waveguide. 2) The maxima of the (dUdl)-curves of the lasers with an extra 
waveguide are much higher at low temperatures. This can be explained by the better satisfaction of the 
instability condition n the case of a lower active layer mode confinement and a higher absorber layer mode 
confinement. Both trends explain also the higher threshold currents at low temperatures. 3) The decay of the 
maxima of the (dUdl)-curves is much faster in the lasers with an extra waveguide. The reason of this more 
abrupt change lies in the fact that every electron which is caught in the waveguide will get caught in the absorber 
quantum well as well. 
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6. Conclusions and recommendations 

In this chapter we will discuss the conclusions that are drawn from the modeling and 
simulation results. Furthermore some important conclusions are drawn from the experiments. 
More important are the recommendations which follow from the gained knowledge. These 
recommendations are discussed in section 6.2. 

6.1 Conclusions 
We can draw the following conclusions: 
- The single-mode model has greatly helped us to understand the self-pulsating laser physics. 
The simulations gave us a good insight in the influence of changing the parameters on the 
self-pulsating behavior. 
- Furthermore we succeeded in describing the self-pulsating properties of a laser diode 
satisfactory within the limits of the modeL An important tool to obtain a model that describes 
self-sustained pulsations, is experimental feedback. Since we did not know all the parameters, 
we fitted the theoretical results such that the model described the experiments in a good way. 
- A better performance is obtained if the mode confinement of the absorber layer is as high as 
possible. In particular, this is the case in lasers with high internal mode losses like selective 
buried ridge lasers. However increasing the absorber layer confinement increases the 
threshold current too. 
- The minority carrier lifetime in the absorber layer should be as short as possible. 
Simulations have shown that a decrease of the carrier lifetime in the absorber increases the 
current, frequency and output power range of the self-sustained pulsations. At the same time 
the peak of the (dL/dI)-curve near threshold decreases. On the other hand, the performance of 
the pulsating laser diode increases when the confinement of the absorber increases while the 
peak in the (dL/dI)-curve increases too. We conclude that a sharp peak near threshold in the 
(dL/dI)-curve is not a prerequisite for good pulsating performance. From the (dL/dI)-curve or 
the bending of the (dL/dI)-curve alone, we cannot obtain quantitative information. The 
lifetime of the carriers in the absorber can be decreased by adding dopant atoms in the 
absorber layer. In literature a minimum dope level of lxlQ18 cm-3 is advised. 
- Pulsations may not only be obtained by increasing the absorber layer mode confinement but 
also by decreasing the mirror losses. The most practical way to decrease the mirror losses is 
to deposit a coating on the laser facets. This will increase the reflectivity of the facets and thus 
decrease the output power at each facet. However in this way the mirror losses can be 
decreased with a factor 3 which might be enough to satisfy the instability condition. 
- In order to obtain good pulsating behavior we should match the absorber transition energy 
with the energy of the photons created in the active layer. The transition energy can be 
changed by adding tensile or compressive strain in the absorber layer. Simulations have 
shown that the best laser performance is obtained if the absorber transition energy is equal to 
the photon energy (in-plane energy is zero). In this case the absorption function is the steepest 
and this yields the best satisfaction of the instability condition. 
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However there are good reasons to design the in-plane energy greater than zero: 
1) The gain curve is spectrally broadened. When only a part of this gain spectrum coincides 
with the absorption spectrum of the absorber quantum well, lasing may occur at the other 
spectral part with low losses. Therefore the transition energy needs to be smaller than the 
energy of the photons emitted by the active layer. 
2) Due to process variations, the lasing wavelength might differ a bit from 650 nm. To 
account for these small variations, the transition wavelength of the absorber quantum well is 
designed to be a few nm longer. 
3) A larger strain increases the bleaching point while the initial absorption increases slightly. 
Thus the absorption becomes less sensitive to bleaching. (i.e. more electrons are needed to 
bleach the absorber). This effect can be used to compensate for the carrier capture due to 
leakage current. 

