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Abstract

FABRICATION AND CHARACTERIZATION OF 
SEMICONDUCTOR DOUBLE QUANTUM  WELL

DIODE LASERS

Bülent Erol Sağol
M. S. in Physics

Supervisor: Asst. Prof. Ali Serpengüzel 
November 1998

In this thesis, semiconductor double quantum well, Fabry-Perot and half ring 
hisers were fabricated, and these devices were operated and characterized at room 
temperature.

The lasers were fabricated using GaAs/AlGaAs double quantum well wafers, 
and processed in order to produce 4^m wide, l/im-4/im high mesas for 
optical confinement. This mesa isolation was done by means of wet and dry 
etching techniques. Fabrication of Fabry-Perot lasers was completed after Si02 
insulation, p-contact and n-contact metalizations, thinning, and dicing. Similar 
fabrication techniques were applied to produce ring lasers coupled to Fabry-Perot 
cavities, with various diameters ranging from 50 to 1400//m.

Device characterization was done by means of photoluminescence, current- 

voltage, current-power measurements, and electroluminescence. Photolumi
nescence was used for checking the lasing wavelength. Current-voltage and 
current-power measurements were done to investigate the serial resistances, 
threshold currents, and differential quantum efficiencies of the fabricated devices



with various cavity lengths. From these measurements, the threshold current 
densities, the internal quantum efficiencies, and the internal net optical losses 
were obtained. Finally, electroluminescence was used to obtain the lasing spectra, 
and from this, the free spectral range of the Fabry-Perot and ring lasers were 

measured.

K eyw ords: Semiconductor diode lasers, quantum well, Fabry-Perot, lasing 
spectrum, threshold current, gain bandwidth, ring laser



özet

ç i f t  KUVANTUM  KUYULU YARIİLETKEN  
LAZERLERİNİN YAPIM I VE İNCELENMESİ

Bülent Erol Sağol
Fizik Yüksek Lisans

Tez Yöneticisi: Yard. Doç. Dr. Ali Serpengüzel
Kasım 1998

Bu tez çalışmasında, çift kuvantum kuyulu yarıiletken Fabry-Perot ve yarım 
halka lazerleri üretildi, ve oda sıcaklığında çalıştırılıp, aygıt ölçümleri yapıldı.

Bu lazerlerin yapımı GaAs/AlGaAs çift kuvantum kuyulu örnekler üzerinde 
gerçekleştirildi, ve öncelikle optik hapsetme sağlamak için, ıslak ve kuru 
aşındırma yöntemleri ile 4^m genişliğinde ve l/im-4/im yükseklikte platolar 
üretildi. Daha sonraki adımlarda bu örneklere SİO2 yalıtımı, p-kontak ve n- 
kontak metalizasyonları uygulandı, örnekler inceltildi ve kesildi. Buna çok yakın 
bir üretim yöntemi, Fabry-Perot kavitelerine bağlanan 50 ile 1400/im arasında 
değişen çaplardaki halka lazerleri için uygulandı ve bunlar için de aynı ölçümler 
yapıldı.

Aygıtların incelenmesi, fotoışıma, akım-voltaj, akım-güç ölçümleri, ve 
elektroışıma ile yapıldı. Fotoışıma lazer dalgaboyunun saptanması için kullanıldı. 

.Akım-voltaj, akım-güç ölçümleri değişik boylardaki aygıtların seri dirençlerini, 
eşik akımlarını ve diferansiyel kuvantum verimliliklerini incelemek için yapıldı. 
Bu ölçümlerden, eşik akım yoğunlukları, içsel kuvantum verimlilikleri, ve 
içsel net optik kayıpları elde edildi. Son olarak, lazer tayfı elde etmek için



elektrolşıma kullanıldı, ve buradan Fabry-Perot ve halka lazerlerinin serbest tayf 
aralıkları ölçüldü.

Anahtar
sözcükler: Yarıiletken diyot lazerleri, kuvantum kuyusu, Fabry-Perot,

lazer tayfı, eşik akımı, kazanım bant aralığı, halka lazeri
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Chapter 1

Introduction

The laser sits near the top of any list of the great inventions of the last half of the 

twentieth century. Together with the satellite, the computer and the integrated 
circuit, it is a symbol of high technology. Laser technology is both fascinating in 
itself and an important tool in fields from medicine to communications. Lasers 
can send signals through miles of fiber-optic cable, print computer output, read 
printed codes in the supermarket, diagnose and cure disease, cut and weld 
materials, and make ultra precise measurements. By the help of the laser light we 

can record three dimensional holograms, spot flaws in a centuries old painting, 
or play crystal clear digital music recorded on a compact disc.

1.1 Lasers

The word laser was coined as an acronym, for Light Amplification by the 
Stimulated Emission of Radiation. The word tells us, that laser light is a special 
light, which is emitted by stimulation, unlike the ordinary light.

Albert Einstein was the first to suggest the existence of stimulated emission 
in a paper published in 1917. However, for many years physicists thought that 

atoms and molecules always were much more likely to emit light spontaneously, 

and that stimulated emission thus always would be much weaker. It was not 
until after World War II, that physicists started to make stimulated emission



dominate.

The first to succeed was Charles H. Townes, who worked with microwaves, 
which have much longer wavelengths than the visible light. He built a device 
which he called maser for Microwave Amplification by the Stimulated Emission 
of Radiation. He thought of the concept in 1951 at Columbia University, but the 
first maser was not completed until a couple of years later.

The key concepts about lasers emerged about 1957. Townes and Arthur 
Schawlow, then at AT&T Bell Laboratories, wrote a long paper outlining the 
conditions needed to amplify stimulated emission of visible light waves. At about 
the same time Gordon Gould, then a 37 year old graduate student, was writing 
similar ideas in a series of notebooks. Townes and Schawlow published their ideas 
in Physical Review Letters, but Gould filed a patent application.

Three years later, on May 16, 1960, Theodore Maiman built the first laser, 
using a synthetic ruby, two mirrors, and a flash lamp. This first ruby laser which 
operated at 694 nm, opened the way for various kinds of lasers, with various 
medium materials and operating wavelengths. In 1964, Townes and two Soviet 
maser pioneers, Nikolai Basov and Aleksander Prokhorov, shared the Nobel prize 
in physics for their pioneering work on the laser/maser principle.

Lasers take many different shapes and many different properties, such as 
operating wavelength, output power, duration of emission, beam divergence, 
coherence, efficiency, and power requirements. In Table 1.1, some important 
lasers and their operating wavelengths are listed.

1.2 Semiconductor Diode Lasers

CHAPTER 1. INTRODUCTION 2

The roots of semiconductor laser technology go back to the 1950s, when the 
semiconductor physics was new. As far back as 1953, noted physicist .John 
von Neumann considered the possibility of light amplification by stimulated 
emission in semiconductors, but he never formally proposed the idea. In 1957, 
Yasushi Watanabe and Jun-ichi Nishizawa applied for a Japanese patent on a 
semiconductor maser concept. The most detailed proposals for semiconductor
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Laser Type

Krypton-Fluoride excimer
Xenon-Chloride excimer
Nitrogen
Organic dye
Krypton ion
Argon ion
Helium-Neon
Semiconductor (GalnP family)
Ruby
Semiconductor (GaAlAs family)
Neodymium; YAG
Semiconductor (InGaAsP family)
Hydrogen-Fluoride chemical
Carbon dioxide

Wavelength (nm)

296
308
337
300-1000 (tunable)
335-800
540-530
543, 632.8, 1150
670-680
694
750-900
1064
1300-1600
2600-3000
9000-11000

Table 1.1: Important lasers and their operating wavelengths (nm)

lasers emerged in 1961 from Nikolai Basov’s group at Lebedev Physics Institute 
in Moscow.

In 1962, four independent groups in the United States succeeded in making 
semiconductor lasers within weeks of each other: (the winner was Robert N. 
Hall of General Electric Research and Development Laboratories in Schenectady, 
NY.) Those lasers stimulated tremendous interest, but they only worked when 
high current pulses passed through them, and they required cooling down to 77K.

Modern semiconductor diode lasers incorporate a heterostructure in which the 
active layer is surrounded by a higher bandgap material. The heterostructure 
laser concept was suggested in 1963 by H. Kroemer^ in the U.S. and by R.F. 
Kcizarinov and I. Alferov^ in the former Soviet Union. In 1967, .J.M. Woodall 

et al? of IBM succeeded in growing heterostructures of GaAs and AlGaAs by 
liquid phase epitaxy (LPE). By 1970 Alferov’s group'* and I. Hayashi and M.B. 
Panish at AT&T Bell Laboratories® had demonstrated double heterostructure 

Icisers continuously operating at room temperature.
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1.3 Quantum Well Lasers

Quantum well lasers have evolved out of the traditional double heterostructure 
semiconductor lasers, which provided good confinement for carriers and light. A 
need for even better localization of carriers and the technological developments 
enabling the fabrication of high quality, ultra thin semiconductor layers, paved 
the way to the realization of quasi two dimensional electronic structures in 
semiconductors. The quantum well structure provided a control over emission 
wavelength of the lasers by adjusting the thickness of the well layer, and offered 
reduced density of states in the conduction and valence bands, compared to the 
bulk semiconductors.*^

In March 1974, Chang, Esaki, and Tsu submitted a paper on the resonant 
tunneling through levels of quantum wells.  ̂ This publication marks the first 
experimental demonstration of quantum well physics in heterostructures. The 
high gain of quantum well structures helped in fabricating devices with lower 
threshold current densities and improved the quality of semiconductor lasers. 
The first observation of quantum well laser operation was made by J.P. van der 
Ziel et al.̂  in 1975. These first QW lasers were pumped optically and they 
operated at 15 K.

In November of 1977, Dupius, Dapkus and Holonyak submitted a paper, first 
reporting the demonstration of room temperature quantum well injection laser.  ̂
It had a single 200A QW and a threshold current of about 3 kA /cm “̂ at 300 K 
when pulse operated. In June and October 1978, they demonstrated the first 
report of cw operation of single quantum well (SQW) and multiple quantum 
well (MQW) l a s e r s . T h e  lowest threshold current was 1660 A/cm^, and the 

highest external differential quantum efficiency was 85%.
In this time period, the growth of lasers by MBE gradually improved, cind 

the first cw injection laser made by MBE was achieved by Cho et alH in 
December 1975. A great improvement in MBE grown lasers resulted from the 
research of W.T. Tsang starting from 1978. In 1982 Tsang^  ̂ showed, that 
lasers with threshold current densities as low as 160 A/cm^, with internal



quantum efficiencies of up to 95% and with internal loss as low as 3cm~^ 
can be manulactured, with an introduction of graded index waveguide for 
separate optical confinement (GRINSCH) design. This landmark paper by Tsang 
demonstrated the advantage of quantum well lasers over conventional bulk active 
layer lasers in achieving low laser threshold. This started a steady growth in the 
popularity of quantum well lasers, which is still continuing.

CHAPTER 1. INTRODUCTION 5

1.4 Ring Lasers

In conventional semiconductor lasers, cleaved crystal facets are usually used as 
reflectors. Since a cleaved facet is flat to an atomic scale, and is formed by the 
simple procedure of cleaving, it is a useful and effective reflector for semiconductor 
lasers. However, it is difficult to integrate monolithically other light wave 
elements with a semiconductor laser of this kind, because the semiconductor 
is discontinuous at the cleaved facet. Therefore, the cleaved faces can not be 
used as they are in Fabry-Perot lasers. Thus, in order to fabricate photonic 
integrated circuits or devices including semiconductor lasers, it is necessary to 
fabricate reflectors or resonator’s by means of other methods. As one of the best 
solutions to this problem, ring lasers have been studied.

The first discussion of waveguiding along a curved boundary dates back to 
1912, when Lord Rayleigh observed the whispering gallery guiding effect in 
St. Paul’s ca th e d ra l.T h e  first applications for curved waveguides were done 
in microwave technology in the 1930’s and 1940’s. Towards the end of 1960’s, 
curved wave guides were considered for optical applications, essentially scaled 
down versions of their microwave counterparts.

A half ring semiconductor laser was first realized in 1970 in a zinc diffused 
GaAs homoj unction laser. A fully circular semiconductor laser, electrically 

pumped, but without an output waveguide, was first demonstrated in 1977, where 
the operation was monitored from the scattered light off the sidewalls.

