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Abstract 
 
Vertical cavity surface emitting lasers (VCSELs) are today a commodity on the 
short wavelength laser market due to the ease with which they are manufactured. 
Much effort has in the last decade been directed towards making long wavelength 
VCSELs as successful in the marketplace. This has not been achieved due to the 
much more difficult fabrication technologies needed for realising high performance 
long wavelength VCSELs. At one point, GaInNAs quantum wells gain regions 
grown on GaAs substrates seemed to be the solution as it enabled all-epitaxial 
VCSELs that could make use of high contrast AlGaAs-based distributed Bragg 
reflectors (DBRs) as mirrors and lateral selective oxidation for optical and electrical 
confinement, thereby mimicking the successful design of short wavelength 
VCSELs. Although very good device results were achieved, reproducible and 
reliable epitaxial growth of GaInNAs quantum wells proved difficult and the 
technology has not made its way into high-volume production. Other approaches to 
the manufacturing and material problems have been to combine mature InP-based 
gain regions with high contrast AlGaAs-based DBRs by wafer fusion or with high 
contrast dielectric DBRs. Commonly, a patterned tunnel junction provides the 
electrical confinement in these VCSELs. Excellent performance has been achieved 
in this way but the fabrication process is difficult. 
 
In this work, we have employed high strain InGaAs quantum wells along with large 
detuning between the gain peak and the emission wavelength to realize GaAs-based 
long wavelength VCSELs. All-epitaxial VCSELs with AlGaAs-based DBRs and 
lateral oxidation confinement were fabricated and evaluated. The efficiency of these 
VCSELs was limited due to the optical absorption in the doped DBRs. To improve 
the efficiency and manufacturability, two novel optical and electrical confinement 
schemes based on epitaxial regrowth of current blocking layers were developed. 
The first scheme is based on a single regrowth step and requires very precise 
processing. This scheme was therefore not developed beyond the first generation 
but single mode power of 0.3 mW at low temperature, -10ºC, was achieved. The 
second scheme is based on two epitaxial regrowth steps and does not require as 
precise processing. Several generations of this design were manufactured and 
resulted in record high power of 8 mW at low temperature, 5ºC, and more than 3 
mW at high temperature, 85ºC. Single mode power was more modest with 1.5 mW 
at low temperature and 0.8 mW at high temperature, comparable to the performance 
of the single mode lateral oxidation confined VCSELs. The reason for the modest 
single mode power was found to be a non-optimal cavity shape after the second 
regrowth that leads to poor lateral overlap between the gain in the quantum wells 
and the intensity of the optical field. 
 
 
 
 
 
 



 4

List of papers 
 
Paper A: High-performance 1.3 µm InGaAs vertical cavity surface emitting 
lasers 
P. Sundgren, R. Marcks von Würtemberg, J. Berggren, M. Hammar, M. Ghisoni, V. 
Oscarsson, E. Ödling, and J. Malmquist 
Electronics Letters 39 (15), 1128 (2003)  
 
Paper B: Fabrication and performance of 1.3-µm vertical cavity surface 
emitting lasers with InGaAs quantum well active regions grown on GaAs 
substrates  
R. M. von Würtemberg, P. Sundgren, J. M. Berggren, M. Hammar, M. Ghisoni, V. 
Oscarsson, E. Ödling, J. Malmquist  
Photonics Europe, Strasbourg, France, 26-30 April 2004. Proceedings of the 
SPIE 5443, 229 (2004) (Invited presentation) 
 
Paper C: 1.3 µm InGaAs vertical-cavity surface-emitting lasers with mode 
filter for single mode operation   
R. Marcks von Würtemberg, P. Sundgren, J. Berggren, M. Hammar, M. Ghisoni, E. 
Ödling, V. Oscarsson, and J. Malmquist  
Applied Physics Letters 85, 4851 (2004) 
 
Paper D: Single-mode 1.27  µm InGaAs vertical cavity surface-emitting lasers 
with temperature-tolerant modulation characteristics   
Marek Chacinski, Richard Schatz, Olle Kjebon, Mattias Hammar, Rickard Marcks 
von Würtemberg, Sebastian Mogg, Petrus Sundgren, and Jesper Berggren  
Applied Physics Letters 86, 211109 (2005) 

Paper E: A novel electrical and optical confinement scheme for surface 
emitting optoelectronic devicesAuthor(s): R. Marcks von Würtemberg; Z. Zhang; 
J. Berggren; M. Hammar, Workshop on Optical Components for Broadband 
Communication, Proceedings of SPIE 6350, 63500J (2006) 

Paper F: Optical loss and interface morphology in AlGaAs/GaAs distributed 
Bragg reflectors   
Z. Zhang, R. Marcks von Würtemberg, J. Berggren, and M. Hammar  
Applied Physics Letters 91, 101101 (2007) 
 
Paper G: High-power InGaAs/GaAs 1.3-µm VCSELs based on a novel 
electrical confinement scheme 
R. Marcks von Würtemberg, J. Berggren, M. Dainese, M. Hammar 
Electronics Letters 44 (6), 414 (2008) 
 
Paper H: Performance optimization of epitaxially regrown 1.3-µm VCSELs 
R. Marcks von Würtemberg, X. Yu, J. Berggren, M. Hammar 
Manuscript 



 5

Acknowledgements 
 
This work could not have been achieved without contributions from the following 
people. Thank you so very much: 
 
Professor G Landgren and Professor S. Lourdudoss for managing the Laboratory of 
Semiconductor Materials 
 
Professor M. Hammar for managing the VCSEL project and supervising this work  
 
Jesper Berggren for providing high quality epitaxy, superior to that which I have 
received from anyone else in the past, including commercial vendors 
 
Dan Haga for 100% good semiconductor processing advice 
 
Cecilia Aronsson for 99.99% good semiconductor processing advice (no more 
sticky tape, though…) 
 
The ELAB staff for keeping the cleanroom up and running 
 
The equipment responsible persons for keeping the equipment in the cleanroom up 
and running 
 
The people at the Laboratory of Semiconductor Materials for making it a nice 
workplace 
 
My wife Therése for lots of help during the writing of this thesis in particular and 
for being the fantastic person she is in general 
 
Little Nathalie for being such a nice baby 
 
My mother, my father, my mother in law and my father in law for much help during 
the writing of this thesis 
 
The taxpayers of Europe in general and Sweden in particular for financing this 
work 
 
Lisbeth for providing a steady supply of coffee (about 700 litres in total) 
 
 
 
 
 
 
 
 



 6

 



 7

Table of contents 
 
Abstract 
 
List of papers 
 
Acknowledgements 
 
Table of contents 

 
1. Introduction     9 

1.1. Fibreoptic communication    9 
1.2. Laser physics   10  
1.3. Semiconductor laser technology  16 
1.4. Background and motivation to the present work 21  
1.5. Review of long wavelength VCSEL technology 26 
 

2. Fabrication and characterisation  31 
2.1. Oxide confined VCSELs  31 
2.2. Regrown VCSELs   35 

2.2.1. Regrown VCSELs (one regrowth step) 36 
2.2.2. Regrown VCSEL (two regrowth steps) 39 
 

3. VCSEL design and analysis tools  45  
3.1. Simulations   45 
3.2. Growth evolution   46 
3.3. Cavity shape measurements  48 
3.4. Mirror reflectivity measurements  51 
 

4. Summary and outlook   55 
 
Guide to the papers   57 
 
Appendix: Processing list for two-regrowth concept VCSEL 61 
 
References    69 
 
 
 
 
 
 
 
 
 
 



 8



 9

 
 
 
 
 
1 Introduction 
 
1.1 Fibreoptic communication 
 
During the last decades, optical fibres have emerged as the primary medium for 
high speed transmission of information over longer distances. 1 The optical fibre 
consists of high purity silicon dioxide (i.e. glass) with very low absorption and its 
prime feature is its ability to guide light from one end of the fibre to the other with 
very low attenuation of the light. For certain wavelengths of the light, the 
attenuation is lower than 0.20 dB·km-1. 2 This means that half of the transmitted 
light is lost in a distance of 15 km. Compared to transmission by metal wire, e.g. 
unshielded twisted pair category 5 with an attenuation of 200 dB·km-1 at high 
transmission speed, 3 this attenuation value is superior and reduces the number of 
amplifiers needed in order to transmit information over longer distances, e.g. 
between major cities and between continents. 
 
The light transmitted through the optical fibre must be generated and coupled into 
the fibre at one end and detected at the other. Any means of generating light that 
can be modulated can be used as a light source, e.g. incandescent lightbulbs. 
However, the response of a light bulb to a change in the drive current used to 
generate the light is very slow and therefore the period of time between changes in 
the drive current must be long to allow the bulb to settle at the new level after a 
change in drive current. In a digital transmission system where the light source 
switches between two levels (high power for a ‘one’ and low or zero power for a 
‘zero’), the slow response of a light bulb means that only a small number of ‘ones’ 
and ‘zeros’, collectively known as ‘bits’, can be transmitted in a certain amount of 
time. 
 
Fortunately, modern material physics research has led to the discovery of materials 
and material structures that emit light when electrical current is driven through them 
and which respond quickly to changes in the drive current. The first such light 
sources to be employed as light emitters in fibreoptic communication systems were 
light emitting diodes (LEDs). The LED emits incoherent light and can transmit 
around 100 million bits of information per second, 100 Mbit·s-1. This might seem 
like a huge number and as an internet connection for an average household it will 
probably suffice for years to come. However, one must keep in mind that there are 
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not fibres going from every single household to every single internet server on the 
planet. By necessity, this means that some fibres must be shared by several users. 
These fibres should then have a capacity much larger than 100 Mbit·s-1 or the 
different users will notice that the overall capacity the internet connection has been 
reduced, i.e. a bottleneck has occurred. 
 
A light source faster than the LED is the laser diode (LD). It is closely related to the 
LED but the material structure is more complex and more expensive to 
manufacture. The advantage of this light source is that it has a much faster response 
compared to the LED. Standard laser diodes can transmit 10 Gbit·s-1 (10000 Mbit·s-

1) of information through an optical fibre. 
 