- We successfully realized self-sustained pulsations in gain-guided (stripe) lasers under 
continuous wave operation. Because of the lower internal mode losses in these lasers the 
instability condition is easier satisfied. We obtained self-sustained pulsations at a relatively 
low confinement factor of 0.75%. The laser devices showed pulsations at 5 mW operation up 
to 30°C. However the dynamic pulsation range decreases with increasing temperature. At 
wOe the pulsation frequency range was from 280 MHz to 1260 MHz. But at 25°e this range 
has decreased to 390 MHz to 1100 MHz. The pulsation current range and the pulsation 
frequency range decrease as well. The most reasonable explanation for the limited pulsation 
temperature range is the increasing leakage current with increasing temperature. Due to this 
leakage current the carrier capture in the absorber layer increases, which bleaches the 
absorber even before threshold is reached. 

- Due to the design of a high absorber layer confinement and a short carrier lifetime in the 
absorber, self-sustained pulsations under continuous wave operation have also been obtained 
in index-guided lasers. However the performance of the designed devices is below 
expectation. This can be contributed to the phenomenon of leakage current. Electrons flow 
from the n-cladding towards the active region. Due to thennal excitation part of the electrons 
diffuse into the p-cladding where they recombine with the holes (majority carriers). A part of 
the electrons is captured in the absorber quantum well, deteriorating the absorption. 
This part of the leakage current depends on the current density in the active layer, the barrier 
height, the distance between the active and the absorber layer and most of all on the 
temperature. In selective buried ridge lasers the threshold current density is higher than in 
stripe lasers due to the stronger current confinement, leading to a higher leakage current. This 
explains the poor performance of the designed SBR-Iasers. 
The realization of a high absorber layer mode confinement has been implemented in two 
ways: 
1) We decreased the thickness ofthe spacing layer between the active and absorber layer. 
2) We implemented a extra waveguide around the absorber layer in order to pull the optical 
mode towards the absorber layer. In this way we increase the absorber layer mode 
confinement and decrease the active layer mode confinement. Both aspects enhance the 
satisfaction of the instability condition. However the threshold current increases. 

- During the experiments we observed a striking difference in temperature dependence 
between the lasers without an extra waveguide and the laser with an extra waveguide. All 
lasers with an extra waveguide around the absorber layer show, at low temperatures, a 
decreasing threshold current with increasing temperature. Further increasing of the 
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temperature will increase the threshold current again. The lasers without an extra waveguide 
do not show such a characteristic, but a particular deviation from the traditional lasers can 
still be observed. 
From the above mentioned observations we can conclude that the implementation of an extra 
waveguide around the absorber increases the carrier capture due to the leakage current to a 
great extent, thereby decreasing the absorption even more. This effect is stronger than 
originally anticipated. From this we may conclude that the idea of using an extra waveguide 
around the absorber in the p-cladding is not an appropriate way to obtain a good pulsating 
performance in SBR-Iaser diodes, unless there is a considerable offset between the transition 
energy of the absorber and that of the active region. 

- The effect of the bleaching of the absorber by the leakage current can be compensated by 
adding extra strain to the absorber quantum well. After all, increasing the strain decreases the 
transition energy. In this way, we obtain an absorption function which is less sensitive for 
bleaching due to the capture of the leakage current. However, adding extra strain costs some 
performance, because the slope of the absorption function is smaller and thus the satisfaction 
of the instability condition is worse. 

- A better way is to prevent carrier capture in the absorber. This can be achieved by increasing 
the spacing layer thickness. However we must keep in mind that we do not have infinite 
freedom with this parameter. At a large spacing layer thickness the laser may become 
bimodal. Furthermore, there are practical limitations on the distance between the active layer 
and the current blocking layers in order to obtain index-guiding. 
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6.2 Recommendations 
In this section we will describe some recommendation which followed from the theoretical 
and experimental results in the project. 

- We may improve the self-pulsating laser performance of the current concept by the 
following actions: 
1) coating of the facets. 
The main purpose of this action is to decrease the current density in the active layer, which 
decreases the leakage current and thus also the carrier capture in the absorber layer. 
2) implementation of higher strain in the absorber. 
The main purpose of this action is to compensate for decrease in absorption due to the carrier 
capture. 
3) increasing the spacing layer thickness. 
This action decreases the part of the leakage current which bleaches the absorber. However, 
we must keep in mind, that thicker waveguides are necessary to obtain a high absorber layer 
mode confinement. In order to keep the active layer mode confinement high (low threshold) 
we should grow an extra quantum well in the active layer. 