The first ring laser involving a Y-junction was recorded in 1 9 8 0 , but the 
concept of half ring and quarter ring resonators was further pursued to avoid
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complications arising from outcoupling via the Y-junction. A few years later, a 
more detailed investigation of different laser geometries and fabrication issues was 
pub lish ed ,bu t the ring lasers were still regarded impractical due to their high 
threshold current (>  100mA) and the consequently arising requirement of pulsed 
operation. As materials and technology improved further, the first cw operation 
of full ring lasers was demonstrated in 1990.^̂  In the following years, various 
output coupling techniques were investigated including Y-junctions, directional 
couplers, and MMI (multimode interference) couplers.^^“ ®̂



Chapter 2

Semiconductor Laser Theory

2.1 Operation of Lasers

The word laser was coined as an acronym, for light amplification by the 
stimulated emission of radiation. The word tells us that laser light is not an 
ordinary light, from the sun or from a fluorescent light bulb, which is emitted 
spontaneously, when atoms or molecules get rid of excess energy by themselves. 
It is a very special light, because it occurs when an atom or molecule holds onto 
excess energy until it is stimulated to emit it as light.

2.1.1 Stimulated and Spontaneous Emission

For the sake of simplicity let us consider an atom having only two energy levels, 
an upper level E2 and a lower level Ei, as shown in Figure 2.1. Under normal 
circumstances the atom will be in the lower level as physical systems tend to the 
lowest possible energy state. If the atom in the lower level is exposed to radiation 
of frequency V2 1 , where

=
E2 — E\ 

h
(2 .1)

then a high probability that it will absorb a photon and be excited to the upper 
level E2 . This process is referred to as stim ulated absorption as the incident

7
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light energy is necessary for the process to occur (Figure 2.1(b)). Usually within 
a few nanoseconds, after being excited to the higher energy level the atom will 
emit a photon of energy hv̂ x = E2 — Ei and return to the lower level. In 1917, 
Einstein showed that the emission process can occur in two quite distinct ways. 
As with the absorption process, the emission process can be stimulated or it 
.can occur entirely spontaneously as illustrated in Figures 2.1(c) and (d).

-E,

(a)

E2

(c)

Figure 2.1: The two level energy system
(a) a two level energy system, (b) stimulated absorption, (c) stimulated emission and 
(d) spontaneous emission. The black dot indicates the energy state of the atom before 
absorption or emission event.

There are two very important points concerning stimulated emission upon 
which the properties of laser light depend. First, the photon produced by 
stimulated emission has the same energy, and therefore the same frequency as 
the stimulating photon. Second, the light waves associated with the two photons 
are in phase and have the same state of polarization. This means that if an 
atom is stimulated to emit light energy, the wave representing the stimulated 
photon adds to the incident wave on a constructive basis, thereby increiising its 
amplitude. We then have the process of light amplification by stimulated 
emission of radiation.
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2.1.2 Population Inversion

The problem with stimulated emission is that it doesn’t work well under 
thermodynamic equilibrium, at which the atoms and molecules tend to be at 
their lowest possible energy levels. This tendency of atoms and molecules to 
drop to lower energy levels creates a problem in what is called population, the 
number of atoms or molecules at each energy level. The ratio of the numbers of 
atoms or molecules in states 1 and 2 in thermodynamic equilibrium is given by 
the Boltzman distribution

_  -̂{E2-Ei)/kT
N,

(2 .2)

At room temperature, this ratio is quite small for transition energies 
corresponding to optical wavelengths. That means that in thermodynamic 
equilibrium, virtually all the atoms or molecules are in the ground state for a 
visible wavelength transition, and this makes stimulated emission difficult.

But there is a way to make stimulated emission dominate. If more atoms are 
in the excited state than in the lower level, photons are more likely to stimulate 
emission than be absorbed. Such a condition is called a population  inversion, 
because it is the reverse of the normal situation, where more atoms are in lower 
levels than in higher levels. When there is population inversion, stimulated 
emission can produce a cascade of light.

2.1.3 Energy Levels of Lasers

Creation of population inversions is very crucial in operation of a laser. If there 
are more atoms or molecules in the upper level, there are more emitters than 
absorbers, thus a photon with the transition energy is likely to encounter an 

excited state and stimulate emission before it is absorbed.
The standard way to produce a population inversion is by putting energy 

into the laser medium to excite atoms or molecules to higher energy levels. This 
excitation of the laser medium is called pum ping, which can be done optically, 

electrically, or by other excitation methods.
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These excitation techniques won’t work unless atoms or molecules have the 
right energy-level structure. Normally excited states have short lifetimes and 
release their excess energy by spontaneous emission very rapidly in nanoseconds. 
Therefore to produce population inversion, longer lived excited states are needed, 
and such states do exist. They are called m eta stable levels, because they are 
unusually stable on an atomic time scale, lasting for microseconds or even for 
milliseconds. They are very important in laser physics, because they make the 
best kind of upper laser level.

highly excited level

upper level

Population Inversion 
between these states

lower level
natural depopulation

ground state

Figure 2.2: The four level laser energy levels

It is impossible to produce population inversion in a two level system, because 
the upper and lower states cancel eachother with zero gain. Practical laser 
systems involve three, four, or more energy levels, depending on how the energy 
is transferred. The simplest type of energy-level structure is the three-level 
laser, (like Maiman’s ruby laser) ,which  consist of a highly excited level, a 
meta stable upper level, and the ground state as the lower level. Although the 

system works, it is not ideal. One problem is that the ground state is also the 

lower laser level. To produce a population inversion, one must a put majority
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the atoms to the upper level, with an intense burst of energy. The population 
inversion is very difficult to sustain while the atoms alwciys tend to be at their 
ground states. Therefore the three-level lasers operate in pulsed mode.

Most practical lasers involve at least four levels as shown in Figure 2.2. As 
in the three level laser, the excitation energy raises the atom or molecule from 
the ground state to a short-lived highly excited level. The atom or molecule then 
drops quickly to a meta stable upper level. The laser transition takes the atoms 
or molecules to a lower state, but not all the way to the ground state in a single 
step. After they drop to the lower level, the atoms or molecules eventually lose 
the rest of their excess energy by spontaneous emission or other processes and 
drop to ground state.

Close inspection of the operation of real lasers, reveals that the energy level 
structures are more complex. Excitation is not always to a single high level, it 
may be to a group of levels, all of which decay to the same upper level.

2.1.4 Resonant Cavities

A population inversion is not all it takes to make a laser device. A hot blob ol gas 
with an inverted population, like a cosmic maser, emits light in every direction. 
The light may be stimulated emission, and it may be at a single wavelength, but it 
is not concentrated in a laser beam. To extract energy efficiently from a medium 
with a population inversion, and make a laser beam, you need a resonant cavity 
that helps build up stimulated emission using feedback, i.e., reflecting some of it 

back into the laser medium.
In most situations the overall amplification is increased by placing highly 

reflecting mirrors (reflectance approaching 100%) at each end of the medium. 
The optical beam then bounces back and forth through the medium, perhaps as 
many as hundred times (depending on the quality factor of the cavity), thereby 
increasing the effective length of the medium. The mirrors form an optical cavity 
or resonator, often called a Fabry-Perot resonator, and together with the 
active medium constitute an optical oscillator rather than an cxmplifler. There
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are many kinds of resonators, for example large radius, confocal, hemispherical 
mirrors, or ri

mirror 1 mirror 2

100(Oo

C/3
50

C
S

0

.....m.; = .l .....m =.2 ....m.)p . . . .

/ 1 / ,

frequency (v)

Figure 2.3: The Fabry-Perot resonator and its transmittance spectrum

For laser oscillations to occur, a wave within the cavity must replicate itself 
cvfter two reflections, so that the electric fields add in phase. In other words the 
mirrors form a resonant cavity and standing wave patterns are set up in exactly 
the same way as standing waves develop on a string or within ah organ pipe (see 
Figure 2.3). The lowest mode of standing waves is when L=A/2, where L is the 
cavity length and A is the wavelength. Hence, for laser oscillation, the mth mode 
has to satisfy the condition:

, AL = m - (2.3)

Each value of m, which satisfies this equation, defines a longitudinal m ode 
(cixial mode) of the cavity. As v = c/nX, where n is the refractive index, c is the 
light velocity and i/ is the frequency, Eq. 2.3 can be written as.

V = m
2Ln

(2.4)

and therefore the separation Ai/ between adjacent modes is given by.

A:/ =
2Ln

(2.5)
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The axial modes of the laser cavity thus consist of a large number of 
frequencies given by Eq. 2.4, and separated by Eq. 2.5, as shown in Figure 2.3. For 
the ring resonator however, the modes which are named as whispering gallery 
m odes are.

¡y =
me

2%rn ( 2 .6 )

and thus, the seperation between the adjacent modes is.

Az/ =
2'Krn (2.7)

2.2 Semiconductor Diode Lasers

Although made from solid materials, semiconductor diode lasers differ consider
ably from atomic lasers, both in respect of energy level structures and pumping 
mechanisms. In contrast to the single energy levels observed in isolated atoms, 
electrons in semiconductors occupy broad bands of energy levels. Each band 
consists of a very large number of closely packed energy levels.

2.2.1 Semiconductor Properties

We can break the semiconductor properties into two broad categories: electronic 
and optical. Electronic properties include concentration of current carriers, 
conductivity, and mobility of electrons. In semiconductor lasers optical properties 
are also important. The key parameter behind most of them is the band gap, 
the energy spacing between the conduction and the valence band.

The bandgap gets its name because there are no energy levels between the 
conduction band and the valence band in semiconductors. If an electron is at the 
bottom of the conduction band, it must drop all the way to the top of the valence 
band. Likewise, an electron at the top of the valence band must jump the entire 
bandgap to reach the conduction band. This bandgap energy is related to the 

Icising wavelength of the semiconductor lasers, such that.
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Ebandgap —  12,-iO / Xbandgap ( 2 ·^ )

where the energy is in eV, and the wavelength in nm. But this picture is somewhat 
oversimplified, semiconductors do not switch abruptly from complete absorption 
to complete transparency due to acceptor and donor levels, but the change is 
fairly sharp.

2.2.2 Light Emission at Junctions

While the bulk properties of semiconductors are important in determining how 
they will function in electronic devices, the action in a semiconductor usually 
takes place at the junction between two zones of the semiconductor with dissimilar 
impurity dopings, namely p and n type regions.

Doping is one of the ways of creating the semiconductor junctions. Suppose 
that the initial substrate contains a modest doping of n-type impurities. A simple 
junction can be formed by diffusing a higher concentration of p-type impurities 
into the crystal from the top. This converts the top layer of the semiconductor 
to p-type material.

If there is no bias across the junction, charge carriers are distributed through 
the crystal in roughly the same way as impurities. The electron carriers are 
the majority throughout the n region, while the holes are the majority in 
the p region. Near the junction, the two types of carriers are present in 
roughly equal concentrations, and can cancel each other out by a process called 
recom bination. In the unbias condition, this recombination on the average is 
balanced by the creation of new electron-hole pairs, and there is no net flow of 
current carriers in the crystal. Individual electrons and holes, form, move, and 
recombine, but no net current flows.

A semiconductor diode is said to be forward biased, if a positive voltage is 
applied to the p-side and a negative voltage to the n-side. As shown in Figure 2.4, 
this attracts the p and n carriers to the opposite sides of the device, making them 
cross the junction. In optical devices like semiconductor diode lasers the electrons
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photon energy released 
by recombinatio

recombination 
of an e-h pair

Figure 2.4: The p-n junction as a simple semiconductor laser

from n-type material recombine with the holes from the p-type material, releasing 
energy at the junction, which is equal to the bandgap energy.

In some semiconductors, such as silicon, the recombination is energy released 
as heat, in others such as GaAs, much of the recombination energy is released as 
light. Light emission from recombining electrons and holes can serve as the basis 
of light em itting diodes (LEDs) and sem iconductor d iode lasers.