In long range (tens of kilometres) fibreoptic transmission systems, the most 
expensive part of the installation is the deployment of the fibre itself. As the 
demand for transmission of information over longer distances has increased, 
network operators have tried to increase the capacity of existing fibres rather than 
deploying more of them. Wavelength division multiplexing (WDM) was developed 
in order to do this. In a WDM system, the light of many laser diodes with different 
wavelength is transmitted simultaneously through a single optical fibre. The 
different wavelengths can be filtered out and detected individually at the other end 
of the fibre. Systems with more than 1000 wavelengths, each transmitting 2.67 
Gbit·s-1 have been demonstrated with the capacity of transmitting more than 2.67 
Tbit·s-1 (2670000 Mbit·s-1) through a single optical fibre. 4 
 
As production methods have matured, the price of laser diodes has decreased. 5 This 
has made the fibreoptic link a viable competitor to metal wire based systems in 
shorter distance links. Today, laser diodes are used in links with lengths of only a 
few meters in data clusters and the speed-limiting metal wire based printed circuit 
boards (PCBs) in personal computers (PCs) will probably be replaced by fibreoptic 
links with lengths of only a few cm in the future. 
 
Besides the superior transmission properties, optical fibres have several advantages 
compared to metal wire. The optical fibre is much thinner and the weight is only a 
fraction of that of metal wire based transmission lines. This is an advantage 
wherever a large number of transmission lines must be fitted into a limited space, 
e.g. in large parallel computers, large offices and large buildings, and where weight 
is an issue, e.g. in airplanes. Optical fibres are also immune to electromagnetic 
interference (EMI). While metal transmission lines can pick up the signals from the 
ever increasing number of mobile phones, cordless phones and wireless computer 
networks present in modern society, optical fibres do not pick up these signals and 
are thus not susceptible to errors in the transmitted signal. 
 
1.2 Laser physics 
 
Conceptually, a laser is not complicated device. The only things needed in order to 
fabricate a laser are two mirrors and a medium that has the ability to amplify the 
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power of a beam of light that passes through it. These components are then 
arranged so that the beam of light passes through the amplifying medium when it 
‘bounces’ back and forth between the two mirrors. When the amplification is high 
enough so that it compensates for the loss that the light beam experiences during 
one roundtrip between the mirrors, a standing lightwave is sustained between the 
mirrors, and the device made out of the three components operates as a laser. The 
region between the two mirrors that accommodates the amplifying medium is 
commonly known as the cavity. In order to access the laser light so that it can be 
used in practical applications, one or both of the two mirrors are designed so that it 
does not reflect all light incident on it but allows a fraction of the incident light to 
be transmitted through it. This fraction is part of the loss that must be compensated 
for by the amplifying medium and is commonly referred to as external loss. Other 
loss sources are absorption of the laser light inside the cavity and at the mirrors. 
These sources of loss constitute the internal loss of the laser. 
 

 
Figure 1.2.1. SEM image of a VCSEL. The square well in the centre of the image has a side length of 6 
µm. In the centre of the well, a VCSEL with a mesa size of 1 µm is seen as a little hump. 
 
There are many different types of lasers. They range in size and power from 
semiconductor lasers with a volume of a few cubic micrometers and output power 
of 1 milliwatt (figure 1.2.1) to the lasers of the National Ignition Facility (NIF) at 
the Lawrence Livermore National Laboratory in the United States of America that 
occupy a large building and deliver laser pulses with a peak power of 500 terawatt 
(figure 1.2.2). 6 
 



 12

 
Figure 1.2.2. Aerial view of the building housing the lasers of the National Ignition Facility at the 
Lawrence Livermore National Laboratory in the United States of America. Photo courtesy of Lawrence 
Livermore National Security, LLC, and the Department of Energy. 
 
The components necessary for sustaining laser operation, mirrors and amplifying 
medium, can be based on different physical principles. Thin metallic layers have the 
ability to both reflect and transmit fractions of the power of an incident beam of 
light. However, the absorption in the metallic layers is quite high which make 
metallic mirrors inappropriate in applications where low optical loss is needed. A 
dielectric mirror, where the reflection of light occurs at interfaces between materials 
with different refractive index, is often a better choice. Such mirrors can be made 
with very high reflectivity and low absorption loss if correctly designed. An 
everyday example of a dielectric mirror is an ordinary sheet of window glass. The 
faint reflection of his or her own face that an observer can see in a sheet of window 
glass occurs because the glass has a refractive index different from that of the 
surrounding air. In principle, a sheet of window glass can be used as a laser mirror 
although in most applications the reflectivity is too low, usually around 4%. 
 
Creating a medium that amplifies the power of a beam of light passing through it is 
more complicated than creating a high reflectivity mirror. The process of 
amplifying light is closely related to the process of absorbing light. During 
absorption, an energy quantum of a beam of light, commonly known as a photon, is 
annihilated and the energy of the photon is transferred to the absorbing medium, 
often by changing the state of an electron in the medium from a low energy state to 
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a high energy state. The electron energy difference between these two states must 
be the same as the energy of the photon or the absorption process can not occur 
since the energy of the system comprising the electron and the photon is not 
preserved. 
 

E

E

 
 
                       (a)  (b)          (c)                   (d) 
 
Figure 1.2.3. Four images of the interaction of a photon with a two electron energy state system. An 
empty circle means that the electron state is unoccupied while a filled circle means that the electron state 
is occupied. a) Absorption of the photon energy by the electron. b) No interaction as there are no 
electrons occupying any of the states. c) No interaction as both states are occupied by electrons. d) 
Stimulated emission of a photon. 
 
Another requirement for the absorption process to occur is that the lower electron 
energy state is occupied by an electron and that the higher energy electron state is 
not occupied by an electron. If none of the two electron states are occupied by an 
electron, absorption does not occur as there is no electron that can change state by 
absorbing the energy of the photon. If both of the two electron states are occupied 
by electrons, absorption does not occur as an electron state can be occupied by one 
electron only, as stated by the Pauli exclusion principle. 7 The electron in the low 
energy state can not change to the high energy state by absorbing the photon as the 
high energy state is already occupied by an electron. 
 
The fourth option is a situation where the high energy state is occupied by an 
electron while the low energy state is not. Absorption can not occur in this situation 
as there is no electron in the low energy state that can change to the high energy 
state by absorbing the photon energy. The opposite action is however possible. The 
electron in the high energy state can change to the low energy state. In order for 
energy to be conserved in this process, the energy that the electron loses when 
changing from the high energy state to the low energy state must be released. This 
can be done by the creation of a photon with energy equal to the electron energy 
difference between the two states. The creation of a photon in this way can happen 
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spontaneously and the photon created is then referred to as spontaneous emission. 
The creation of a photon in this way can also be triggered by the presence of a beam 
of light. In this case, the created photon is emitted in phase with the photon or 
photons of the beam of light and increases the power of the beam of light. This 
process is known as stimulated emission and amplifies the power of the beam of 
light. The different photon-electron interaction processes are schematically drawn 
in figure 1.2.3. 
 
Albert Einstein showed that the probability of absorption of a photon from a beam 
of light by an electron that changes state from a low energy state to a high energy 
state is identical to the probability of stimulated emission of a photon by an electron 
that changes state from the high energy state mentioned above to the low energy 
state mentioned above, provided that final state is not already occupied by an 
electron. 8 Thus, whether we have absorption or amplification in a medium with 
only two electron energy states, one with high electron energy and one with low 
electron energy, depends only on which state is occupied by an electron and which 
state is not. 
 
In most applications, the amplification provided by a medium with just two electron 
energy states is not high enough to compensate for the optical losses of the system. 
A large number of high energy states and a large number of low energy states are 
required. An example of such a medium is a gas where each atom of the gas has a 
low electron energy state and a high electron energy state. In order for this gas to 
amplify the power of a beam of light passing through it, the number of gas atoms 
with an electron in the high energy state and no electron in the low energy state 
must be larger than the number of gas atoms with an electron in the low energy 
state and no electron in the high energy state. This situation never occurs in a 
system that is in thermal equilibrium: the probability that a low electron energy 
state is occupied by an electron is always higher than the probability that a high 
energy electron state is occupied by an electron. 9 This is lucky as a situation where 
a gas, e.g. the atmosphere, could randomly amplify beams of light would be very 
dangerous. 
 
In order to create a medium that amplifies light, we must somehow manipulate it so 
that, if it is gas as described above, the number of atoms with an electron in the high 
electron energy state and no electron in the low electron energy state is larger than 
the number of atoms with one electron in the low electron energy state and no 
electron in the high electron energy state. The name of such a situation is 
population inversion. One way of transferring electrons from the low electron 
energy states of the atoms to the high electron energy states of the atoms is of 
course to illuminate them with light that has photons with energy equal to the 
electron energy difference between the states. It is however easy to show that 
population inversion can never be achieved in this way. As the number of atoms 
with an electron in the high electron energy state and no electron in the low electron 
energy state increases when the power of the illuminating light is increased, so does 
the number of these atoms that transfer the electron back to the low electron energy 
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state by stimulated emission of photons caused by the illuminating light. In the limit 
of infinite illuminating power, only half of the atoms in the gas have their electron 
in the high electron energy state and the medium is then transparent, i.e. the 
amplification is as strong as the absorption. 
 

E1

E2

E3

E4

E23E14

 
 
Figure 1.2.4. A four electron energy states system 
 
The only way of achieving population inversion is to use a medium with more than 
two electron energy states. A schematic drawing of a medium with four electron 
energy states is shown in figure 1.2.4. Population inversion is achieved in this 
medium in the following way: 
 

1. Electrons are transferred from the lowest electron energy state, E1, to the 
highest electron energy state, E4, by illumination with photons with 
energy, E14, equal to the difference in electron energy between these two 
states. 