- Hoskens et al [ref. 6.1] tried to obtain pulsations in AIGaAs-laser diodes with the saturable 
absorber layer in the n-cladding. He did not succeed in this, which can be explained by the 
longer carrier lifetime of the holes. In our simulations we have seen the importance of a short 
minority carrier lifetime. It should be equal to or less than 1 nsec. Nevertheless, we advise to 
grow laser structures with the absorber in the n-cladding. This is favorable because the 
leakage current for holes is much smaller due to the larger effective mass. In order to obtain a 
minority carrier lifetime below 1 nsec a very high doping level is needed in the absorber (for 
instance, n>2xlQ18 cm-\ The minimum dope level should be determined experimentally. 
Once these lasers have been realized, we expect the performance to be better than the current 
concept with the absorber in the p-cladding. Pulsations up to higher temperatures may then be 
obtained. 
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Appendix A: Laser structure design for length series experiment 

The following SBR-Iaser structure was used for the length series experiment: 

Subtrate (n-GaAs) 

Figure 1: Laser structure (MOV 4171, SBR, 650 run) for length series experiments The multi quantum well 
active layer (denoted by MQAL) consists of three indepedent InGaP-quantum wells seperated by two AIGalnP· 
barrier layers of 13 run each. The core at both sides is 35 nm. The laser length L varies from 400 to 800 j.U1l. 

The multi quantum well active layer (denoted by MQAL) consists of three indepedent InGaP
quantum wells seperated by two AIGalnP-barrier layers of 13 nm each. The core at both sides 
is 35 nm. The layer structure has been put in a table. 

Table 1: The laser layer structure (MOV 4171, SBR, 650 nm) 
Layer ! Material ! Compressive ,I Thickness I Refractive index 

I i strain ! 
top:~'-o-n-ta-ct-I-ay-e-r-+! p-.-G-aA-s·- 1 '. I - I 3.855 4.04xlO-3 i 

p.cladding I p-(Alo.7Gao.3)0.51Ino.49P 1 . i 1.5 ~m I 3.21 
core i (Alo.4Gao.6)O.51Ino.49P (undoped) I . I 35 nm I 3.335 
quantum well ',' Gao.3sIno.6zP (undoped) I 1 % 3 nm; 3.5 
barrier layer (Alo.4Gao.6)O.51Ino.49P (undoped) I 13 nm I 3.335 
quantum well Gao.3SIno.6zP (undoped) 1 % l 3 nm 'I 3.5 
barrier layer (AIo.4Gao,6)o.51Ino.49P (undoped) . 13 nm 3.335 

~~;;tum well I ~i:~:b:::~.5(~~~;1~ndOPed) I 1 ~ 3; ~: I /3;5 

:~~~~~:t~g I :~r~Gao.3)o.51Ino.49P I ~ 1.5.~m ! 3.855 .~~0~XlO-3 i 
Note: The MQAL is designed to have a transversal mode confinement of 2.69%. The vertical farfield width is 
25.8°, The band·diagram has been shown in figure 2. 

I 

: QW's, 3 run I 

40
70 : AAII_-_-_-_-_-_-_-_-_-_-_-_-_-_-_--;_~ffiG:Jt-----------·70 % Al 

7(, ,........-..---1----- ----- ------40 %AI 

0% AI- - - - - - - - - - - - - - - -I ~-I- - - - - - - - - - - - - - - - 0 % Al 

I Core, 35 nm I 

p-cladding : active layer : n-cladding 
O%AI I I 

~:~: = = = = = = = = = = = = = = = =~-0Jl- -r= = = = = = = = == = = = = = ::~: 
I Barriers, 13 run I 

I I 

Figure 2: Schematic band·diagram of laser structure (MOV 4171, SBR, 650 nm) 
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Appendix C2: Used parameter set for simulations in C1 

8nm 

7J.1m 
500 J.1ffi 
0.027 

650nm 
4.51 em·Amp-l 
466 Amp·em-2 

5382 em-1 

_2.43.1018 em-3 

-2642 em-l 

24 em-! 