Semiconductor diode lasers can produce low levels of incoherent emission, 
functioning like LEDs, when the current passing through them is below the 
threshold for laser action. However there are also many important differences. 
First of all for the laser action to occur, there must be a population inversion 
at the junction, with more electrons in the conduction band than in the valence 
band. Spontaneous emission can go in any direction, but the laser emission is 
strongest in the junction plane. The feedback that concentrates the stimulated 
emission in the junction plane comes from the ends of the semiconductor crystal, 
which are smooth facets formed by cleaving the chip, which have about a 30% 
reflectance, due to the change of refractive index from 3.5 to 1.0.

At low current levels, diode lasers generate some spontaneous emission by the 
same processes that drive LEDs. However as the current level increases, diode 
lasers pass a threshold, where the population becomes inverted and laser action
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Figure 2.5: Light output as a function of current and wavelength

begins. As seen in Figure 2.5(a), once the current has passed the threshold, the 
light output rises steeply, showing the presence of stimulated emission, and as in 
Figure 2.5(b), the longitudinal modes of the cavity, which provide feedback, start 
to dominate.

Threshold current density is a very important parameter in semiconductor 
lasers, which is obtained by dividing the threshold current to the active area of 
the laser. The higher the threshold current density, the more electrical power lost 
cis heat, and therefore the less the lifetime of the device.

2.3 Quantum Well Lasers

The simple homostructure in Figure 2.4, gives a very oversimplified view of 
semiconductor diode lasers, which was used in the first diode lasers. Developers 
who wanted to produce continuous wave output at room temperatures had to 
turn to much complex structures like double heterostructures, or quantum well 

structures to increase efficiencies and lifetimes and reduce threshold currents.
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2.3.1 Double Heterostriictures

A double heterostructure (DH) is a very basic, necessary design for semiconductor 
lasers capable of confining both electronic carriers and light waves in its 

cavity. The introduction of double heterostructures into a GaAlAs/GaAs laser 
in 1970 provided a breakthrough in obtaining continuous operation at room 
temperature.

A double heterostructure consists of a light amplification layer (like GaAs), 
and cladding layers (like GaAlAs), a so called active layer (core) sandwiched 
between two cladding layers with a larger band-gap energy. The cladding layers 
are also doped for current injection. Since this is also a p-n junction, the 
recombination occurs at the active junction region just in the same way, producing 
laser light. The active layer (core) has a refractive index larger than those of the 
cladding layers. This light then can be confined in the active layer which behaves 
as a dielectric waveguide with the active layer functioning as its core. Thus both 
carriers and the optical mode in the active layer of a DH are confined.

metái metal

R x ic le !
QW

-I'. ’,,(¿,.7, buffer' ; 
substrate

a) Gain-guided laser b) Index-guided laser

Figure 2.6; Structures of two typical QVV (therefore DH) lasers

S tripe-geom etry  lasers have much better beam quality than broad-area 
lasers. Typically the stripes are only a few micrometers wide. They can be 
defined in two ways: by boundaries where laser gain drops (gain-guided), or by 

changes in refractive index of the material itself (index-guided).
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The basic concept of a gain-guided laser is shown in Figure 2 .6 (a). An 
insulating layer is grown on top of the laser chip, blocking current flow at the 
sides, and confining it to a narrow stripe. Only in that narrow stripe does enough 
current flow to produce a population inversion and the right conditions for laser 
gain. Because there is no gain at the sides, there is no emission from those regions, 
even though there is no physical boundary separating the stripe from the rest of 
the active layer.

An index-guided lasers is an extension of the concept behind double 
heterostructure lasers. In such a laser, the stripe is defined by a change in 
refractive index where the composition of the laser material changes. .In the 
example shown in Figure 2.6(b), the current flows through the central mesa to 
the active layer stripe buried below. Again an insulator layer on the top of the 
laser prevents current from flowing off to the sides, but this time the composition 
also changes at the sides of the stripes, confining laser light much better.

2.3.2 Quantum Well Structure

Semiconductor diode lasers contain layers as thin as ten nanometers. In the last 
two decades, researchers have found that they can build interesting structures 
by successively depositing many layers that are only a few nanometers thick. 
Typically alternating layers have different compositions, e.g., one might be GaAs, 
the other GaAlAs. One group of such devices is called quantum  well devices 
because the differences in bandgap and energy levels between the layers create 
leaky c^uantum mechanical traps for electrons and holes. Another group is called 
super lattices, because of the many layers they contain. Super lattice structures 
help physicists overcome one of their biggest material problems, namely the need 
for lattice matching.

These lasers show a number of interesting properties that distinguish them 
from other types of lasers. Their most important characteristics include: 1) 
the low threshold current density, 2 ) the small variation of the threshold current 
with temperature, 3) the possibility of tuning the emitted wavelength over a wide
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range, by varying the drive current, and 4) good dynamic characteristics.^'^
If the thickness of the active region of a double heterostructure laser is 

considerably smaller than the other dimensions of the laser {Lx <C Ly,Lx) and 
is of the order of the de Broglie -wavelength of the carriers (A =  h/p ~  Lx), the 
carrier movement in the x direction becomes quantized. Here, h is the Planck’s 
constant, and p is the momentum of the particle. This effect is known as the 
quantum  size effect. This effect is an elementary cjuantum mechanical problem, 
causing the particle to have discrete energy levels.

The design of quantum well lasers imposes very strict requirements on the 
fabrication technique, which must provide an accurate control of the very thin 
{Lx < 50nrn) heterostructures with abrupt interfaces that are free of defects. 
The m olecular beam  epitaxy (M B E ) has proved to fulfill these requirements. 
Multi layer GaAs/Alj,Gai_j;As structures prepared using this method^^ permitted 
laser with threshold current densities of the order of 800A/cm^.

conduction band AI/,Gt\  ̂ As

A1 Ga As y “ -y

 ̂Al^Gi\ ̂  As (GaAs)
(x < y < /.)

QW

valence band/
L =d

Figure 2.7: Band structure of a GRINSCH laser

The fact that practically the A1 distribution in the layers, that confine 

the active region can be shaped almost arbitrarily, permitted investigators to 
improve the heterostructures further and to take full advantage of their potential 
capabilities. Lasers with separated optical and electrical confinement and with 
the refractive index varying within the passive layers, that play role of an optical 
waveguide, have contributed a revolutionary turning point in the development 
of qucintum well l asers .Figure  2.7 shows schematically the design of such a
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laser, known as the G R IN SC H  laser (Graded Index Separate Conhnement 
Heterostructure). The design of this laser differs from previous designs in such a 
way that the refractive index of the waveguide, extending from point A to point 
B in the figure (composed of the active and the cladding regions), does not vary 
in a step-wise manner but it varies continuously as a function of x.

Theory indicates that the threshold current of such a structure may be ex
pected to be smaller than that in a conventional stepwise index heterostructures. 
There are two reasons for that. First, the intensity of the electric field induced 
in a varying band gap semiconductor region is everywhere proportional to the 
bandgap gradient; this greatly increases the efficiency with which the active thin 
potential well captures the carriers. Second, a waveguide with a graded refractive 
index is more effective in guiding electro magnetic waves. Single quantum well 
broad contact GRINSCH lasers, made by MBE, have been reported^^“^̂  to show 
threshold current densities ranging from 250A/cm^ to 160A/cm·^.

2.4 A Phenomenological Approach to Diode 

Lasers

In diode lasers, rate equation models are necessary in order to define the 
flow of charge into double heterostructure active regions and its subsequent 
recombination, creating photons in the cladding r e g i o n . B y  the help of these 
rate equations it is possible to model the current power characteristics of the 
lasers above and below the threshold condition.

2.4.1 Carrier Generation and Recombination in Active 

Regions

In diode lasers and LEDs, it is desirable to have all the injected current, to 
contribute to the production of electrons and holes, which recombine in the active 
region. However only a fraction, T)i, of the injected current, I, does contribute to 
the creation such carriers. Since the definitions of active region, and internal
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quantum  efficiency, are so critical for further analysis, they are highlighted 
here.

• Active region: the region where recombining carriers contribute for useful 
gain and photon emission.

• Internal quantum efficiency, g,: the fraction of terminal current that 
generates carriers in the active region, including recombining e-h pairs that 
generates radiation.

In this analysis, the active region is considered to be undoped, so that the 
electron density is equal to the hole density, i.e., N=P in the active region. For the 
DH active region, the injected current provides a generation term, and various 
radiative and non-radiative recombination processes as well as carrier leakage 
provide recombination terms. Thus we can write the rate equation.

dt — C gQfl Rr (2.9)

where Ggen is the rate of injected electrons, and Rrec is the rate of recombining 
electrons per unit volume in the active region. Since there are gH/q electrons per 
second being injected into the active region.

r -  mlLrgen - (2.10)

where V is the volume of active region. The recombination process is a bit more 
complicated, since several mechanisms must be considered, i.e., a spontaneous 
recombination rate, R̂ p, a nonradiative recombination rate, Rnr, a carrier leakage 
rate, Ri, and finally a net stimulated recombination rate, Rst, including both 
stimulated absorption and emission. Thus we can write.

R rec  — R>sp d” R'Tir T  R 'l T  R',st (2 .11)

The first three terms on the right, refer to the natural or unstimulated carrier 
decay processes. The fourth one, Rgt, requires the presence of photons. It is



CHAPTER 2. SEMICONDUCTOR LASER THEORY

common to describe the natural decay processes by a carrier lifetime, r. In the 
absence of photons or a generation term, the rate equation for carrier decay is 
just, dN/dt -  NIt , where iV/r =  R̂ p +  R̂ r +  Rt- This rate equation defines r. 
Thus we can write the carrier rate equation as.

dt qV T ( 2 . 1 2 )

In the absence of a large photon density, such as in a laser below threshold, or in 
most LEDs, it can be shown that Rst can be neglected.

2.4.2 Spontaneous Photon Generation and LEDs

A laser below threshold acts like a LED, in which the dominant radiation is 
due to spontaneous emission, and there is no feedback present, to provide for 
the build-up of a large photon density. The spontaneous photon generation rate 

per unit volume is exactly equal to the spontaneous electron recombination rate, 
Rsp, since by definition every time an electron-hole pair recombines radiatively, a 
photon is generated. Under steady state conditions (dN/dt =  0), the generation 
rate equals the recombination rate.^  ̂ From Eq. 2.10, Eq. 2 .1 1 , and Rst ~  0,

__ p  _L p
qV + Ri (2.13)

The spontaneously generated optical power, Pgp, is obtained by multiplying 
the number of photons generated per unit volume, Rsp, by the energy per photon, 
hv, and the volume of the active region, V. Eq. 2.13 could be solved for Rsp, but 
since the exact dependence of Rnr + Ri on I  is unknown, the approach is to bury 

this problem by defining a radiative efficiency, r/r, where

R
Vr =

Then from Eq. 2.13, and Eq. 2.14,

sp

Rsp +  R  nr +  Ri
(2 .1.1)

hu
Psp - huVRsp = qiTjr— 1

q
(2.15)
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The product of rjiTjr is sometimes referred to as the LED internal efficiency. If we 
are interested in how much power the LED emits into some receiving aperture, 
Pled, we must further multiply P̂ p by the net collection efficiency, The 
product of the three efficiencies gives the external LED quantum  efficiency, 
r/ei. That is.

hi/ hu
Pled = VcViVr— d = Vex— I

V q
(2.16)

Thus, ignoring the slight dependence of on / ,  we see that the power coupled 
from a LED is directly proportional to the drive current.

2.4.3 Photon Generation and Loss in Laser Cavities

For the diode laser, the nature of the net stimulated recombination rate, Rst, 
should be investigated. In analogy with the carrier density, a rate equation for 
the photon density, Np, which includes the photon generation and loss terms, 
should be constructed. The main photon generation term above threshold is Rsf 
Every time an electron-hole pair is stimulated to recombine, another photon is 
generated. However, since the cavity volume occupied by photons, Vp, is larger 
than the active region volume occupied by electrons, V, the photon density 
generation rate will be {V/Vp)Rst, not just Rst· This electron-photon overlap 
factor, VjVp  ̂ is generally referred to as the confinem ent factor,

Photon loss occurs within the cavity due to optical absorption, scattering out 
of the mode, and at the mirrors. The net loss can be characterized by a photon 
lifetime, Tp, analogous to the electrons. A first version of the photon rate equation 
takes the form:

d/V N
at Tr,

(2.17)

where, (3sp is the spontaneous em ission factor, the reciprocal of the number of 
optical modes in the bandwidth of the spontaneous emission. Rst represents the 
photon-stimulated net electron-hole recombination rate, which generates more 
photons. This is a gain process for photons. The growth of a photon density
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irom incoming value of Np to an exiting value of Np +  ANp as it passes through 
a small length, Az, of active region. Without loss of generality F =  1 , and this 
growth can be described in terms of a gain per unit length, g, by

Np +  ANp = Npt^^^ (2.18)

If Az  is sufficiently small, exp(gAz) (1 +  gAz). Also, using the fact that 
Az = VgAt, where Vg is the group velocity, we find that, ANp =  NpgVgAt. 
Therefore R̂ t can be written as.