2. The electrons transferred to state E4 quickly transfers to state E3. 
3. The electrons transferred to state E3 resides a relatively long time at this 

state before transferring to some other state with lower energy. 
4. The electrons transferred to state E2 from some state with higher energy 

quickly transfers to state E1. 
 
In a four state medium with these properties, the probability of finding an atom with 
an electron in state E3 and no electron in state E2 is much larger than the probability 
of finding an atom with an electron in state E2 and no electron in state E3.This is 
because the electrons accumulate at the state E3 in the atoms since they quickly 
enter this state but slowly leave it and the few electrons slowly entering state E2 
from states with higher energy quickly leaves state E2 and transfers to state E1. 
Thus, population inversion is achieved between electron energy states E2 and E3 and 
amplification of light can occur if the photon energy of the light correspond s to the 
electron energy difference between state E2 and state E3, i.e. E23. 
 
An amplifying medium does not need to be a gas where the states that the electrons 
are transferred between are connected to the same atom. Many solid state materials 
have many electron states with the properties mentioned above which make them 
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ideal as amplifying media in lasers. As will be explained shortly, semiconductors 
are especially useful for making high performance lasers. 
 
1.3 Semiconductor laser technology 
 
The electron state distributions of semiconductors make them ideal as amplifying 
media in lasers. The most important feature of this distribution is the bandgap, a 
relatively large energy gap with no electron states between two sets of electron 
states that each have a high number of states closely spaced in energy. By 
illuminating a semiconductor with light with photon energy higher than the 
bandgap energy, it is easy to make the semiconductor amplifying at the bandgap 
energy as the electrons reside for a relatively long time at the states closest above 
the bandgap while they quickly leave the states closest below the bandgap by 
transferring to the states with even lower energy. 
 
What make semiconductors the ideal amplifying medium in many lasers is however 
another feature. Achieving population inversion by illuminating the amplifying 
medium with light is inconvenient. The process is often inefficient and packaging 
of the laser is relatively complicated: a light source with the right properties is 
needed and must be aligned to the amplifying medium. Such a laser configuration is 
bulky and expensive and the limited modulation bandwidth of the light source 
restricts the modulation bandwidth of the laser. In many lasers with gas as the 
amplifying medium, the energy needed for achieving population inversion is 
provided by driving an electric current through the gas. This eliminates the need for 
a light source that illuminates the amplifying medium but the voltage required for 
driving current through the gas is very high, often several thousand volts. Providing 
this voltage requires complex electrical circuits and the high voltage is a safety 
hazard. 
 

Bandgap

 
 
Figure 1.3.1. Schematic drawing of the electron energy state distribution in a semiconductor. To the left 
is a semiconductor with donor doping in which the free electrons move in the high energy, conduction, 
band and to the right is a semiconductor with acceptor doping in which the free electrons move in the 
low energy, valence, band. 
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In semiconductors, population inversion can be achieved by biasing the laser with a 
small voltage, usually between one and two volts, and driving a small current, 
between one and one hundred milliampere, through it. The mechanism that enables 
this is that it is possible to control in which set of electron energy states that the 
electrons move when electrical current is driven through the semiconductor. This is 
controlled by doping, i.e. the incorporation of different atoms in the semiconductor 
that are not part of the semiconductor crystal itself. One type of doping atoms, 
called donors, makes the electrons move in the set of states with energy above the 
bandgap. The other type of doping atoms, called acceptors, makes the electrons 
move in the set of states with energy below the bandgap. Figure 1.3.1 shows the 
electron distribution in these situations. An interesting thing occurs when a region 
of semiconductor material with donor doping atoms neighbours a region of 
semiconductor with acceptor doping atoms. When such a junction is biased so that 
the electrons in the region with donor doping, where the electrons move in the set of 
states with energy above the bandgap, move into the junction, they will accumulate 
there and transfer to the set of states below the bandgap so that they can continue to 
move away from the junction in the region with acceptor doping. In this process, 
the electrons lose energy equal to the bandgap energy, usually by the emission of 
photons. This is a relatively slow process and if the current driven through the 
semiconductor junction is high enough, such a large number of electrons will 
accumulate at the junction so that population inversion occurs, as shown in figure 
1.3.2, and the junction will then amplify light. 
 

Electron current

Inversion region

Bandgap

 
 
Figure 1.3.2. Forward-biased junction between a donor doped semiconductor and an acceptor doped 
semiconductor creating an amplifying population inversion region in the centre. 
 
Not much else is required in order to fabricate a simple semiconductor laser. If the 
semiconductor material is cleaved into small chips, the interfaces between the 
semiconductor and the surrounding air at the cleaved edges of the chip provide 
excellent reflecting surfaces. This is because of the high refractive index of most 
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semiconductors used in laser applications. The refractive index is usually higher 
than three and the reflectivity of the interface between the semiconductor and the 
surrounding air is around 30%. 10 This is enough to enable laser operation if the 
amplification of the junction is high enough. 
 
The electrical current density needed in order to achieve population inversion in a 
semiconductor junction is high, on the order of 10 kA·cm-2. 11 A semiconductor 
laser chip with an area of 1 cm-2 would thus require a drive current of 10000 ampere 
to emit laser light, an unreasonably large current. To reduce the necessary drive 
current, several changes are made to the laser design. The first, and most obvious, 
change is to make the area of the laser smaller. Typically, the shape and size of a 
semiconductor laser is a stripe 500 μm long and 1 μm wide. Such a small chip 
would be impossible to handle and therefore the width of the chip is made much 
larger than the width of the laser stripe to which the current is restricted. Usually, a 
waveguide that confines the laser light beam along the laser stripe, where it is 
amplified, is integrated onto the chip. The current needed to achieve population 
inversion in this laser is 50 mA which is still a relatively large current. 
 

High bandgap Low bandgap

Electron current

 
 

Figure 1.3.3. Forward-biased heterojunction. Population inversion is achieved in the low bandgap region 
only. The high bandgap region is transparent to the laser light as the high bandgap energy is higher than 
the laser light photon energy. 
 
This current can be reduced by an order of magnitude by changing the design of the 
semiconductor junction. The semiconductor material with the bandgap energy that 
provide amplification of photons with the desired energy is made very thin, with 
thickness less than 1 µm, and is placed between semiconductor layers with larger 
bandgap energy (figure 1.3.3). This thin layer then reduces the number of states that 
need to be supplied with electrons by the current in order to achieve population 
inversion, thereby reducing the needed electrical current. If the thickness of the low 
bandgap layer is made very small, < 10 nm, the low bandgap layer is referred to as 
a quantum well which due to quantisation effects have a very small density of 
states. Typically the current density needed in order to achieve population inversion 
in a quantum well is 0.1 kA·cm-2 and in our laser example, this means we need a 
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current of 0.5 mA per quantum well in order to enable laser operation which is a 
reasonable current. 
 
Lasers like the one described above are very common and have good performance 
characteristics. However, from a production viewpoint they suffer from a big 
disadvantage: they do not work until the wafers on which they are manufactured are 
cleaved into individual chips so that the chips edges act as mirrors and the laser 
light emitted from the edges can be accessed (figure 1.3.4). Thus, in order to test if 
a laser is in good working order or if it is defective, the laser chip must be cleaved 
from the wafer and mounted so that it can be handled during measurement. This 
adds the cost of cleaving and mounting defective lasers to the cost of the 
manufacturing process. 
 
One type of semiconductor laser that can be tested before the laser chips are cleaved 
from the wafer and mounted is the Vertical Cavity Surface Emitting Laser or 
VCSEL as it is abbreviated. As the name says, in this laser the cavity between the 
mirrors extends in the vertical direction, normal to the plane of the wafer surface 
and the amplifying junction. The mirrors lie in this plane and the laser light is 
emitted from the surface of the semiconductor wafer on which it has been 
fabricated (figure 1.3.4). This configuration allows individual lasers manufactured 
on a wafer to be tested before cleaving of the individual chips and defective laser 
chips do not need to be handled or mounted, thus saving cost. 
 

 
 
Figure 1.3.4. The refractive index distribution in a VCSEL (left) and in an edge-emitting laser (right) as 
they appear in a cross section view of a semiconductor wafer. High refractive index material is indicated 
by grey and low refractive index material is indicated by white. The arrows indicate the propagation 
direction of the laser light. 
 
The advantages of the VCSEL do not come without cost. While the laser light in the 
edge-emitting laser described above is amplified continuously along the whole 
length of the amplifying junction which is several hundred micrometers, the laser 
light in the VCSEL is only amplified along a length of around 10 nm, i.e. the 
thickness of the quantum well, because the laser light in the VCSEL travels 
perpendicular to the quantum well plane. The amplification of the laser light during 
one roundtrip in the cavity is therefore much smaller in a VCSEL compared to an 
edge-emitting laser. To compensate for the smaller amplification in a VCSEL, the 



 20

optical loss must also be much smaller in a VCSEL. Smaller optical loss is achieved 
by increasing the reflectivity of the mirrors significantly. Instead of the 30% mirror 
reflectivity provided by the interface between the semiconductor material and the 
air, a mirror reflectivity of more than 99.5% is usually needed in order for a VCSEL 
to emit laser light. 
 
The most common mirror structure that can have such high reflectivity is the 
distributed Bragg reflector (DBR). The DBR uses constructive interference between 
reflections at multiple interfaces between layers with different refractive index to 
achieve high reflectivity. By increasing the number of interfaces, the reflectivity of 
a DBR can easily be increased to 99.9% and if the absorption loss of the materials 
in the DBR is low, more than 99.99% reflectivity can be achieved. 12 Due to the 
nature of constructive interference, the reflectivity of a DBR is highly dependent on 
the wavelength of the reflected light. Figure 1.3.5 shows the reflectivity spectrum of 
a DBR designed for maximum reflectivity at a wavelength of 1265 nm. This is 
called the centre wavelength of the DBR and the design rule for making a DBR 
with maximum reflectivity at a certain wavelength is to make the thickness of each 
layer in the DBR equal to this wavelength divided by the refractive index multiplied 
by four. 13 
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Figure 1.3.5. Reflectance spectrum of an Al0.88Ga0.12As/GaAs DBR with 35 periods designed for a centre 
wavelength of 1265 nm. 
 