* parameter whieh has been varied with the simulations 
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Appendix 02: Used parameter set for simulations in 01 

8nm 
5 11m 
500 Ilm 
0.027 
0.0075, 0.010, 0.0125 
0.32 
0.6 
2.8-10- 11 em3'see-1 

50 nsee 

650nm 
4.51 em-Amp-I 
466 Amp·em-2 

5382 em-I 
-2.43-1018 em-3 

-2642 em-I 
24 em-I 

* parameter whieh has been varied with the simulations 
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Appendix E2: Used parameter set for simulations in E1 

8nm 
5 Jlm 
500 Jlm 
0.027 
0.0125 

2.8.10-11 em3'see-1 

50 nsee 
0.70, 0.85, 1.0 osee 
4 
650nm 
4.51 em.Amp-l 
466 Amp·em-2 

5382 em-1 

-2.43.1018 em-3 

-2642 em-1 

24 em-1 

* parameter which has been varied with the simulations 
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Appendix F2: Used parameter set for simulations in F1 

8nm 
5Jlm 
500 J.Lm 
0.027 
0.010 
0.32 
0.6 
2.8·10,11 em3'see,l 

50 nsee 

650nm 
4.51 em·Amp'} 
466 Amp'em,2 
see set 1, 2 and 3 
see set 1, 2 and 3 
see set 1, 2 and 3 
24 em'· 

* parameter whieh has been varied with the simulations 

a e . e erent a sorption parameter sets us or t e slmu ation In . T bl 2 Th difti b cd f, h . I' . Fl 

parameter set a (em'l) b (em·3) e (em'I) 

1 (Eip = 0 meV) 4990 -1.94eI8 -2369 F 2 (E;o = 16 meV) 5666 -2.83eI8 -2928 
3 (Eip = 32 meV) 7437 -5.0eI8 -3529 

Eip = in-plane energy of the photons 



11 

10 

9 

8 

7 

~ 6 
g 

5 

4 

3 

2 

1800 

1600 

1400 

1200 

N 
J: 1000 

e. 
800 

600 

400 

200 

Pulsation region 
0.7 

0.6 

0.5 

~ ! 0.4 

-0 
=S 0.3 

0.2 

0.1 i 
0.0 t....... ................. EL-L.. ........ ..L..... ......... ....o....JL....L.......L......J.. ..................... ....J... ................. ..L....&....L-J........J 

I-Ithr (mA) 

Pulsation region 

-10 

7 

6 

5 

~ 4 
g 
-' 3 

2 

·5 o 

o 
o 

o •• • o •• 
•• • 

5 10 15 

I-Ithr (mA) 

•• •• •• •• • 

I-Ithr (mA) f (MHz) 

20 25 

o 0 0 

• • •• •• 

30 

7 

6 

4 

The predicted characteristics at 20°C of a gain-guided laser diode are shown here. In these simulation we calculated a lot of points in order to desribe the pulsating 

behavior more precisely. Important note: In the dLdl-curve we see a lot of spreading in the calculated points. This is due to the inaccuracy in the used algorithm for 

calculating the optical output power. We indicated the pulsation region with the vertical drawn lines. The threshold current Ithris 77.S mA. 

l> 
"0 
"0 

CD 
:::J 
C. _. 
>< 
Ci) 
...I. 

"'C 
C11 
c. 
() -CD 
C. 
C" 
CD 
:::J" 

~. 
o ., 
o -I» -'< 

"2. 
() 
I» -

CD 
! . 
:::J 
I 

CD 
C _. 
C. 
CD 
C. -I» 
fA 
CD ., 
C. _. 
o 
c. 
CD 

..... 
o w 



104 

Appendix G2: Used parameter set for simulations in G1 

8nm 
7J.lIll 
500 Ilm 
0.027 
0.0075 
0.32 
0.5 
2.8.10-11 cm3 'sec-1 

50nsec 
0.7 nsec 
4 
650nm 
4.51 cm·Amp-l 
466 Amp·cm-2 

5382 cm-1 

-2.43.1018 cm-3 

-2642 cm-I 

6 cm-I 
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Appendix 12: Used parameter set for simulations in 11 

8nm 
5 Jlm 
500 Jlm 
0.027 
0.010 
0.32 
0.6 
2.8.lO,l! em3 ·sec'l 

650nm 
4.51 em'Amp,l 
466 Amp'em,2 
5382 em'l 
-2.43.1018 em-3 

-2642 em- l 

24 em-1 
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