R st  =  — r —  =  V ggN p (2.19)

Thus we can rewrite the carrier and photon density rate equations, 2 . 1 2  and 
2.17, as.

dN rul N

dN N
^  = FvggNp +  T M p -  ^  
do

(2 .20)

(2.21)

2.4.4 Basic Current Power Characteristics

Although the rate equations 2.20 and 2.21 are valid both above and below 
threshold, they can piece together the below threshold LED characteristics with 
the above threshold laser characteristics to construct the optical power output 
vs. current in a diode l a s e r . T h e  LED part is already largely complete with 
Eq. 2.16, so the above threshold condition will be investigated. The first step is 
to use the below threshold steady-state carrier rate equation, Eq. 2.13 a,lmost at 
threshold. That is.

V i^ th  __  ̂ jg, i D  I D  \ __ ^ th
y r  — \-̂ sp 1“ Ĵ nr F —

q V  T
(2 .22)

Thus we can substitute Eq. 2 .2 2  into the carrier rate equation, Eq. 2.20, to obtain 
a new above threshold carrier rate equation.
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dt
I Ith » r= ------VggNp (2.23)

From Eq. 2.23 we can now calculate a steady-state photon density above 
threshold, where g = gth- That is,

Np = g i { I  -  I th ) (2.24)
q'̂ a9thV

To obtain the power out, we first construct the stored optical energy, Eos·, by 
multiplying the photon density, by the energy per photon, and the cavity volume. 
That is Eos = NphuVp. Then we multiply this by the energy loss rate through 
the mirrors, Vgam =  I / t^, to get the optical power output from the mirrors,

Pq = Vga-ruNphi/Vp (2.25)

Substituting from Eq. 2.24, and (a,·) P am = IjvgTp, and using F = VjVp, in 

Eq. 2.25,

(2.26)
{ai) P am q

Where {at) is the average internal loss, and am is the mirror loss. And by defining 

the differential quantum  efficiency, gd,

Vd =
ViOiv

(a,·) P  a„
(2.27)

the Eq. 2.26 can be simplified as.

To =  gd— { I  -  Eh )
q

(2.28)



Chapter 3

Design and Fabrication

For the fabrication of semiconductor lasers and photonic integrated devices, 
various precise microfabrication techniques are absolutely necessary. For 
example, to fabricate optical waveguides and laser mirrors, an etching is required 
which can produce a surface with a smoothness less than tenth of a wavelength. 
Low resistance ohmic contacts, passivation, and laser chip mounting play 
important roles in obtaining reliable and long lifetime lasers.

3.1 Mask Design

Without a mask design, the fabrication of micron-scale devices is almost 
impossible. Photomasks consist of glass or quartz plates, with the desired 
pattern defined on them, in thin films such as chromium, iron oxide, or silicon. 
On our photomask we have three layers defining the steps mesa isolation 1 , 
mesa isolation 2 , p-contact m etalization. These steps will be explained 
in the following sections. The function of the mask is to define patterns on 
the semiconductor substrate, which is to be etched or metal deposited. Бог the 
mask design we used a special Computer Aided Design (CAD) software called 
Wavemaker. The ring structures are coupled to Fabry-Perot cavities, which are 
straight stripes. All of these waveguides are 4/im wide for single transverse 
mode, and the coupling distance between the rings and the stripes are 2 /iin for

26
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lithographic resolution and lift-ofF limit. The ring diameters are 400, 600, 800, 
1000, 1200, and 1400/im. In Figure .3.1 the layers of a 400/im diameter ring laser 
are shown as 'an example.

Figure 3.1: The layers of a 400/xm diameter ring laser 
From left to right, mesa isolation 1, mesa isolation 2 , and p-contact metahzation

M esa isolation 1  is designed to minimize the bending losses in the ring 
structure. By the help of this layer the samples are etched below the quantum 
well region except the defined areas. Therefore the ring-Fabry-Perot combination 
becomes index-guided while the coupling regions stay as gain-guided. M esa 
isolation 2 is designed to form 4jum wide ring and Fabry-Perot waveguides, 
with a coupling distance of 2 îm. The waveguides are mesas, formed by etching 
down to the quantum well region, and the regions between these mesas are to 
be isolated by means of oxidation. Finally the p-contact m etalization layer 
is designed to deposit metal on the mesa structures, for driving current into the 
laser geometries.

Figure 3.2: The design of a 400/im diameter ring laser 
The ring structure is coupled to a Fabry-Perot cavity, with a 2//m separation. The 
width of the waveguides are 4/im.
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There is a 2/im separation between the disc and the rectangle, which is 
for driving the rings and the Fabry-Perot resonators separately. During the 
fabrication all the three layers are aligned on top of each other, having the 
following structure in Figure 3.2. Then these laser structures are aligned to 
form arrays. On the photomask, we designed arrays of all the ring structures 
with diameters ranging from 400 to 1400/Lim (Figure 3.3).

, ( p *  c p *  c p *  9 * c p *  ( p *  c p *  c p *  c p *

Figure 3.3: An array of 400/im diameter ring lasers

After that, the arrays are grouped together in Icmxlcm cells on the 
photomask, such that the 400, 600, 800/im diameter rings (labeled as small rings) 
are in one cell (cell A) and the 1000, 1200, 1400/:im diameter rings (labeled as big 
rings) in another (cell B). When the fabrication is complete on a semiconductor 
sample we obtain about 90 ring lasers in lcm^ area. In Figure 3.4 the arrangement 
of the smaller rings are shown.

Finally the cells are arranged on the photomask according to Figure 3.5. As 
it is stated before, there are 3 layers on the mask. Layer 4 indicates the first mesa 
isolation, layer 5 indicates the second mesa isolation, and layer 6 the p-contact 
metalization. Cell A contains the small rings (Figure 3.4), cell B contains the 
big rings. Cells C and D contain the similar structures but with longer coupling 
distances of the radius of the rings. The dark and the clear cells are just image 
reversals of each other, which will be explained in the photolithography section.

Our mask file, which was prepared by the help of Wavemaker software, was 
sent to Compugraphics International Inc., Scotland, United Kingdom via e-mail. 
In three weeks the mask was ready for the fabrication.

3.2 Wafers and Sample Cleavage

After the mask is ready the laser diode fabrication begins with the form 
of a circular GaAs wafer 2 inch (5.08cm) in diameter and about 0.5mrn in
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800 micron diameter ring laser array

800 micron diameter ring laser array

800 micron diameter ring laser array

600 micron diameter ring laser array

600 micron diameter ring laser array

600 micron diameter ring laser array

400 micron diameter ring laser array

400 micron diameter ring laser array

400 micron diameter ring laser array

Figure 3.4: The organization of laser arrays 
On the photomask the laser arrays are defined according to this pattern. Each process 
ends up with the fabrication of 400, 600, and 800/xm diameter ring lasers
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Figure 3.5: The photomask layout
As an example, A5 means that this is the second mesa isolation level of smaller rings
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thickness (Figure 3.6). The wafers are cleaved into small pieces about 2cm  ̂
area. The most important point is that the Fabry-Perot lines should be parallel 
to the primary fiat, which is the long straight line along the periphery of the 
wafer, and positioned originally to identify crystalline directions lying within the 
surface plane. There are two reasons for that. The first reason is the good wet 
etch profile in this direction. The second reason is the ease to cleave the sample 
perpendicular to the primary fiat, in order to obtain the cavity mirrors.

Figure 3.6: (100) p-type wafer convention 
For (100) oriented wafers the primary flat is a (011) plane, and normal to this flat is 
defined by [0 1 1 ] direction

As it is also explained in the second chapter, when a very thin layer 
(on the order of a few tens of nm), e.g., of GaAs, is sandwiched between 
two higher band gap semiconductor materials, e.g.. Graded Index Separate 
Confinement Heterostructure (GRINSCH) AlGaAs, we obtain the quantum well 
(QW) structure. This confinement leads to the development of a set of discrete 
energy levels in conduction and valence bands of QW layer as shown in Figure 3.7.

The position of these levels are a function of the thickness of the well layer 
as well as band offsets. This enables the control over the wavelength of the 
emitted photons due to the recombination of carriers. In addition to the carrier 
confinement in the quantum well, the surrounding layers, due to their lower 
refractive index, also provide a natural waveguide for photons generated in the 

QW region.
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conduction band

Figure 3.7: The band diagram and energy levels of the GRINSCH structure

Our (lOO)p-type wafer labeled as ” B641” is an MBE (Molecular Beam 
Epitaxy) grown p-n junction with double GaAs quantum wells (DQW) embedded 
in AlGaAs cladding region. The layer structure, dopants, doping concentrations 
are shown in Figure 3.8. This wafer was grown by Glasgow University, EEE 
Department.
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Figure 3.8: The epitaxial layers of the DQW GRINSCH structure
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3.3 Sample Cleaning and Cleanliness

In the field of device physics cleaning means to remove the undesired materials 
from the wafer before each process step. The dirt may come either from the 
surroundings or from the previous process steps. Cleanliness is to prevent the 
contamination and to maintain the level of cleanliness that is already present. 
These two definitions are in fact very simple but they are very crucial for achieving 
high performances in the production of semiconductor devices.

”To reach the ideal cleanliness is impossible, but why not to try to reach it?” is 
the motto of a process engineer. Cleanliness is preserved by good environmental 
and wafer handling techniques. For this reason the mankind has created the 
clean room s, in which yellow light is generally preferred, since the photoresists 
are not sensitive to this wavelength. For this reason these rooms áre called yellow 
room s. Clean rooms are categorized by the number of particles contained in the 
air. Our yellow clean room categorized as a class- 1 0 0  clean room has 100  or 
less particles that are 0.5 fj,m or greater in diameter, in a cubic foot of air. A 
class-1 0 0 , which is used for fabrication of semiconductor devices, requires good 
filtering techniques and protective clothing on personnel. Class-1 0 ,00 0 , which is 
relatively easy to obtain, is generally used for semiconductor characterization. 
For comparison this information has to be given: the general environment of an 
average building usually exceeds class 1 0 0 ,000 .

Cleaning operations are performed before all major steps during device 
processing. Plasma etching, acids, bases, and solvent cleaning are the basic 
cleaning methods. In our processes we performed 3 -solvent cleaning, in 
which the solvents are Trichlorethan(TC E ), A ceton (A C E ), and Isopropyl 
A lchohol(ISO ). The solvents are semiconductor grade (SC), that is they are 
extremely pure and filtered in submicrons. Organic solvents are effective in 
removing oils, greases, waxes and organic materials such as photoresists. Many 
cleaning methods with various materials procedures do exist, and they are chosen 

by trial and error.
In our cleaning method, the samples were boiled for 2 minutes in TCE , and
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then left at room temperature for 5 minutes in ACE bath. During ACE bcith, 
cleaning the sample surface using a clean cotton tipped tool may work quite well 
to clean out all residual materials.This method can be stated as a mechanical 
brushing technique and has been proved to be very effective in removing particle 
contaminants by overcoming adhesion forces. After that, they were boiled for 
2 minutes in ISO and then rinsed with DI (de-ionized) water. Drying is very 
important such that no droplets should be evaporated on the surface since they 
carry dirt. For this reason nitrogen gun is used for removing the water from the 
surface. Finally the samples are kept on the hot plate at 120° C for 50 seconds. 
This step is called dehydration baking and helps to improve adhesion of resist 
by creating more mechanical-chemical bonding on the surface. When the cleaning 
is done the samples are ready with their clean and dry surface for the next process.