In figure 1.3.5, the reflectivity of the DBR is high in a wavelength range around the 
centre wavelength. This wavelength range is called the stop-band of the DBR and 
the width of it is determined by the refractive index difference between the low and 
high refractive index layers in the DBR. If the refractive index difference is low, the 
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stop-band is thin and the number of high and low refractive index layer pairs, i.e. 
the number of periods, in the DBR must be large to achieve high DBR reflectivity. 
If the refractive index difference is high, the stop-band is wide and only a few DBR 
periods are needed to achieve high DBR reflectivity. 
 
In most VCSELs, both of the mirrors are DBRs oriented so that they lie in the plane 
of the wafer surface with the amplifying junction in the cavity between them. This 
imposes restrictions on the type of DBRs that can be used because of the fabrication 
process of the VCSELs. Amplifying semiconductor junctions must be made from 
crystalline material with exceptional purity. The only known method of making 
such high purity crystalline material is by epitaxy, a technique in which crystalline 
material is grown one atomic layer at a time. 14 If this technique is to be successful, 
growth of the crystalline layers must be made on top of a substrate with the same 
lattice constant, i.e. crystal unit cell size, as the grown material. If the lattice 
constant of the grown material is different from that of the substrate, mechanical 
strain accumulates in the grown material. In very thin layers with a thickness less 
than approximately 10 nm, such as a quantum well, the strain can be accommodated 
without defects in the crystalline material and it can even have a positive influence 
on the amplifying properties of the quantum well. 15 In thicker layers, the strain can 
not be accommodated and imperfections, e.g. misfit dislocation, in the grown 
material that relaxes the strain will form. 16 Such imperfections have a detrimental 
impact on the amplifying properties of semiconductor junctions and must be 
avoided in laser structures. 
 
As the bottom DBR of most VCSELs is placed between the amplifying junction 
and the substrate, it must be made by materials a very low density of imperfections 
and with the same lattice constant as the substrate. The best way of achieving this is 
by growing both the bottom DBR and the amplifying junction consecutively in the 
same epitaxy process. Usually, the different materials that can be used in such an 
epitaxial DBR have refractive indices that do not differ much from each other and a 
large number of bottom DBR periods, often between 30 and 50, are needed to 
achieve high reflectivity. 12 17 Many VCSELs also have an epitaxial top DBR as it is 
convenient from a production viewpoint to fabricate both of the DBRs and the 
amplifying junction in the same epitaxy process. 
 
1.4 Background and motivation to the present work 
 
This thesis investigates different techniques for fabricating Vertical Cavity Surface 
Emitting Laser or VCSELs for short. The most important feature of this laser type 
is the direction of the light emission which is perpendicular to the surface of the 
semiconductor wafer. This enables ‘on-wafer-testing’, i.e. testing of each individual 
laser on a wafer without first cleaving each laser into an individual chip and 
thereafter mounting it. This cost-reducing feature has made the VCSEL one of the 
most popular light-sources in low-cost fiber-optic communication links today. 5 
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The commercial success of the VCSEL in communication applications has so far 
been restricted to the short wavelength region between 830 nm and 860 nm in the 
optical spectrum, slightly longer than the wavelength of light to which the human 
eye is sensitive. Fiber-optic communication at this wavelength is only possible over 
short distances, typically a few hundred meters, due to the optical properties of the 
fiber: absorption attenuates short wavelength light and chromatic dispersion distorts 
signals transmitted with short wavelength light so that the bandwidth of the fiber-
optic link is reduced. 18 In contrast, transmission in the two long wavelength 
regions, the first between 1260 nm and 1340 nm and the second between 1550 nm 
and 1570 nm, does not suffer as much from these limitations. The absorption is 
much smaller in both these regions which allows for transmission over longer 
distances and the chromatic dispersion is smaller which allows the fabrication of 
dispersion-engineered fibres with very high bandwidth. 19 
 
Much effort has been spent on the development of VCSELs emitting light in the 
two long wavelength regions in the last decade, both in the scientific community 
and in commercial companies. Despite this, long wavelength VCSELs have not 
become the commercial success that it was expected to be. There are several 
reasons for this. The most important is that the material systems commonly used for 
fabricating long wavelength edge-emitting semiconductor lasers, InGaAsP alloys 
made out of Indium, Gallium, Arsenic and Phosphor, and AlInGaAs alloys made 
out of Aluminium, Indium, Gallium and Arsenic, are not suitable for fabricating 
VCSELs when they are lattice-matched to InP. VCSELs require materials with 
higher thermal conductivity and higher range of refractive indices than edge-
emitting lasers. Another reason is that international telecommunication standards 
usually require the transmitter lasers in long-wavelength fiber-optic communication 
systems to emit higher optical power than the transmitter lasers in short wavelength 
fiber-optic communication systems. 20 
 
The lack of easy-to-fabricate monolithic long wavelength VCSELs, i.e. VCSELs 
that are manufactured from one material system only, have led researchers to try 
more complex device fabrication concepts. Very good long wavelength VCSEL 
performance has been achieved in this way. However, the complex fabrication 
concepts often have reduced the yield of the laser fabrication, thereby increasing the 
price of the lasers. The communication industry is very cost-sensitive as it is 
strongly controlled by different standards. This has prevented the more exotic 
fabrication solutions from becoming commercially successful. 
 
The material system used for fabricating short wavelength VCSELs, AlInGaAs 
lattice-matched to GaAs, has superior properties compared to InGaAsP and 
AlInGaAs lattice-matched to InP. The thermal conductivity of the materials is 
higher and larger refractive index range is available. The problem with this material 
system has, until recently, been that it has not been possible to fabricate an alloy 
that provides optical gain at sufficiently long wavelength. For a time, much effort 
was spent on incorporating small amounts of nitrogen into InGaAs, thus creating 
the so-called ‘dilute nitride’ InGaNAs. 21 22 23 This alloy provides optical gain at 
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sufficiently long wavelength but the material quality is very sensitive to the growth 
parameters. 24 25 Also, poor reliability of lasers made from this alloy has been 
reported. 26 27 
 
A big advantage with alloys lattice-matched to GaAs for fabricating VCSELs is that 
the method of selective oxidation can be used to laterally define the active region of 
the device where the electrical current is injected and the laser light is generated. 28 
This method is based on converting a fraction of one or several high aluminium 
content AlGaAs layer in one or both of the DBRs into electrically insulating 
aluminium oxide. This is done by first etching a mesa in the VCSEL structure so 
that the side of the AlGaAs layer to be oxidised is exposed and then putting the 
wafer into hot steam with a temperature of around 400ºC. 29 By controlling 
temperature and duration of the oxidation process, the diameter of the non-oxidised 
region in the centre of the mesa, where current is injected into the gain region of the 
VCSEL, can be controlled. Due to the lower refractive index of the aluminium 
oxide compared to the non-oxidised AlGaAs, the aluminium oxide layer also 
provides optical confinement of the laser light to the centre non-oxidised region. 
Selective oxidation has been used to manufacture VCSELs with superior 
performance in terms of efficiency and high speed modulation properties and it is 
today the most common optical and electrical confinement method used in 
commercial short wavelength VCSELs. 30 The process of selective oxidation is 
however quite difficult to master. Small variations in temperature and aluminium 
content changes the lateral oxidation rate, making large volume reproducible 
production difficult. 29 Also, upon oxidation the oxidised layer shrinks considerably. 
This induces large mechanical strain in the VCSELs that has been shown to reduce 
the lifetime if the oxidised layer is placed too close to gain region or if the non-
oxidised region in the centre of the mesa is too small. 31 32 The solution to this 
problem is to make VCSELs with large non-oxidised regions and with the oxide 
layer placed some distance away from the gain region. Such an arrangement has a 
negative impact on VCSEL performance as larger non-oxidised regions require 
higher drive current. Dynamic performance, i.e. the modulation bandwidth of the 
VCSEL, does not benefit from large non-oxidised regions as in order to have high 
bandwidth, the drive current and the laser light must be confined to a small area. 33 
For this reason, at least one company research short wavelength non-oxidised 
VCSELs that can be modulated at a rate of 10 Gbit·s-1. 34 
 
At KTH, GaAs-based VCSELs have been realised by omitting the nitrogen in 
InGaNAs and instead increase the indium concentration in InGaAs. 35 The main 
challenge with this approach is that as the indium fraction in the InGaAs alloy 
increases, the more does the lattice constant of the InGaAs deviate from the lattice 
constant of GaAs. Epitaxial growth of such a non-lattice-matched material produces 
strain in the grown film and only a very thin layer can be grown before the strain 
induces dislocations in the film. Dislocations are imperfections in the crystal lattice 
that seriously deteriorate the performance of semiconductor lasers and shorten their 
lifetime. Using very low growth temperature and special growth conditions, metal-
organic vapour-phase epitaxy (MOVPE) growth of quantum wells with a thickness 
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of 7 nm and an indium fraction of more than 40% has been realised. 36 The 
difference in lattice constant between In0.40Ga0.60As and GaAs is more than 3% 
which corresponds to a very large strain. Still, the density of dislocations in these 
quantum wells small enough to allow the fabrication of high performance broad 
area lasers 37 and lateral oxidation confined VCSELs with gain regions made from 
such quantum wells have been operated at elevated temperatures for thousands of 
hours without degraded performance. 38 
 
Increasing the indium content in InGaAs quantum wells increases the optical gain 
peak wavelength. Measurements performed on the emission from broad area edge 
emitting lasers that emit light at the gain peak of the quantum wells have revealed 
that the gain peak wavelength of these lasers is as high as 1260 nm. 37 This is the 
highest gain peak wavelength ever reported for InGaAs quantum wells grown on 
GaAs substrates. However, the threshold current density per well is much higher in 
these lasers compared to lasers with a lower emission wavelength of below 1245 
nm, indicating higher quantum well quality in the latter lasers. Such quantum wells 
are therefore used as the gain material in this work. Still, this wavelength is shorter 
than the emission wavelength required for lasers operating in the 1.3-µm range 
standards. The minimum emission wavelength of this group of standards is 1260 
nm. 39 To comply with this restriction, it is necessary to detune the emission 
wavelength of VCSELs with very high indium concentration quantum wells from 
the gain peak wavelength. This increases the electrical current needed in order to 
make the VCSELs emit laser light but has been proved to enable the manufacturing 
of reliable, GaAs-based long wavelength VCSELs. 
 