It should be also kept in mind that, if a clean GaAs is exposed to open air, 
in four days a thin (about 30A) oxide-carbon layer is formed at the surface, 
adversely affecting the contact quality.^®

3.4 Lamella Sticking

After cleaning the samples, they are stuck to lamellas by means of a droplet 
of photoresist. Lamellas are thin glass pieces, approximately 150/um thick, 
of 1 .8cm X 1 .8cm size, and these are used for good handling, and safety of the 
samples. They also provide advantages during photolithography with alignment. 
A small droplet of photoresist is put on the lamella, and the sample is put on top. 
Surface adhesion makes them automatically stick together. The combination is 
first kept at room temperature for 5 minutes, and then baked on the hot plate at 
1 1 0 °C and at 1 2 0 °C for 3 minutes. After it is kept at room temperature for about 
5 minutes the resist becomes hard enough to hold the lamella and the sample 
together, ready for handling. This method is also used in the thinning process.
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3.5 Photolithography

Virtually all patterning techniques used in semiconductor processing employ 
energy sensitive chemical substances called resists. These are applied to the 
wafer as thin film coatings and then selectively exposed to an energy pattern 
(light, electrons, etc.) that creates exposed areas. After this exposure of energy, 
the resist film is subjected to a development process that selectively removes 
either the exposed or unexposed parts. The remaining pattern can then be 
replicated in other materials, using techniques such as etching, metalization, etc. 
This technique, the process of transferring geometric shapes on a mask to the 
surface of a wafer, is called lithography. If the exposure of the resist film is 
ciccomplished using light, then the process is called photolithography. The 
resolution is limited by the diffraction effect, which increases with the square 
root of the wavelength and with the gap between the mask and the wafer.

Photolitography follows cleaning immediately. The photoresist used in our 
processes is AZ5214E (Hoechst), whose spectral absorption peak is at 360nm, 
so it is ideally matched for mercury i-line (365nm) photolithography. AZ5214E 
is a positive resist, meaning that the exposed parts are developed (removed), 
by a special solvent called developer (AZ400K). For good lift-off methods this 
resist can also be used as negative resist to give negative walls, meaning that the 
unexposed parts are developed.

Photoresist coating is done by a special machine (Model SM 120 Spinner) by 
means of spinning. · Prior to application of resist, 100% HexaMethylDisilazene 
(HMDS) solution was applied to cover the wafer so that it promotes the adhesion 
of resist to wafer. The thickness of the resist coating is important according to 
the processes and can be adjusted by the spinning speed, and the viscosity. In 
our process we applied spinning at 4000 rpm for 40 seconds, which gave a resist 
thickness of approximately 1.6 fim. After the resist is spun, it must be baked for a 
good adhesion to the GaAs surface. In our case 50 seconds of prebake on hotplate 
at 110°C gave good results, but again this is not a standard. This process is also 
called softbaking, which hardens the resist by removing the solvent and water
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remaining in the film after spinning.
After the spinning of photoresist the samples are ready for exposing desired 

patterns, which are done by photomasks and a photolithography machine Karl- 
Suss MJB-3 Mask Aligner. The main idea behind exposure is to change the 
chemical structure of the photoresist from one form to another, for example from 
polar to non polar or from polymer to m o n o m e r . A s  it is defined in the previous 
sections, photomasks are glass or quartz plates with the desired pattern defined 
on them in thin films of chromium, iron oxide, or silicon. On our photomask we 
have three layers defining the steps of mesa isolation 1 , mesa isolation 2 , and 
p-contact m etalization.

Karl Suss photolitography machine uses contact printing technique, in 
which the mask is placed in proximity of the wafer for alignment, and is vacuum 
clamped directly against the wafer for exposure. This technique is capable of 
defining geometries near 1  /.im. After exposing the samples to high-intensity 
ultraviolet light (5mW, 50 sec.) from the mercury lamp, they are developed by 
25% aqueous AZ400K developer solution, revealing the patterns ready for the 
actual processes. In these processes, the resist coated areas on the wafers are not 
affected by the applications. However the bare parts are affected, for example 
they are etched, or metal deposited. After exposure and before development the 
samples can be put in Chlorobenzene solution for easier lift-off processes, but the 
im age reversal technique gives much better results.

After exposure and development sometimes a second bake step (hard bake) 
is applied, but this not preferred, because it may cause lift-off problems, by 
changing the shape of the resist profiles.

3.6 Oxygen Ashing

Before mesa etching, the samples with the mesa patterned photoresist should 
further be cleaned, because the remnants of very thin layers of photoresists may 
inhibit uniform etch rate, and etch quality. VVe observed that mesa etching 
without ashing may result in unetched inner ring regions, forming discs rather



CHAPTER 3. DESIGN AND FABRICATION 36

than rings.

This photoresist residue removal, known as oxygen ashing, is clone by 
Leybold LE-301 parallel plate Reactive Ion Etching (RIE) System, used with O2 

plasma. When a high frequency voltage is applied between the electrodes, current 
flows through the O2 gas mixture, forming a plasma that emits a characteristic 
glow. Positive charges are mostly singly ionized atoms and negatives are the 
free electrons, which are the main agitators of the reactions, since they are light 
and mobile. This causes an elevation in the temperature of the electron clouds, 
exciting high-temperature reactions that form free radicals.

In controlling the ashing, radio frequency (RF), input power, reactor pressure, 
RF excitation frequency, temperature, flow rate and feed gas composition are the 
main variables. For approximately a lOOOA photoresist removal, the following 
recipe in Table 3.1 was used:

O2 Flow Rate 20 seem
O2 Pressure 8 .0x 1 0 '^ mbar
Inverse Gas Conditioning Factor ( 1 /GCF) 1

Gas Conditioning Time 1  minute
RF power 51 W

Table 3.1: Oxygen ashing recipe

3.7 Mesa Etching

Isolation means restricting the electrically conductive portion of the wafer to 
specific parts of its surface area so that electric current is restricted in this active 
region. Isolation also permits the individual operation of designed patterns. In 
our device fabrication the mesa isolation is done simply to confine the light in 
the defined patterns, rings and Fabry-Perot cavities. The electrical isolation is 
done by means of Si0 2  formation on the surface, except the mesa regions. There 
are two basic ways for device isolation, ion im plantation and mesa etching.

In etching techniques, it is required to transfer a mask pattern exactly onto 
the material surface. The etching process should therefore be anisotropic and
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ideally proceed only downwards into the material. If the etching is isotropic, a 
large undercut occurs and the mask pattern is not exactly transferred.

Wet etching is widely used because of its s i m p l i c i t y . T h e  mesas formed are 
usually a few tenth of a micron smaller then the original mask pattern dimension, 
because of etching across the surface. This should be taken into account in 
the mask design. We etch the mesas by wet etching, which uses liquid based 
etchants, proceeding at the surface of the GaAs through some ordered chemical 
reactions. First, the surface is oxidized, then the oxides i.e., Ga2 0 , Ga2 0 3 , AS2O3 , 
and AS2O5 are dissolved, while removing some of the Ga and As atoms from the 
surface. In the literature there are various wet etchants, with various etching 
characteristics.^^

Our wet etch solution was formed by the 30% aqueous solution of H2O2 as the 
oxidizing agent and 94-98% aqueous solution of H2SO4 that reacts with oxides of 
Ga and As. The wet etch solution is prepared by H2S0 4 :H2 0 2 :H2 0  by a ratio of 
1:8:80. After the samples with mesa lithography are dipped in the solution for 
60 seconds, the etch depths are measured by a surface profilometer (DEKTAK). 
By this measurement the etch rate is calculated and the desired etch depth can 
easily be reached. With this recipe the etch rate of GaAs was about 60A/sec 
and of AlGaAs about 90A/sec. Our samples depending on the material structure 
were etched approximately 1  fim before reaching the quantum well, to form gain 
guided laser structures.

Wet etching, which makes use of etching selectivity and crystalline orientation 
dependence, is an accurate and reliable technique for semiconductor lasers, 
however it is limited to particular materials, and in general it is not accurate 
e n o u g h . I n  the previous Master of Science studies '̂ “̂ ®̂ dry etching technique 
was used by means of reactive ion etching, which contaminated the samples and 
had uncontrollable etch depth. In this work, because of its simplicity, cleanliness, 
and depth control, wet etching was preferred giving reliable results for the Fabry- 

Perot lasers. But for the ring lasers, the optical confinement is very crucial, 
and thus dry etching was needed. The vertical deep etch, necessary for optical 
confinement, can not be obtained by wet etching. The dry etching of the ring
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lasers were done in the Dry Etch Laboratory of the Glasgow University, by in 
situ dry etch monitoring via reflectometry,'*^’'*"* with SiCL.

3.8 Plasma Enhanced Chemical Vapor Deposi

tion (PECVD)

Various film formation processes are necessary for passivation of devices, in which 
Si0 2  or SisN̂ i films are deposited by sputtering, by electron beam evaporation or 
by CVD techniques.

As it is mentioned in the previous section, to isolate the current in the p- 
n junction, a Si0 2  dielectric layer is used, so that the current can not pass 
through the dielectric part, but through the metalized part on top of the mesas. 
Among many other deposition methods , Plasm a Enhanced Chem ical V apor 
D eposition  (P E C V D ) is widely used since it enables low temperatures of 
deposition, controllable index of refraction and film stress, as well as uniform 
film thickness.

RF

R O U G H

Figure 3.9: The PECVD system

The PECVD system is a computer controlled system, in which all the
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parameters such as temperature, pressure and gas flow rates can be altered 
externally. The reactive gases, silane and nitrogen oxide, required for Si0 2  

formation, are introduced into the chamber in which the sample rests on the lower 
electrode (see Figure 3.9). An RF signal applied to the electrodes establishes the 
plasma, for the excitation of the gas molecules, and enhances the reaction. The 
chemical reaction that forms the SiOa layer can be written as follows:

SiH4 + 2 N2O —  ̂ Si0 2  +  2 N2 +  H2

To produce approximately lOOOA thick Si0 2  layer, the following recipe in 
Table 3.2 was used:

Automatic Pressure Controller (APC) Pressure 300 .mTorr
RF Power 10 W
Temperature 1 0 0 °C
SiH4 Flow Rate 180 seem
N2O Flow Rate 710 seem
Process Time 7 minutes

Table 3.2: PECVD recipe

In the previous Master of Science studies,^“*“ ®̂ prior to PECVD, anodic 
oxidation or native oxidation was applied to the samples for additional 
passivation. Due to the unreliability of this method, it was skipped in our 
fabrication processes.

3.9 PECVD  Lift-Off

After the PECVD application, the Si0 2  layer is deposited on the GaAs substrate 
and on the mesa photolithography in the shape of rings and stripes. In the 
next step, we remove the Si0 2  layer from the mesas, by putting the samples in 
acetone bath for lift-off. Application of acetone removes the photoresist left on 
the rings and stripes, by causing the resist to dissolve, therefore swelling and 
losing adhesion to the wafer. While photoresist dissolves in the acetone, the Si0 2
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layer on top of the resist is also removed, revealing the mesas for the p-contact 
metal deposition.

Because of the positive slope walls of the positive resists (non image reversal 
lithography), the desired discontinuity for the lift-off may not be present despite 
the application of chlorobenzene. This continuity causes difficulties in the lift
off process. To overcome this, samples are either immersed in warm acetone 
(about 40°) to increase p e n e t r a t i o n , o r  they are excited with ultrasound. In 
our processes, we used ultrasound, obtaining good and clean mesa surfaces. But 
one should give extra care in using ultrasound, because it may also cause extra 
damage to the wafer and to its surface. In our experience, ultrasound works well 
with oxide lift-off but not so well with metal lift-off.

3.10 p-Contact Metalization

The purpose of ohmic contacts is to allow electrical current to flow into or out of 
the semiconductor, with a linear I-V characteristic. The contacts should be stable 
over time and temperature, and contribute as little resistance as possible. This 
seemingly simple task contains an extraordinary amount of solid state physics, 
which will not be discussed here. Requirements for electrode metals are, low 
contact resistance, ease of fabrication, good adhesion, low temperature for contact 
formation, and thermal stability.

After defining the waveguide and the insulating oxide layer, we performed 
another lithography step on the substrate. This step is done with alignment, by 
matching the alignment marks defined on the substrate, and on the mask. To 
decrease the problems in lift-off, we used the image reversal mask, and negative 
resist recipe for the development. This process results in negative slope walls of 
the resist (undercut), making the lift-off process very easy (Figure 3.10).