This thesis starts with a study on the performance of all-epitaxial, GaAs-based long 
wavelength VCSELs with highly strained InGaAs quantum wells and lateral 
selective oxidation confinement, presented in papers A, B, C and D. Both static and 
dynamic performance is evaluated and a mathematical model is used to extract the 
internal optical losses in the VCSEL structure that are responsible for the reduced 
efficiency. It is concluded that it is hard to improve the efficiency of these devices 
as decreased doping in order to reduce the internal optical loss and increase the 
output power is not a good alternative. This is because of the electrical resistance of 
these devices which is already very high. 
 
Later in this work, focus has been on overcoming the problems of the lateral 
selective oxidation confinement by replacing it with another optical and electrical 
confinement scheme. We have used selective area epitaxy (SAE) to grow current 
blocking layers based on reverse-biased pn-junctions around the active region of 
GaAs-based long wavelength VCSELs with high indium content InGaAs quantum 
wells. One major advantage with this confinement scheme is that the size of the 
active region of the VCSEL, where the electrical current is injected into the 
quantum wells, is defined by optical lithography. This ensures that the active region 
size variation over a wafer and between different wafers is very small during high 
volume production. Furthermore, the SAE is done with lattice-matched materials 
that eliminate the mechanical strain caused by lateral selective oxidation. This 
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enables the manufacturing of reliable small area VCSELs with low current 
consumption and inherent high speed properties. 
 
Two different SAE schemes have been evaluated in the course of this work. The 
first scheme is based on a single epitaxial regrowth step outside the active region 
mesa of the VCSEL. This single step provides both vertical current blocking and 
lateral current conduction into the active region mesa. Its advantages include that it 
enables the growth of very high p-type doping level layers outside the mesa that can 
reduce the resistance of the VCSELs without causing optical loss of the laser light 
that is confined to the mesa. Furthermore, as no growth occurs on top of the mesa, it 
is possible to fabricate a VCSEL with a very flat upper surface of the VCSEL 
cavity. Such a flat upper surface is desirable as it has predictable optical 
confinement properties and allows the optical modes to fill the whole mesa. The 
main drawback with this scheme is that it requires very precise processing to be 
successful. A dry etch that leaves vertical mesa sidewalls and that stops less than 50 
nm above the quantum wells of the active region, after several hundred nm of 
etching, is needed. Although successful in our first attempt, this scheme was 
deemed too complex for reliable fabrication and further optimisation of this process 
was discontinued. Growth and processing of this scheme is presented in paper E. 
 
The second SAE scheme is based on two epitaxial regrowth steps. The first 
regrowth step provide vertical current blocking outside the active region mesa and 
the second regrowth step provide lateral current conduction into the active region 
mesa. This scheme is much more robust from a fabrication viewpoint. It does not 
require high precision dry etching but it is sufficient to use wet etching. Drawbacks 
with this scheme include that the second regrowth covers the whole mesa surface. 
We have found that after the second regrowth, the mesa surface is no longer flat but 
it is curved into a convex, lens-like shape. Such a shape has some advantages, e.g. it 
provides optical confinement with very small diffraction losses. However, when 
single-mode emission from the fundamental mode only is wanted, the lens-like 
shape will confine the fundamental mode to an area that is smaller than the active 
region mesa. Thus, current injected into the quantum wells at the edge of the active 
region mesa will provide gain that overlap poorly with the fundamental mode. This 
will reduce the efficiency of the light emission. 
 
The SAE scheme based on two epitaxial regrowth steps were chosen for further 
study due to its production robustness. A number of design variations were 
evaluated and some important conclusions could be drawn from these evaluations. 
The most important finding was that n-type doping of the bottom DBR of the 
VCSEL structure, which was thought to induce negligible optical loss, actually 
induced significant optical loss in the structure. The loss mechanism was found not 
to depend on direct absorption of the light but to depend on scattering of the laser 
light due to inhomogeneous interface diffusion in the bottom DBR. Omitting the n-
type doping in the bottom DBR doubled the output power of otherwise similar 
VCSELs without any negative consequences such as e.g. increased electrical 
resistance. 
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By careful optimisation of the VCSEL structure, almost 8 mW of power was 
emitted at low temperature, 5ºC, from relatively large VCSELs, with a square mesa 
10 µm wide, based on the two-regrowth steps scheme. At high temperature, 85ºC, 
the output power dropped to 3 mW. Smaller VCSELs with a mesa size of 6 µm 
showed better temperature stability with a drop from 6 mW to 3.5 mW in the same 
temperature interval. We believe that this increase in temperature stability depends 
on a better overlap between gain and optical field in smaller size VCSELs. 
 
The figures quoted above are for VCSELs emitting power in several transverse 
modes.  In the long wavelength domain, single mode emission is usually necessary 
from the VCSELs in order to utilise the high speed properties of single mode fibre 
in fibre-optic transmission systems. In this work we have used the common surface 
relief method to stabilise the fundamental mode of the VCSELs. The dielectric top 
DBR employed in this work is well suited for this technique as the different 
materials in this DBR can be etched with good selectivity with respect to each 
other. This is very important as very precise etch depth is necessary when the 
surface relief is fabricated. Fundamental mode stabilisation was achieved when this 
method was employed. However, only small area VCSELs with an active region 
mesa size of 4 µm could be forced to emit light in the fundamental mode only. We 
believe that the mechanism responsible for this is the unwanted additional optical 
confinement provided by the lens-like shape of the cavity surface after the second 
regrowth step. This confines the laser light to the centre of the mesa which reduces 
the overlap between the laser light and the gain which is higher towards the edge of 
the mesa where the injection current is higher. 
 
Despite this, the output power emitted from these single mode VCSELs is 1.5 mW 
at low temperature, 5ºC, and slightly higher than 0.8 mW at high temperature, 85ºC. 
If the additional confinement problem can be solved, the performance of single 
mode VCSELs should be comparable to that of multiple transverse mode VCSELs. 
This means that between 4 mW (5ºC) and 2.5 mW (85ºC) can be emitted from 4 µm 
size VCSELs and between 6 mW (5ºC) and 3.5 mW (85ºC) can be emitted from 6 
µm size VCSELs. Recent progress with a low-temperature regrowth process has 
indicated a potential for realising a planar top surface and thereby increased single 
mode power [X. Yu, et al. to be published]. 
 
1.5 Review of long wavelength VCSEL technology 
 
In the past few years, long wavelength VCSELs with very good performance have 
been developed by several groups. In some cases they target the gas spectroscopy 
market as it is less cost sensitive and less competitive compared to the 
telecommunications market. 
 
GaAs-based solutions are preferred by many as large area high quality substrates 
that enable cheap processing are readily available. High refractive index contrast 
AlGaAs/GaAs DBRs with relatively high thermal conductivity can be 
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manufactured lattice-matched to these substrates and lateral selective oxidation can 
be used for electrical and optical confinement. As an amplifying medium in the 
cavity, several different approaches have been used. 
 
GaInNAs quantum wells are attractive since they provide high gain at a wavelength 
sufficiently long to satisfy international telecommunication standards, i.e. longer 
than 1260 nm. The problems with this approach are the difficult epitaxial growth of 
the quantum wells and the poor reliability of lasers based on them. Groups that have 
published results on GaInNAs VCSELs include Cielo 40 41 42 43 (later acquired by 
OCP), Infineon 44 45 46 (later acquired by Alight 47), Honeywell 48 (later acquired by 
Finisar), Picolight 49 (later acquired by JDS Uniphase), Agilent 50 51, Emcore 52 and 
NEC. 53 54 The best single mode results were reported by Infineon 45 which 
developed VCSELs with an emitted power of more than 2.4 mW at room 
temperature and 1.2 mW at high temperature, 85ºC. Alight reported more than 5 
mW output power from a multimode VCSEL at 20ºC, dropping to 1 mW at 90ºC. 47 
 
GaAsSb quantum wells avoid the problems associated with the incorporation of 
nitrogen but the growth of Sb-containing compounds appear to be difficult. Several 
groups have published results based on this approach, including NEC 55 56 57 58, 
Lytek 59 60 and Lucent. 61 62 63 64 65 Reasonable performance is reached at room 
temperature but the high temperature performance is generally bad. NEC reported 
an emitted power of 0.45 mW at 20ºC and a maximum laser operation temperature 
of 90ºC 57 while Lytek reported a multimode output power of 1.2 mW at room 
temperature and a single mode power of 0.3 mW at 10ºC, dropping to 0.1 mW at 
70ºC. 60 
 
InGaAs or InAs quantum dot gain medium is an interesting approach. Quantum 
dots are small, spontaneously formed, three-dimensional structures with low 
bandgap embedded in high bandgap material. Electrons in quantum dots are 
confined in all three dimensions which reduces the number of electron energy states 
in the dots. This approach has the potential of achieving very low threshold current 
lasers but one problem associated with the dots is the non-uniform size distribution 
that they tend to have. Dots with different size provide optical gain at different 
wavelengths and thus only a fraction of the dots provide gain at the laser 
wavelength at any given time. The high temperature performance of quantum dot 
based VCSELs is usually poor. Groups active in this field include those at the 
Technical University in Berlin 66 67 68 69 70 (TU Berlin), the Ioffe Physical Technical 
Institute 71 72 73 and NSC (now InnoLume). 74 Recently, TU Berlin reported single 
mode emission at 1245 nm with impressive temperature insensitivity, 2 mW at 
20ºC, 2.2 mW at 85ºC and 1.8 mW at 100ºC. 66 
 