After the samples were stuck to the lamellas, the resist was spun at 4000rpm, 
for 40 seconds, and prebaked at 110°C for 90 seconds. After the alignment of 
the mask and the substrate was done, the samples were exposed for 25 seconds. 
After that, the samples were baked at 1 1 0 °C for 2 minutes, and flood exposure
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exposure

development

U 1

a) Non-image reversal b) Image reversal

photomask I I photoresist I I substrate

Figure 3.10: The image reversal lithography .
a) As the ultraviolet light penetrates the resist during exposure, the interaction 
decreases with increasing depth. Therefore the surface develops faster than the deep 
regions, forming positive slope walls, b) In the image reversal lithography, the process 
is just the opposite, so that negative slope walls are created.

was applied for 40 seconds. After they were developed in AZ400K solution, the p- 
contact ohmic metalization patterns were ready on the substrate for metalization.

M etalization is based on heating the source material to the point of 
vaporization in high vacuum and then depositing onto the sample surface. The 
samples were loaded to the LEYBOLD L-560 box-coater, which is used for 
deposition of metal by means of evaporation, in a vacuum of about 10“ ® Torr. 
The samples were mounted on a holder facing down towards the metalization 
boats, in which the materials are vapourized. Metals such as Au or Ti are placed 
respectively in these tungsten boats and evaporated in order to deposit thin films 
on the substrate surface.

Our p-contact recipe was Ti /Au with thicknesses 2 0 0 , ISOOA, and with 
deposition rates 1 , lOA /sec respectively. Putting Ti before Au, results in 

much better adhesion of Au to the surface, and in this way decreasing the serial 
resistance. Au is preferred for the final metalization layer since it provides low 
contact resistance and a soft surface quality for possible bonding purposes.
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3.11 p-Contact Lift-Off

After riietalization is finished, the TiAu layer is deposited on the GaAs substrate 
and on the mesa photolithography in the shape of big pads, which are in contact 
with the rings and the Fabry-Perot cavities. The dimension of the pads are in 

. the order of 100/im, to provide contacts with measurement probes. In the next 
step, we remove the TiAu layer from the mesas, by putting the samples in acetone 
bath. Just like in PECVD lift-ofF, application of acetone removes the photoresist 
left on the rings and stripes, by causing the resist to dissolve, therefore swelling 
and losing adhesion to the wafer. While photoresist dissolves in the acetone, the 
TiAu layer on top of the resist is also removed, revealing the final structure of 
the front p-contact surface.

lithography

7 V

metalization

lift-off
unsuccessful lift-off

a) Non-image reversal b) Image reversal

photoresist deposition substrate

Figure 3.11: Lift-off process
a) Due to the positive slope walls of the usual lithography, the deposited rnetal forms a 
continuous layer, therefore causing difficulty in lift-off process, b) Due to the negative 
slope walls of the image reversal lithography, there is discontinuity in the metal layer, 
and this makes lift-off very easy.

To decrease the problems in lift-off we used the image reversal mask, and 
negative resist recipe for the development. This process results in negative slope
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walls of the resist (undercut), making the lift-off process very easy (Figure 3.11).

3.12 p-Contact Annealing

A nnealing is very crucial for obtaining good ohmic contacts. It helps the 
diffusion of the metal into the GaAs crystal, and reduces the metal thickness 
decreasing the serial resistance of the devices. In our laboratory, annealing 
is done in the AG-610 minipulse Rapid Thermal Processor (RTP) and the 
temperature can be controlled within an error of ±5°C. In the literature, 
annealing temperatures vary between 400° C and 500° C. In our processes we 
performed the annealing at 425° C for 1  minute, in forming gas atmosphere.

3.13 Thinning

After the p-contact annealing, the front side (p-contact) of the wafers were 
covered with photoresist and they are stuck to the lamellas. After baking them for 
three minutes on the hot plate at 1 2 0 °G, they were dipped in a wet etch solution. 
Back side of the wafers were thinned chemically, to about 100/im thickness, 
using this wet etch solution of 25% H2O2:30% NH3 (10:1) with etch rates about 
6 /rm/minute. The advantages of this thinning process is the ease in separation 
of the lasers in the final process, and the decrease in the serial resistance by a 
considerable amount. To avoid nonuniform etching, stirring may be used. "̂‘

3.14 n-Contact Metalization

After the samples are thinned, it is necessary to cover this etched surface entirely, 
for the n-contact of the laser devices. The most common approach to fabricating 
ohmic contacts on n-GaAs is to apply an appropriate metalization to the wafer, 
and then alloy the metal into the GaAs. During the alloy and cooling period, 
a component of the metal enters into the GaAs and highly dopes the surface 
layer. This doping decreases the Schottky Barrier cind the dominant conduction
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mechanism becomes tunneling. The eloping agent is generally chosen to be Ge. 
Au-Ge is usually applied with an overlay of another metal such as Ni. Ni is 
thought to help the Ge to diffuse into GaAs material. On top of this AuGeNi 
.system pure .Au is applied for increasing sheet conductivity, necessary for probe 
operations.

Then for a standard ohmic metalization, Ni+Au+Ge+Ni+Au series is de
posited on the samples, with thickness values 50,600,400,200,1500A respectively. 
When the metalization is finished, the samples are put in the acetone bath for 
separation from the lamellas.

3.15 n-Contact Annealing

The samples are again loaded to the AG-610 minipulse Rapid Thermal Processor 
(RTP), for the final annealing to form ohmic contacts, and they are baked at 
425° C for 1  minute.

3.16 Dicing

The wafers were cleaved with varying cavity lengths to carry out the measure
ments. The method followed in cleaving starts with discarding the areas very 
close to the sample edges, because of the non-uniformities in the thinning process. 
Then an array with the same cavity length is cut in the direction perpendicular 
to the stripes and the major flat. Finally, they are diced (separated) to obtain 
individual lasers.

3.17 Detailed Process Layout

For the sake of completeness, here I want to give the complete detailed process 
layout of the ring lasers, the scheme of the most critical processes, and the final 
pictures of the fabricated devices.
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Detailed Process Layout of Ring Lasers

1) Sample Cleaning
a) 2 min. in boiling Trichlorethan (C2H3CI3 )
b) 5 min. in room temperature Acetone (CH3COCH3)

c) 2 min. in boiling Propanol (CH3CH(OH)CH3 ) 
cl) 1 min. dehydration at 1 1 0 °C

2) Lamella Sticking
a) Stick sample on the lamella using a drop of Photoresist
b) 5 min. dry at room temperature
c) 3 min. bake at 1 1 0 °C
d) 3 min. bake at 1 2 0 °C
d) 5 min. dry at room temperature

3) Mesa Photolithography
a) Spinning HMDS+AZ5214E at bOOOrpm for 40 sec. (~  1 .6/im thickness)

b) Prebake at 110°C for 90 sec.
c) Edge Lithography (2 min. exposure) (vital for perfect patterns)

d) Exposure for 50 sec.
d) Chlorobenzene (CeHsCl) bath for 15 min.
e) Development AZdOOKitDO (1:3) (~40 sec.)

4) Mesa Etching (~ 1.5^m depending on Q W  layer)
a) Ashing: 20sccm O2 /  8xl0“ 3mbar /  51 Watt RF /  1 minute 

(~1000A photoresist etch)
b) Wet Etch by 94-98% H2SO4: 30% H2 0 2 :H2 0  (1:8:80)
c) Dry Etch as alternative: 9 seem SiCLi /  9mTorr /  100  Watt RF /  320V

5) PECVD (~1000A  Si02)
a) Talalld file /  100°C /  7 min. /  APC 300mTorr /  RF lOWatt 

/  SiH,i 180 seem /  N2O 710 seem
b) Lift-off in Aceton bath
c) Ultrasound helps for lift-off problems
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6) p-contact Metal Photolithography
a) Cleaning (repeat step 1 )
b) Lamella Sticking (repeat step 2 )
c) Spinning HMDS+AZ5214E at 4000rpm for 40 sec.

d) Prebake at 110°C for 90 sec.
e) Edge Lithography (2 ruin, exposure)
f) Alignment to image reversal mask
g) Exposure for 25 sec.
h) Image reversal bake at 110°C for 2 min.
i) Flood Exposure for 40 sec.
j) Development AZ400K:H2O (1:3) (~25 sec.)

7) p-contact Metalization
a) 200A  T i  ( l A /  sec. ) +  ISOOA A u  (lO A /s e c .)

b) Lift-off
c) Annealing at 425° for 1 min.

8) Thinning
a) Lamella Sticking (repeat step 2 )

b) Wet Etch 30% H2O2 : 25% NH3 ( 1 0 :1 )
c) Leave ~  lOÔ tim thickness

9) n-contact Metalization
a) 5 0 A Ni ( 2 A /  sec. ) +  6OOA A u  ( lO A /  sec.)
b) 400A Ge {2k/ sec.)
c) 200A  Ni ( 2 A /s e c .) +  1500A A u (lO A /s e c .)

d) Put in Aceton for lamella separation
e) Annealing at 425° for 1  min.

10) Dicing
a) Separate the laser arrays by cutting perpendicular to the FPs

b) Separate individual lasers if necessary
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in Figure 3.12 the most critical fabrication steps are shown for clarity.

1)

2)

3)

4)

5)

6)
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F ig u re  3 .12 : T h e  m o s t c r i t ic a l  fa b r ic a t io n  steps 
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3.18 SEM images of fabricated devices

To see the final situation before characterization, we took Scanning Elecron 
M icroscop e  (SE M ) (JEOL-.JSM 6400) pictures of the fabricated devices. In 
Figure 3.13 the side view of a Fabry-Perot laser can be seen, with the different 

graylevels of the substrate, cladding, core, oxide and the metal layers. In this 
SEM picture, the bright top most layer is the TiAu metal. Between the metal 
and the bottom cladding, the dark oxide layer can be seen. The light Quantum 

Well layer lies between the dark cladding regions.
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substrate

Figure 3.13: Side view of an index guided Fabry-Perot laser

In Figure 3.14 a fabricated 300/.im diameter ring resonator is shown. The 
picture, on the left, is the top view of the ring laser coupled to a Fcibry-Perot 
laser. The pads are for the current injection, and the devices can be driven 
seperately. The zoomed picture, on the right, shows the coupling region between 
the ring and the Fabry-Perot structure. In these three pictures, all the mesas 
for the structures were obtained by wet etching, which worked very well for the 
Fabry-Perot lasers, but was not enough for the gain of the ring lasers.

, JE -O L -  2 0 KV P I  LGil\ 100

Figure 3.14: Top view of a 300/.im diameter ring resonator

For the fabrication of the ring lasers, vertical dry etching technique was used, 
for better optical confinement. Our major problem with the ring lasers was 
the thick cladding region of the wafers, also meaning that a deep active layer
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around 1.9/irn. On our mask, we have defined 4/im mesas, and since wet etcing 
is isotropic, a 1.9/im etch of the samples would simply destroy the mesas, leaving 
them around Ifim (or even less) wide, and thus making the confinement very 
difficult. Simply wet etching was not found out as a useful technicjue for defining 
high mesas, or deep etching.

Figure 3.15: Dry etched mesas for the ring lasers

Therefore, an anisotropic dry etching was used with SiCkj which is capable 
of etching the cladding by 4^m down to the substrate, without losing the 4^m 
width of the mesas. The fabrication was done in the dry etch facilities of the 
Electronics Department of the Glasgow University in Scotland. The etch was 
done by the method of in situ monitoring via refiectometry.'*^ The etch for the 
gain guided rings was stopped just at 0.1/:/m above the active layer, and the etch 
for the index guided rings was stopped when the subsrate was exposed to air (see 
Figure 3.15). The picture on the left shows the mesa of an index guided ring 
laser which is etched down to the substrate. The picture on the right shows the 
mesa of a gain guided ring laser which is etched down to the active layer. The 
thin active layers can be seen in the middle of the dark cladding regions above 
the substrate
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Figure 3.16 shows the top view of such a ring laser with a 1000/im diameter, 
which was fabricated in the clean rooms of the Electronics Department of Glasgow 
University. The metal pad on the ring is 2^m away from the metal pad covering 
the Fcibry-Perot, giving a possibility to drive them separately. The advantage of 
this big metal pad in the ring is, that it helps the contact with the metal on the 
ring, and therefore giving the possibility to test half ring lasers, as it is explained 
in Chapter 4.

Figure 3.16: Top view of a 1000/im diameter dry etched ring laser



Chapter 4

Characterization and Results

After the fabrication processes, the devices were tested electrically and optically 
in order to investigate their performance and characteristics. As it is discussed 
in Chapter 3, cill of the fabrication is done in Class- 10 0  clean room. However the 
characterization is done in Class-10 ,000  clean room, because cleanliness is not so 
critical in device testing, as it is in device fabrication.

After the experimental apparatus was set up, as in Figure 4.1, photolurnines- 
cence, electroluminescence experiments were performed. The current-voltage and 
current-optical power characteristics were also measured. These measurements 
were done for the Fabry-Perot lasers with various cavity lengths, and for the ring 
lasers with various diameters, in order to obtain the values of basic important 
parameters of these fabricated devices, such as the threshold current density, 
the differential quantum efficiency, the internal quantum efficiency and the net 
internal optical loss. These parameters and the experiments are explained in the 
following sections.

4.1 Diode Laser Parameters

Diode lasers are characterized and specified by several parameters. Some of these 
pcirameters and their basic definitions are listed in Table 4.1.
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• Series Resistance, R :̂ The resistance of the diode lasers under forward bias 
condition.

• Threshold Current, Ith- Current at which the lasing action begins.

• Differential Quantum Efficiency, rjd: Incremental change in optical power 
output for an incremental change in forward current.

• Internal Quantum Efficiency, t/,·: The fraction of the current that generates 
carriers in the active region.

• Net Internal Optical Loss, (a,·): The internal parameter of the laser 
structure that defines the net optical loss in the cavity.

Peak Wavelength, \p·. Wavelength at which laser intensity is maximum.

• Full Width at Half Maximum Intensity (FWHM), A A: Wavelength 
difference between the half intensity points of the maximum peak.

Table 4.1: Basic laser parameters

4.2 Experimental Set-Up

The experiments consist of three parts: photoluminescence (PL), electrolumines
cence (EL), and IV-IP measurements, as shown in Figure 4.1.

Photoluminescence (PL)
CW Argon Ion ,Laser.' 

457.9 or 514.5 ftmv

Spectrometei —  
(460“866iiltn) PM P

\

<1m___
V 4 r

I V- I P

HKf>i
X

Computer

T =295 K 

Electroluminescence (EL)

Figure 4.1: The characterization set-up
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Pliotoluminescence spectrum is needed in order to understand the material 
parameters. It characterizes the band structure of the wafer, and for the optical 
excitation an Ai'·̂  laser is used. Electroluminescence is necessary to obtain 
the spontaneous emission and stimulated emission spectra of the fabricated 
devices. For the photoluminescence and electroluminescence spectra, a 1 meter 
.Jobin Yvon double-grating monochromator, a water cooled GaAs photomultiplier 
tube (PMT), and a charged coupled device (CCD), along with standard photon 
counting techniques are used. The current-voltage (IV) and the current-power 
(IP) characteristics are performed in a Hewlett-Packard HP-4142 Modular DC 
source test setup, where the diode lasers are placed on a probe station, Alessi 
4300 REL, which is used to let the current in and out, and to make measurements 
by means of electrical probes. The light output is collected by the help of a 
photodiode (PD), which is also connected to HP-4142 test setup. All of these 
measurements are computer controlled by various software programs.

4.3 Photoluminescence Spectrum

Photoluminescence (PL) study of a sample is a good technique to characterize 
the material, revealing the optical characteristics of the sample. To investigate 
the emission properties of the quantum wells and of other related layers in the 
sample, a PL spectrum is necessary. This analysis helps in understanding the 
energy band structure of the quantum well sample, therefore determining the 
emission wavelength, together with some other material parameters.

The interaction of light with semiconductors occur at the spectral rcinge 0.1 — 
10 0 0 /im (0.001 — 12614). In the near ultraviolet, visible, near infrared region 
(0 .2 4 —3 .1 6 V) the dominant effect is absorption at the band gap and by impurities, 
leading to photoluminescence under certain conditions.

A valence electron can be excited across the band gap ot a semiconductor 
with an incoming photon, whose energy equals to or exceeds the gap value. 
Absorption also occurs, when the photon raises an electron from a neutral donor 
to the conduction band, or from the valence band to a neutral acceptor. It is
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also possible to induce absorptive transition from the valence band to an ionized 
donor, or from an ionized acceptor to the conduction band. These processes 
lead to the sensitive probe of PL, which occurs when the excited electron returns 
to its initial state. This process can be either radiative or non-radiative. If it is 
radiative, it emits a photon whose energy gives the difference between the excited 
and the initial state energies. The emission spectrum shows a fingerprint peak 
related to the energy of each excited level.

After any of the absorption processes separates an electron and a hole, they 
recombine. This can proceed in either radiative or non-radiative form. In a direct 
gap semiconductor, the recombination transition is vertical, and the emitted 
photon energy is given by,

hiu = Ef — Ei (4.1)

where Ef and E{ are the final and initial energies and hw is the photon energy. 
After any of the absorption processes separates an electron and a hole, they 
recombine. This can proceed in either radiative or non-radiative form. In a direct 
gcip semiconductor, the recombination transition is vertical, and the emitted 
photon energy is given by Equation 4.1.

4.3.1 Experimental Method

The general PL arrangement is shown on Figure 4.1. The source can be any laser 
whose photon energy exceeds the band gap of the material to be excimined. In 
our experiments we used an Ai''  ̂ laser at 514.5nm line which exceeds the bandgap 

of our structure.
The photons produced, are generated at continuous powers of watts whereas 

tens of milliwatts are often adequate to give good signals. Laser power can not be 
increased indefinitely, since too high an intensity at the focused spot Ccin damage 
a sample. This problem is overcome by reducing the output power, by delocusing 

the laser, or by using filters.
The PL signal, obtained by the laser impinging the sample, passes through
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W a v e le n g th  (n m )

Figure 4 .2 : Photoluminescence spectrum of the DQVV wafer at 300K

a double grating monochromator which selects a wavelength to transmit to the 
detector. As the detector (photomultiplier tube) counts the number of photons, 
we obtain the PL spectrum of our sample. Thus, we obtain the intensity versus 
wavelength graph, as in Figure 4 .2 . The peak corresponds to the band gap energy 
of GaAs quantum well, which is 1.46eV at .300K, and this equals to the laser 
emission wavelength around 850nm. The peak is tilted a little bit to the right, 
due to the response of the photomultiplier tube, and becau.se of the unresolved 
e-lh, e-hh peaks.

4.4 Current-Voltage Characteristics

Current voltage (IV) characteristics determine the device quality by measuring 
the diode characteristics and the series resistance. The devices, if they are well 
fabricated, are expected to perform a typical diode IV characteristics, since they 
are p-n junctions (see Figure 4.3).
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Figure 4.3: Current-Voltage characteristics

Under forward bias condition, the current injection is obtained after a turn-on 
voltcige, and for bigger voltage values, a linear dependence between the current 
and voltage values is observed. The series resistance, R ,, which is an important 
parameter in laser diodes, is obtained in this linear regime, by dividing the 
incremental change of the forward voltage AU, to the incremental change of 
the forward current A /. High series resistance cause heating in the diode lasers 
and a shift in the lasing frequency. The series resistance of the sample is actually 
composed of two parts.

Rs — 2Rc -b Rb 4.2)

where Rc is the specific contact resistance and Rf, is the resistance of the bulk 
material. The specific contact resistance can be measured by a method called 
Transmission Line Method, but these test patterns were not found to be necessary 
in our mask design. The bulk resistance for a slab of a material is given by 
R—pljA, where p is the resistivity, / is the length and A is the cross-sectional or
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contact area of the sample. Our laser diodes had values ranging from 6ii to 
23D, which are reasonable for the diode lasers.

4.5 Current-Power Characteristics

The relation between the light output (power) and the injection current (the IP 
characteristics) is a fundamental characteristic of a diode laser. By measuring 
this, we can determine the threshold current, the threshold current density, 
the differential quantum efficiency, the internal quantum efficiency, and the net 
internal optical loss of the fabricated devices. This charactei'istic is an important 
measure of the quality not only of the laser but also of the material composing 
the semiconductor laser diode. IV and IP measurements are done simultaneously 
at the probe station by the HP 4142 device.

Figure 4.4: Current-power characteristics 
Current-power characteristics of this 1 .5mm long Fabry-Perot laser was obtained at 
room temperature. The kinks are due to the instability of the resonant modes
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Figure 4.4 shows an example of an IP characteristics for our fabricated Fabry- 
Perot lasers. As it is seen from the figure, there are breaks in the relation 
between the injection current and the light output power. These breaks in the IP 
characteristic above the threshold current are called kinks. The reason for the 
kinks is the instability of the spatial and spectral modes in the laser.

4.5.1 Threshold Current

In a forward biased diode laser, for small injection current values, the device 
performs spontaneous emission. As the current is increased and the gain of the 
active medium develops, stimulated emission overtakes. The onset of lasing is 
accompanied by a sharp increase in the light intensity, and beyond this point a 
linear dependence is observed between the injected forward current and the light 
output.

0.01 0.02 0.03

Current(A)

0.04 0.05

Figure 4 .5 : Current-power dependence of FP lasers for various cavity lengths at 
room temperature

This point at which the lasing action begins is called the threshold current
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of the laser. In Figure 4.5 the IP dependences of Fabry-Perot diode lasers for 
various cavity lengths are shown.

Another useful way to investigate the threshold behavior is to plot the 
threshold current density versus inverse cavity length (see Figure 4 .6 ). If 
a linear regression is applied to this data, one can easily determine the infinite 
length threshold current density, by calculating the value of the threshold current 
density, where the line intercepts this vertical axis. The infinite cavity threshold 
current density is a benchmark of the semiconductor lasers. The infinite cavity 
threshold current densities of our fabricated devices were ranging from 150 A/cm^ 
to 350 A/cm·^ at room temperature, which are comparable to the results in the 
literature.

Figure 4.6: Infinite length threshold current density at room temperature as a 
benchmark
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4.5.2 Differential Quantum Efficiency

/\s it is also defined by Eq. 2.27. the differential qucintum efficiency is in fact 
the number of photons out per electrons in, from a measured I-P characteristic. 
y\s shown in Figure 4.7, the differential quantum efficiency would be found by 
measuring the slope, A PfA I.  in watts/amp above threshold (including output 
from both ends) and then multiplying this number by qjhu in coulombs/joule to 
get an empirical number of photons per electron.

Figure 4.7: Differential quantum efficiency of FP lasers

Now if we take the derivative with respect to the current ot Ec[. 2.28. and 

solve for Tjd we get the same result. Thus,

Vd
q dPp

hi/ dl
(4.3)

It should be noted, that in the above formulation the contribution ol spontaneous 
emission is neglected. This means that only a fi'action of the total photons created 
in the p-n junction contribute to lasing action. The one facet differential cpiantum
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efficiencies of our Fabry-Perot lasers were ranging from 15% to 68%>, for various 
cavity lengths. From this data some important internal parameters of the devices 
can be calculated as explained in the next section.

4.5.3 Internal Parameters: (a/) and

As stated in the previous sections, from a measured I-P characteristic one can 
immediately determine the threshold current from the intercept of the above 
threshold curve with the abscissa. The differential quantum efficiency can be 
calculated from Eq. 2.28, provided that the wavelength is known. Usually the 
mean mirror reflectance, R = Vir2 , can be calculated with a good accurcicy, and 
the length, L, can be measured. Thus the mirror loss, am =  {^/L)ln{l/R) can 
be calculated. However, the net internal optical loss, (a,·) and internal quantum 
efficiency, t/, , can not be determined from a single device.