Highly strained InGaAs quantum wells are a viable alternative to the approaches 
described above. Growth of these quantum wells is demanding but can be managed 
and it has been shown that there are no associated inherent reliability issues with 
this approach. The only problem with this approach is that it is hard to achieve a 
gain peak wavelength longer than 1235 nm. This means that VCSELs with an 
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emission wavelength longer than 1260 nm by necessity have a large detuning 
between the gain peak and the emission wavelength. This imposes a problem in 
applications where the temperature drops below 0ºC but performance above this 
temperature is very good. This approach is pursued by the National Chiao-Tung 
University in Taiwan and KTH. 75 76 77 78 79 The group at the National Chiao-Tung 
University (NCTU) used Sb as a surfactant during growth. 80 81 82 83 84 85 Single 
mode power of 1.2 mW at 25ºC was achieved in this way. At 75ºC, the power 
dropped to 0.8 mW. 82 
 
InP-based solutions are less attractive since high quality substrates as large as GaAs 
substrates not are available and because of the lack of lattice-matched high contrast 
DBRs that are easy to grow epitaxially. Lattice-matched low contrast DBRs made 
from materials that are easy to grow are available but they are based on quaternary 
compounds with almost no thermal conductivity at all which makes heat dissipation 
from the amplifying region a problem. 86 87 QWs that can be grown on InP 
substrates are also inherently more temperature-sensitive due to low conduction 
band off-set. 
 
A very elegant solution to the electrical and optical confinement problem in the InP 
material system is the use of a patterned tunnel junction in the upper part of the 
cavity. Vertically, the cavity thus comprises an npn-type doping structure with only 
a small fraction being doped p-type. Lateral current transport occurs in the n-type 
doping layers and vertical injection of carriers into the amplifying medium occurs 
through the tunnel junction. Outside the tunnel junction, vertical current transport is 
blocked by the resulting reverse-biased pn-junction. One advantage with this 
approach is the very low series resistance, and associated ohmic heating, due to the 
high electron mobility in the n-type layers. Optical loss in the cavity is also low as it 
is mostly made out of low loss n-type doping material. 
 
Groups at Corning, 88 89 90 91 92 93 94 95 Vertilas (a spin-off from the Walter Schottky 
Institute, WSI) 96 97 98 99 100 and the Walter Schottky Institute (WSI) 101 102 103 104 105 
have combined this approach with an epitaxial bottom DBR and a dielectric top 
DBR yielding excellent device results. The Vertilas and WSI designs are further 
developed by the removal of the InP substrate in order to take advantage of the high 
refractive index contrast between the semiconductor material and the surrounding 
air. By making the VCSEL bottom emitting, the number of bottom DBR periods 
can be further reduced and the top DBR can be covered by a metallic heatsink for 
increased reflectivity and efficient heat dissipation. Reported single mode powers of 
2.5 mW at 0ºC, dropping to 0.4 mW at 90ºC (Vertilas 97) and 3 mW at 20ºC, 
dropping to 1 mW at 80ºC (WSI 101) were achieved with an emission wavelength of 
1.55 μm. Corning reported single mode emission at 1.31 μm with an output power 
of 2 mW at 25ºC, dropping to 0.8 mW at 85ºC. 90 
 
Groups at BeamExpress 106 107 108 109 110 and the University of California at Santa 
Barbara (UCSB) 111 112 113 114 115 has combined the InP-based patterned tunnel 
junction cavity with high contrast, high thermal conductivity AlGaAs/GaAs DBRs. 
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The DBRs are attached to the cavity by wafer fusion. 116 117 118 119 Very high 
temperature operation has been achieved using this approach but the double wafer 
fusion process complicates the manufacturing process. BeamExpress has reported 
very impressive single mode emission at 1.32 μm with a power of 5.4 mW at 25ºC, 
dropping to 3.1 mW at 75ºC. 106 UCSB reported 1.1 mW at 20ºC, dropping to 0.4 
mW at 90ºC, 113 in which case it was not stated if the emission was single-mode or 
multimode. 
 

Group Technology Performance Comments 
Infineon [45] GaInNAs QWs, 

oxide confinement 
2.4 mW at RT, 1.2 mW at 85ºC, 

Single-mode 
 

GaAs substrate 

Alight [47] GaInNAs QWs, 
oxide confinement 

5 mW at 20ºC, 1 mW at 90ºC, 
Multimode 

GaAs substrate 

Lytek [60] GaAsSb QWs 1.2 mW at RT, Multimode 
0.3 mW at 10ºC, 0.1 mW at 70ºC, 

Single-mode 

GaAs substrate 

TU Berlin 
[66] 

InGaAs QDs 2 mW at 20ºC, 2.2 mW at 85ºC, 1.8 
mW at 100ºC 

GaAs substrate 

NCTU [82] InGaAs QWs 1.2 mW at 25ºC, 0.8 mW at 75ºC, 
Single-mode 

GaAs substrate 

KTH [A,77] InGaAs QWs 1.3 mW at 25°C, 0.5 mW at 140°C 
Single mode 

GaAs substrate 

Vertilas [97] InP-based bottom 
DBR and active 

region, dielectric top 
DBR 

2.5 mW at 0ºC, 0.4 mW at 90ºC, 
Single-mode 

InP substrate, 1.55 µm 

WSI [101] InP-based bottom 
DBR and active 

region, dielectric top 
DBR 

3 mW at 20ºC, 1 mW at 80ºC, 
Single-mode 

InP substrate, 1.55 µm 

Corning [90] InP-based bottom 
DBR and active 

region, dielectric top 
DBR 

2 mW at 25ºC, dropping to 0.8 mW 
at 85ºC, Single-mode 

InP substrate, 1.31 µm 

BeamExpress 
[106] 

InP active region, 
GaAs DBRs 

5.4 mW at 25ºC, 3.1 mW at 75ºC, 
Single-mode 

Wafer fusion 

UCSB [113] InP active region, 
GaAs DBRs 

1.1 mW at 20ºC, 0.4 mW at 90ºC Wafer fusion 

UCSB [120] All-epitaxial, Sb-
containing DBRs 

1.9 mW at 10ºC, 0.2 mW at 80ºC, 
Single-mode 

InP substrate 

Table 1.5.1. performance of current state of the art long wavelength VCSELs employing different 
fabrication technologies.  
 
All-epitaxial, InP-based VCSELs have been fabricated using AlAsSb/AlGaAsSb 
DBRs. 120 121 122 123 124 125 126 127 The low thermal conductivity of these DBRs results 
in VCSELs with cavity heating problems and poor high temperature performance. 
Also, the growth of Sb-containing compounds is difficult. 1.9 mW of single mode 
power was achieved at 10ºC, dropping to 0.2 mW at 80ºC. The maximum laser 
operation temperature of this VCSEL was 88ºC. 120 
 
The performance of current state of the art long wavelength VCSELs employing 
different fabrication technologies are summarised in table 1.5.1. 
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2. Fabrication and characterisation 
 
Most of the work in this thesis has been related to the VCSEL fabrication process. 
We have used standard III-V processing tools readily available in the KTH 
cleanroom in Kista to manufacture the regrowth confinement VCSELs evaluated in 
this thesis. The processing tools include MOVPE, wet and dry etching of 
semiconductors, metals and dielectrics, plasma deposition of dielectric layers, 
evaporation, sputtering and electroplating of metal layers, and stepper lithography. 
The most important tools for successful processing and good device performance 
are MOVPE, stepper lithography that provide very reliable and repeatable 
photoresist patterning of features as small as 1 µm, and plasma deposition of very 
low optical loss α-Si dielectric layers. The latter is especially important as, if not 
deposited with optimal deposition parameters, α-Si dielectric layers have very high 
optical loss that reduce the efficiency and output power of dielectric DBR VCSELs 
considerably. 128 
 
Fabrication has always been performed on whole 2” wafers. The reason for this is 
that it strongly facilitates reliable and reproducible processing. The edge of whole 
wafers is always polished into a shape that prevents photoresist from forming a 
thick wall at the wafer edge during resist spin-on. Furthermore, the circular 
symmetry of whole wafers makes them easy to align concentric with the centre of 
rotation of the spin-on chuck, enabling very uniform photoresist thickness after 
spin-on. Working with whole wafers that all have the same area eliminates process 
variations due to global loading effects when etching or depositing layers on the 
wafer. 129 130 An example of a global loading effect occurs when dielectric layers 
are dry-etched. Depending on the area of the dielectric layer exposed to the dry-
etching plasma, the etch-rate varies. The etch-rate is relatively low when the 
dielectric layer area is large as the density of ions reacting with the layer is lower. 
 
 
2.1 Oxide confined VCSELs 
 
All-epitaxial VCSELs with selective lateral oxidation confinement, as shown in 
figure 2.1.1, were fabricated and evaluated in collaboration with Zarlink 
Semiconductor AB. The epitaxial structure was grown by MOVPE at KTH and the 
subsequent processing was done at Zarlink Semiconductor AB. The epitaxial 
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structure consisted of a graded bottom Al0.88Ga0.12As/GaAs DBR with 35.5 periods 
and silicon n-type doping to a level of 1-2·1018 cm-3, an undoped GaAs cavity with 
a thickness corresponding to one wavelength and two highly strained InGaAs 
quantum wells at the centre, and a graded top Al0.88Ga0.12As/GaAs DBR with 26 
periods and zinc p-type doping to a level of 5·1017 cm-3 in the five periods closest to 
the cavity and 1·1018 cm-3 in the remaining periods. Carbon autodoping 131 was used 
to increase the doping in the top DBR interfaces in order to reduce the series 
resistance of the VCSELs. 132 
 

 
Figure 2.1.1 Schematic drawing of oxide confined VCSEL with mode filter for single mode operation 
 
Wafer processing proceeded as follows: PtTiCrAu top contacts were evaporated 
onto the wafers and patterned by lift-off. Circular mesas were formed by dry-
etching the area outside the top contacts. The dry etched proceeded through the top 
DBR, through the cavity and into the bottom DBR were it was stopped. Selective 
lateral oxidation of an Al0.98Ga0.02As layer placed in the period closest to the cavity 
in the top DBR was then performed in order to provide electrical and optical 
confinement in the VCSELs. N-type AuGe ohmic contacts were then deposited on 
the exposed n-type bottom DBR surface. Onto some devices, an α-Si layer was 
evaporated onto the mesa top surface and a round shape concentric with the 
oxidation confinement aperture was etched away from this layer. The purpose of 
this α-Si layer with a round shape etched away from it is to act as a surface relief 
that forces the VCSEL to emit light in the fundamental transversal mode only. 
Finally, BCB was used to planarise the VCSELs and probe pads that are connected 
to the ohmic contacts are deposited on the BCB. This configuration reduces the 
capacitance of the probe pads and enables dynamic testing of the VCSELs with a 
high frequency probe. 
 
Output power and voltage drop as functions of drive current and temperature of two 
VCSELs with 4.5 µm oxide apertures are shown in figures 2.1.2 and 2.1.3. The 
difference between these two VCSELs is that the VCSEL of figure 2.1.3 has an α-
Si surface relief with a size of 3 µm to promote single mode operation. That this 



 33

filter does indeed stabilise the fundamental mode is clear from the inset spectra of 
figures 2.1.2 and 2.1.3, showing a side mode suppression ratio of more than 25 dB 
when the filter is applied. Due to the reduced reflectivity of the top DBR with the 
surface relief, the output power is increased. The threshold current is also increased 
as the reduced reflectivity of the top DBR leads to an increase of the total optical 
loss in the VCSEL. Due to the large detuning between the emission wavelength and 
the gain peak, the threshold current decreases monotonically with increasing 
temperature. 
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Figure 2.1.2 Output power as a function of current and temperature for an oxidation confined VCSEL 
without mode filter. Inset: Spectra for different currents at room temperature. 
 
Noteworthy of these VCSELs is their high series resistance and the associated high 
forward voltage drop needed to drive current through them. Such a high resistance 
is unwanted as it lowers the parasitic pole frequency and thus the modulation 
bandwidth of the VCSEL. The high voltage is a problem mostly because it makes it 
hard to use CMOS technology in the peripheral drive circuitry of the VCSEL. Most 
modern CMOS circuits use a supply voltage of 3.3 volts which limits the available 
voltage to a lower value than this. For example, the maximum VCSEL voltage of 
the commercially available laser driver circuit MAXIM 3795 is 2.6 volt. 133 The 
cause of the high series resistance and the high voltage drop is the small device size 
and the problematic current transport through the DBRs, problematic because the 
carriers have to pass very many heterointerfaces on their way to the quantum wells. 
Higher doping at these heterointerfaces is known to reduce the series resistance and 
voltage drop of VCSELs. However, half of these interfaces are located where the 
optical field intensity of the laser light has a maximum. Increased doping at these 
interfaces will induce increased optical loss that will reduce the efficiency of the 
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VCSELs. Still, in related work not reported on here, the electrical resistance could 
be reduced by increased doping at the heterointerfaces located at nodes in the 
optical field standing wave without reducing the efficiency significantly. 78 
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Figure 2.1.3 Output power as a function of current and temperature for an oxidation confined VCSEL 
with mode filter. Inset: Spectra for different currents at room temperature.
 
We have used the theoretical model described in section 3.1.1 to analyse the optical 
loss and the corresponding photon lifetime of the different transverse modes in the 
VCSELs described here. In the VCSEL without surface relief, the photon lifetime 
of the fundamental mode and the first higher order transverse mode is 6.96 and 7.09 
ps, respectively. The small difference in photon lifetime, and corresponding optical 
loss, explain why this VCSEL operates in multiple transverse modes. When the 
surface relief is applied, the photon lifetime of the fundamental mode and the first 
higher order transverse mode is 4.50 and 3.33 ps, respectively. The larger difference 
in photon lifetime of this VCSEL explains why it operates in the fundamental 
transverse mode only while the reduction in photon lifetime when the surface relief 
is applied explains why the differential efficiency and the threshold current 
increases. 
 
The small-signal dynamic response of the single mode lateral oxidation confined 
VCSELs described above has been measured. This is done by biasing the VCSEL 
with a DC current source and superimposing a small sinusoidal time-varying 
current on the DC bias current. The frequency of the superimposed current is varied 
and the response in the output power modulation of the VCSEL to this variation is 
measured. A detailed description of the measurement procedure can be found in the 
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work by Stevens 134 and the theoretical framework of small signal modulation of 
semiconductor lasers is explained by Coldren. 135 By superimposing a small signal 
on the bias current, the VCSEL rate equations, which are non-linear, can be 
linearised at the bias point. The small signal modulation transfer function is then a 
three pole transfer function, equation 1, with three parameters, fr, fp and γ, 
determining the response of the VCSEL. By fitting the measured response of the 
VCSEL to the theoretical transfer function, these three parameters can be extracted 
at each bias point and the variation of the parameters with the bias current can be 
analysed. This analysis reveals the effects that limit the bandwidth of the 
investigated VCSEL structure. The three extracted parameters each correspond to a 
physical effect that limits the VCSEL bandwidth. fr is related to thermal limit of the 
VCSEL, i.e. when the heating of the laser cavity due to ohmic heating and absorbed 
laser light saturate the gain in the quantum wells. fp determines the parasitic limit of 
the VCSEL which is determined by current transport effects such as large series 
resistance, large probe pad capacitance and diffusive carrier transport through 
undoped regions. γ determines the damping limit of the VCSEL and is the most 
fundamental parameter that will limit the VCSEL bandwidth if all parasitic 
elements have been removed and the heating of the VCSEL cavity is negligible. 
 
The small signal analysis performed on the single mode lateral oxidation confined 
VCSELs is presented in paper D. The analysis reveals that both the thermal limit 
bandwidth and the damping limit bandwidth of the VCSEL are higher than 10 GHz 
in the temperature interval between 20ºC and 90ºC. However, the large series 
resistance of the VCSEL has a significant impact on the dynamic performance. The 
parasitic limit bandwidth is only around 2.5 GHz throughout the temperature range. 
This limits the total bandwidth of the VCSEL to the same value, i.e. 2.5 GHz. In 
related work not reported on here, the small-signal bandwidth of similar devices 
was increased significantly by employing higher p-type doping at the 
heterointerfaces located at the nodes of the optical field standing wave in the top 
DBR, thereby enabling 10 Gbit·s-1 transmission capability. 78 
  
2.2 Regrown VCSELs 
 
In order to overcome the limitations inherent in the lateral selective oxidation 
confinement VCSELs, the concept of epitaxial regrowth confined VCSELs was 
developed. The basic idea with this confinement concept is to mimic the 
functionality of the aluminium oxide layer in oxidised VCSELs, i.e. to surround the 
active region mesa of the VCSEL with a structure that prevents current from 
flowing vertically outside the active region mesa while it allows current to flow 
laterally into the active region mesa. Additionally, this structure should not 
introduce any mechanical strain into the VCSEL that might affect the lifetime and 
reliability in a negative way and it should be easier to fabricate reliably compared to 
the oxidation process that is difficult to control. 
 
Selective area epitaxy of a current blocking structure that consists of a reverse-
biased pn-junction outside the active region mesa satisfies these requirements. The 
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lattice-matched regrowth of GaAs on GaAs does not introduce any mechanical 
strain into the structure and by defining the active region mesa by optical 
lithography the across wafer- and wafer to wafer reproducibility is excellent. 
 
We have fabricated and evaluated VCSELs based on two different epitaxial 
regrowth confinement concepts. The first concept uses a single regrowth step to 
provide both vertical current blocking outside the active region mesa and lateral 
current conduction into the active region mesa. The second concept uses two 
different epitaxial regrowth steps to achieve the same functionality. Both concepts 
have advantages and disadvantages as described below. 
 

 
Figure 2.2.1.1 Schematic drawing of a VCSEL based on the single-regrowth concept. 
 
2.2.1. Regrown VCSELs (one regrowth step) 
 
The base epitaxial structure of the single-regrowth concept VCSELs consists of an 
n-doped (Nd=1-2·1018 cm-3) 35.5 period bottom Al0.88Ga0.12As/GaAs DBR with 
graded interfaces and, on top of that, a GaAs cavity with a thickness corresponding 
to 2.5 optical wavelengths. The lower 300 nm of the Cavity is doped n-type to a 
level of 1018 cm-3 while the upper 460 nm is doped p-type to a level of 5·1017 cm-3 
except in three 50-nm current spreading regions with a higher doping of 5·1018 cm-

3. These three regions are positioned at nodes of the optical field standing wave in 
order to minimize the doping dependent optical loss. The gain region of the devices 
consists of three highly strained InGaAs quantum wells located one optical 
wavelength above the bottom of the cavity region. 
 
Processing of the VCSELs proceed by first etching mesas into the upper part of the 
cavity region above the quantum wells. The mesas are square with sidewalls facing 
the <100>-like crystalline directions. Dry etching is used as it is important that the 
mesa sidewalls are close to vertical. Only the last 100 nm of the total etch depth of 
475 nm is done by wet etching in order to remove the GaAs damaged by the dry 
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etching. This leaves a thin GaAs layer with a thickness of 30 nm above the topmost 
quantum well. Immediately after the wet etch, epitaxial growth of a pnp layer 
sequence that provide vertical current blocking and lateral current conduction into 
the active region mesa is performed. Details of the growth of this layer sequence are 
described later in section 3.2. After the regrowth, a larger mesa is formed around 
the active region mesa by dry etching through the upper cavity region and the 
quantum wells into the lower, n-type cavity region. Ohmic contacts are evaporated 
onto the highly doped p-type top layer of the regrown layer and onto the exposed 
lower, n-type cavity region. PdGe-based contacts are used on the lower, n-type 
cavity region as such contacts provide low electrical resistance without alloying 
with the underlying GaAs to a great depth. 136 137 Finally the dielectric top DBR is 
deposited on the structure by PECVD. Figure 2.2.1.1 shows a schematic drawing of 
the VCSEL. 
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Figure 2.2.1.2 Output power and voltage drop as a function of current and temperature of a 5 μm mesa 
size single-regrowth concept VCSEL. Inset: Spectra for different currents at room temperature. 
 