To determine these important internal parameters, one commonly uses two or 
more lasers of different length fabricated from the same material with identical 
mirrors. This is relatively straightforward for Fabry-Perot lasers, since the length 
can be varied at the flncil cleaving step. From Eq. 2.27 it can be seen that 
by measuring the differential efficiency of two such lasers, one is left with two 
equations containing two unknowns, (o;;) and r/j·. However, experimental data 
usually have some uncertainty, therefore it is generally better to plot a number 
of data points on a graph and determine the unknowns by fitting a curve to the 
data. If we put =  (l /T ) /n (l /i? )  in Eq. 2.27, and take the reciprocal, we 

obtain,

1  ^  (qQ ^ I  ̂
qj, qiln{l/R) T],

1.4)

Thus a graph of inverse differential quantum efficiency versus cavity length (see 
Figure 4 .8 ) will provide us the internal parameters. The slope ol this graph will 
give (a,·), and the intercept will give qi. A linear regression to our data gave us 

the dependence,
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Figure 4 .8 : The graph of inverse differential quantum efficiency versus cavity- 
length

— = 2.105 +  (0.00084)T 
Vd

(4.5)

Therefore l/r]i — 2.105, and thus the one facet internal quantum efficiency is 
rji — 4 7 .5 %. By multiplying this number by 2 , we find the two facet internal 
quantum efficiency as rji - 95%. With R=0.32, the net internfil optical loss 
then becomes, (q ;) =  9 .1 cm“ h which is comparable to the values found in the 

literature.

4.6 Electroluminescence Spectrum

Another fundamental characteristics of the laser diode is its lasing spectrum. .As 
the diode laser is pumped above its threshold current, it starts laser operation at 
the longitudinal modes of its resonant cavity. Figure 4.9 shows a typical lasing 
spectrum of one of our fabricated gain-guided Fabry-Perot lasers. We drived the
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diode lasers by 1 kHz above threshold voltage pulses, with pulse widths ranging 
t'roin 30/i.s to 200 /i.s. The spectrum was taken by a Charge Coupled De\'ice 
(CCD).

811.5 812 812.5 813 813.5 814

W a v e le n g th  (n m )

814.5

Figure 4.9: Diode laser EL spectrum obtained by a CCD camera. T=75K

4.6.1 Free Spectral Range

The sepai'cition between the modes, AA, which is also called as the free spectral 
range, can be calculated from the derivation in Chapter 2 . It was shown that, 
for the laser oscillation, the mth mode has to satisfy the condition.

rL — m —  
2n

(4.6)

where A,,, is the vacuum wavelength of the /rrth mode. Thus, tor the rnth and 
(ni + l)th mode.

2Ln =  mA,;
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2Ln — (m +  1 )A771-}- 1 (4.7:

The free spectral range (FSR), AA, is just the difference between the 'mth cuid the 
[m +  l)th modes. Thus AA = 2Ln/{m^ +  m) ~  2Lnlm^ for small wavelengths, 
and therefore from Ec[. 4.7,

AA =
A'

2Ln
4.8)

W a v e le n g th  (n m )

Figure 4.10; Free spectral range measurement of a room temperature diode laser, 
whose cavity is around 1 mm

If the free spectral range values of the EL spectra of several diode lasers, with 
varying cavity lengths, are measured, as in Figure 4.10, the data can be plotted 
in a graph, as shown in Figure 4.11. The slope of this graph is A^/2n, and since 
the emission wavelength is known, the refractive index can be calculated easily. 
For this graph, it was calculated, that n =  3.48, which is the expected result for 

the region, where the light is confined.
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Figure 4.11: Free spectral range of Fabry-Perot lasers 

4.6.2 Quality Factor

If one of the laser emission peaks is investigated, the quality factor of the cavity 
can be calculated, which is defined as, Q =  A/AA, where AA is the full width 
half maximum, or the linewidth. The linewidth of this spectrum is 0 .0 2nni. and 
the lasing emission is at about 850nm. So the quality factor of this laser is. 
Q=850/0.02=42500, which is not the real Q of the laser. This is because of 
the fact, that the linewidth measurements are limited by the resolution of the 
spectrometer.

4.6.3 Temperature Dependence of EL Spectrum

If the diode lasers are driven by continuous currents, the produced heat due to 
this current may easily damage the samples by changing the electronic structure. 
To overcome this damage, the injected currents are applied in pulsed operation 

mode.
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Figure 4.12: The lasing spectrum of lasers at various temperatures

We drived our diode lasers by 1 kHz pulses, with pulse widths ranging from 
30/i.s to 2 0 0 /i5 . As the ambient temperature of the diode lasers is increased, 
the bandgap of the semiconductors gets smaller, causing the fundamental lasing 
mode shift towards larger wavelengths. As the pulse width or the bias voltage 
is increased, the e.xcess heat causes a rise in temperature, so the same effect is 
observed in the lasing spectrum, which is called a redshift. Figure 4.12 shows the 
dependence of the lasing wavelength to the temperature.

If the peak wavelengths of the spectra are plotted as a function of temperature, 
we obtain almost a linear curve, as seen in Figure 4.13. This effect is used to 

tune the diode lasers.
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Figure 4.13: The peak wavelength versus temperature

4.7 Ring Lasers

The most critical point in fabricating the ring lasers, is the optical conhnement 
of the emitted light in the ring resonator. As it is stated previously, the optical 
confinement is obtained by mesa isolation, thus the etching technique becomes 
very crucial in fabricating ring lasers. Wet etching is quite easy and works very 
well for Fabry-Perot lasers, because, with their well defined cleaved facets, the 
mesa isolation is not so critical for the optical confinement of such devices. Even 
shallow etch depths around l/tm are enough to produce gain-guided Fabry-Perot 
lasers.

For the ring lasers we have also used a wafer labeled cis QT1071, which was 
grown by MOCVD technique in the EE department of Sheffield University. This 
wafer has the following layer structure, as shown in Table 4.2, with qucinturn wells 
of InAlGaAs and a PL peak at 729nm.
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0.2 îm 1.2El9Zn: GaAs cap
1.5/im 8E17C A10.62
0.2  f.im uncloped grade to A10.44 
200Aundoped A10.44
76AQW In0.06(A10.25Ga0.75)0.94As 
50ÁA10.44
76ÁQVV In0.06(A10.25Ga0.75)Q.94As 
200Áundoped A10.44
0.2 fxm undoped grade to A10.62
1.5//m 1.2E18SÍ A10.62
0.2 fj,m Si doped grade to A10.62
0.5 //m lElSSi GaAs
Substrate GaAs

Table 4.2: The structure of the QT1071 DQVV wafer

Our major problem with the ring lasers was the thick cladding region of the 
wafers, also meaning that a deep active layer around 1 .9/im (see Table 4.2). On 
our mask, we have defined 4/im mesas, and since wet etcing is isotropic, a 1.9/im 
etch of the samples would simply destroy the mesas, leaving them around l//m 
(or even less) wide, and thus making the confinement very difficult. Therefore 
wet etching was not found out to be a useful technique for defining high mesas. 
A controlled dry etch process was the best, for deep etch.

Figure 4.14: A room temperature 1.4mm diameter half ring laser
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Except the dry etch process, that is explained in the previous chapter, all 
the fabrication techniques were very similar to the ones, that we have used in 
our Advance Research Laboratories in Bilkent University. After the fabrication 
process was complete, the seperated full rings and half rings were tested. Lasing 
was not observed in full ring structures, coupled to the Fabry-Perot cavities. This 
may be due to the highly absorbant Fabry-Perot cavity, which has the same band 
structure with the ring, and therefore not letting the possible lasing light out, or 
due to the poor coupling between the resonators.

However, when the full rings were diced into two almost equal half pieces (see 
Fig. 4.14), forming mirrors just as in case of Fabry-Perot resonators, lasing was 
observed at room temperature. This means, that the full rings should in fact lase 
in a better way than that of half rings, because with having the same roundtrip 
bending loss, the full rings donh have the extra mirror losses. Another reason for 
measuring the half rings, was due to the samples, that were etched down to the 
substrate, in which there wouldn’t be any coupling.

Figure 4.15; Room temperature IP of a half ring laser



The half ring lasers and the Fabry-Perot lasers, that were on the same 
substrate, as in Fig. 4.14, were driven separately, and their current-power relations 
are shown in Fig. 4.15. The threshold current of the Fabry-Perot hiser, which is 
•54mA, is smaller thcin that of the ring laser, which is 172 mA. This is due to the 
smaller cavity length of the Fabry-Peor laser, and due to its zero bending loss. 
.Also, the differential quantum efficiency of the Fabry-Perot laser, with its 23% 
value, is higher than that of the ring laser, which is only 7%, due to the same 
reasons.
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Figure 4.16: The modes of Fabry-Perot laser at room temperature

For the electroluminescence spectra, the devices were driven by lOOHz pulses, 
with 1ms pulse width. The spectra of the lasers (see Fig. 4.16 and Fig. 4.17 were 
obtained for both devices at room temperature, and their tree spectral ranges 
were measured. The free spectral range of the whispering gallery modes of the 
ring laser, with 0.3nm, was smaller than that of the Fabry-Perot laser, with O.Snm 

due to its larger cavity length.



The wafers used for these samples are very similar to the B641 wafers dehiied
o

in Chapter 3. But the double qucintum wells are 76/1 Ino.o6(Alo.25Gao.75)0.9-1 As 
causing the lasing wavelength of the lasers to be around 740nm.
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Figure 4.17: The whispering gallery modes of the room temperature half ring 
hi.ser



Chapter 5

Conclusion

Semiconductor Quantum Well Lasers were fabricated, using GaAs/AlGaAs 
double quantum well wafers. 4/im wide, and 1/im high mesas were used for 
optical confinement. Fabrication of Fabry-Perot lasers was completed after Si0 2  

insulation, p-contact and n-contact metalizations, thinning, and dicing. We diced 
the laser diodes to obtain various cavity lengths ranging from 20 2 /im to 1500/im.

Device characterization was done by means of photoluminescence, current- 
voltage, current-optical power measurements, and electroluminescence. Pho
toluminescence was used for checking the lasing wavelength. Current-voltage 
current-power measurements were done to investigate the serial resistances, 
threshold currents, and quantum efficiencies of the fabricated devices. Finally, 
electroluminescence was used to obtain the lasing spectra.

Current-voltage (IV) characteristics is important to understand the device 
quality by means of the function of the diode, and by means of the series resistance 

of the devices. The devices, if they are well fabricated, are expected to perform 
a typical diode IV characteristics, since they are p-n junctions. Our laser diodes 
had Rj values ranging from 60 to 230, which are comparable to the values found 

in the literature.
The relatiorj between the light output (power) and the injection current 

(the IP characteristics) is a fundamental characteristic of a diode laser. By 
measuring this, we can determine the threshold current, threshold current density,

72
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the clifFerential quantum efficiency, the internal quantum efficiency, and the net 
internal optical loss of the fabricated devices. This characteristic is an important 
measure of the quality not only of the laser but also of the material composing 
the semiconductor diode laser.

We measured threshold currents ranging from 16mA to 66 mA. The infinite 
cavity threshold current densities of our fabricated devices were ranging from 
150 A/cm^ to 350 A/cm^, which were comparable to the results found in the 
literature. The one facet differential quantum efficiencies of our Fabry-Perot 
lasers were ranging from 15% to 6 8%, for various cavity lengths. From this data 
some important internal parameters of the devices were calculated, such as the 
two facet internal quantum efficiency, rji =  95%, and the net internal optical loss, 
(«»·) =  9 .1 cm“ F

For the EL spectra we drived our diode lasers by 1  kHz pulses, with pulse 
widths ranging from 30/is to 200;us. The free spectral ranges of these spectra 
for lasers with different cavity lengths, perfectly matched with the calculated 
refractive index, n=3.48. The measured quality factor (Q=42500) of the lasers 
were limited by the resolution of the spectrometer.

The peak wavelength was plotted as a function of the temperature, revealing 
almost a linear curve. With this curve, the laser diodes can be tuned, that is, the 
emission wavelength can be selected.

Finally, ring lasers were fabricated, and operated at room temperature. The 
vertical dry etch is very crucial for the optical confinement, which is necessary 
for the operation of the ring lasers. The threshold current of the ring lasers 
was 172mA, about three times larger than that of the Fabry-Perot laser. The 
differential quantum efficiency of the ring laser was 7%, about three times smaller 
than that of the Fabry-Perot laser. The free spectral range of the ring modes were 
also narrower. These were expected results due to the long, curved cavity of the 
rings.
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