Output power, forward voltage drop and spectra of single-regrowth VCSELs with 
active region mesa size of 5 µm and 10 µm are shown in figures 2.2.1.2 and 2.2.1.3, 
respectively. The emission wavelength is approximately 1190 nm, i.e. shorter than 
the gain peak wavelength. This explains why the threshold current increases with 
temperature as opposed to the situation with the oxidation confined VCSELs 
described earlier. The 5 µm mesa size VCSEL emits light in the fundamental mode 
only while the 10 µm mesa size VCSEL emits light in multiple transverse modes. 
There are several reasons for this. Due to the non-optimised regrown structure, the 
cavity thickness is larger in a region immediately outside the active region mesa. 
Such a shape distorts the dielectric DBR deposited on top of it and causes scattering 
of the laser light with the associated increase in optical loss. The loss is worse for 
high order transverse modes with higher light intensity close to the edge of the 
active region mesa, thereby promoting fundamental mode operation. This effect is 
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balanced by the non-uniform current injection and gain distribution due to current 
crowding at the edges of the active region mesa. The current crowding in 10 µm 
VCSELs is worse than the current crowding in 5 µm VCSELs which explains why 
the 10 µm VCSEL emits light in the higher order transverse modes. 
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Figure 2.2.1.3 Output power and voltage drop as a function of current and temperature of a 10 μm mesa 
size single-regrowth concept VCSEL. Inset: Spectra for different currents at room temperature. 
 
The maximum output power at low temperature is 0.3 mW and 1.2 mW for 5 µm 
and 10 µm VCSELs, respectively. The main factor limiting the output power is the 
large detuning of the emission wavelength towards the short wavelength side of the 
gain spectrum. This causes premature thermal roll-over of the output power as the 
gain at the emission wavelength decreases when the gain spectrum redshifts with 
increasing cavity temperature due to ohmic heating with increased drive current. 
The electric resistance of the 5 µm and 10 µm VCSELs is 800 Ω and 200 Ω, 
respectively. This is higher than expected and indicates that the lateral current 
transport into the active region mesa might be sub-optimal. 
 
Due to the complex processing, further development of the single-regrowth 
confinement concept VCSEL was discontinued. We are however certain that an 
improved structure with a detuned emission wavelength towards the long 
wavelength side of the gain spectrum, and a regrown layer shape that does not 
distort the dielectric mirror will yield a VCSEL with very good performance 
characteristics, albeit with a difficult fabrication process. 
 
 
 
 
 



 39

 
Figure 2.2.2.1 Schematic drawing of a VCSEL based on the two-regrowth concept. 
 
2.2.2. Regrown VCSELs (two regrowth steps) 
 
Due to the complex processing of the single-regrowth confinement concept, the 
two-regrowth confinement concept VCSEL, schematically drawn in figure 2.2.2.1, 
was developed. The functionality of this concept is similar but by employing two 
regrowth steps instead of one, the process robustness is increased, i.e. the process 
sensitivity to variations, which are inevitable, is significantly decreased. Different 
VCSELs structures fabricated using this process were evaluated and the effect of 
cavity doping, AlGaAs carrier confinement layers in the cavity, bottom DBR 
doping and top DBR design on performance parameters such as output power, 
voltage drop and spectral purity were studied. 
 
The base epitaxial structure is quite similar to that of the single-regrowth VCSELs 
and consists of the same graded 35.5 period Al0.88Ga0.12As bottom DBR, a lower 
cavity region with n-type doping and a thickness corresponding to one or two 
wavelengths, a gain region with three highly strained InGaAs quantum wells, and 
an upper cavity region with p-type doping and a thickness corresponding to 1.25 
wavelengths. 
 
Processing of this structure proceeds as follows: Square SiO2 active region mesa 
masks are formed on top of the base epitaxial structure in a two step lithographic 
process that ensures that the squares have very sharp corners. The GaAs outside the 
squares is removed by wet etching so that mesas with a height of 200 nm are 
formed under the squares. Immediately after the wet etching, a GaAs layer with a 
thickness of 120 nm and doped n-type to a level of 2·1018 cm-3 is regrown. The SiO2 
squares are removed in buffered hydrofluoric acid (BHF) and the cavity region is 
completed by regrowing a second GaAs layer with p-type doping and a thickness 
corresponding to 1.75 wavelengths, thus completing the cavity region of the 
VCSEL. A second, larger, mesa is formed outside the active region mesa so that the 
n-typ lower cavity region can be accessed and ohmic contacts are evaporated onto 
the upper, p-type, cavity region outside the active region mesa, and onto the lower, 
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n-type cavity region. Finally, the top dielectric DBR is deposited over the whole 
structure by PECVD, via holes are etched through the top DBR so that the ohmic 
contacts can be accesses and probe pads are electroplated in the via holes and on 
top of the top DBR. 
 

Material Mole 
fraction 
(x) 

Thickness 
(nm) 

|Na – Nd| 
(cm^-3) 
24555 

|Na – Nd| 
(cm^-3) 
24607B 

|Na – Nd| 
(cm^-3) 
24671A 

|Na – Nd| 
(cm^-3) 
24768A 

|Na – Nd| 
(cm^-3) 
24768B 

        
GaAs  70 1-2e17 1-2e17 1-2e17 1-2e17 1-2e17 
GaAs  50 1-2e18 1-2e18 1-2e18 1-2e18 5e18 
GaAs  135 1-2e17 1-2e17 1-2e17 1-2e17 1-2e17 
GaAs  50 1-2e18 1-2e18 1-2e18 1-2e18 5e18 
GaAs  135 1-2e17 1-2e17 1-2e17 1-2e17 1-2e17 
GaAs  50 1-2e18 1-2e18 1-2e18 1-2e18 5e18 
GaAs  135 1-2e17 1-2e17 1-2e17 1-2e17 1-2e17 
GaAs  50 1-2e18 1-2e18 1-2e18 1-2e18 1-2e18 
GaAs  135 1-2e17 1-2e17 4e16 1-2e17 1-2e17 
GaAs  50 1-2e18 1-2e18 4e16 1-2e18 1-2e18 
GaAs  135 1-2e17 1-2e17 4e16 1-2e17 1-2e17 
AlxGa1-xAs 0.22 → 0* 10 1-2e18 1-2e18 1e18 1e18 1e18 
AlxGa1-xAs 0.22* 30 1-2e18 1-2e18 1e18 1e18 1e18 
AlxGa1-xAs 0 → 0.22* 10 1-2e18 1-2e18 1e18 1e18 1e18 
GaAs  29 1-2e17 1-2e17 U/D U/D U/D 
GaAs  13 U/D U/D U/D U/D U/D 
InxGa1-xAs 0.42 7 U/D U/D U/D U/D U/D 
GaAs  16 U/D U/D U/D U/D U/D 
InxGa1-xAs 0.42 7 U/D U/D U/D U/D U/D 
GaAs  16 U/D U/D U/D U/D U/D 
InxGa1-xAs 0.42 7 U/D U/D U/D U/D U/D 
GaAs  25 U/D U/D U/D U/D U/D 
GaAs  16 1-2e18 1-2e18 U/D U/D U/D 
AlxGa1-xAs 0.22 → 0* 10 1-2e18 1-2e18 1e18 1e18 1e18 
AlxGa1-xAs 0.22* 30 1-2e18 1-2e18 1e18 1e18 1e18 
AlxGa1-xAs 0 → 0.22* 10 1-2e18 1-2e18 1e18 1e18 1e18 
GaAs  609** 1-2e18 1-2e18 1-2e18 1-2e18 1-2e18 
GaAs  5 1-2e18 U/D U/D U/D U/D 
AlxGa1-xAs 0.875 → 0 20 1-2e18 U/D U/D U/D U/D 

Table 2.2.2.1. Composition and doping of the cavity in the five different structures investigated in this 
work. Doping below the InGaAs quantum wells is always n-type with silicon as the doping atoms. 
Doping above the quantum wells is always p-type with zinc as the doping atoms. *AlGaAs barrier layers 
present in structures 24671A, 24768A and 24768B only. In structures 24555 and 24607B, these layers 
are made out of GaAs. **The thickness of this layer is 228 nm in structure 24555. 
 
 
Five different VCSEL structures have been fabricated in this way. Together they 
show the influence of design parameters such as bottom DBR doping, AlGaAs 
carrier confinement layers and cavity doping on performance parameters such as 
voltage drop and output power. The different cavity designs are presented in table 
2.2.2.1. The significant features of these designs are presented in table 2.2.2.2. 
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Structure n-type doping in 
bottom DBR 

AlGaAs carrier 
confinement 

layers in cavity 

Cavity p-type 
doping 

24555 Yes No Medium 
24607B No No Medium 
24671A No Yes Low 
24768A No Yes Medium 
24768B No Yes High 

Table 2.2.2.2. Significant features of the different VCSEL designs. 
 
Output power and voltage drop of 4 µm VCSELs at room temperature (298 K) are 
shown in figure 2.2.2.2. The optical loss incurred by n-type doping in the bottom 
DBR is evident when comparing output power of structures 24555 and 24607B. 
The slope efficiency is increased by more than 50% and the maximum output 
power is doubled to 2 mW when the n-type doping is omitted in the bottom DBR. 
This increase in efficiency can not be explained by the other difference between the 
structures, i.e. the shorter lower cavity region which correspond to only one 
wavelength in structure 24555. A shorter cavity region increases the vertical 
overlap between the optical field and the gain in the quantum wells which improves 
the device performance. It is interesting to note that the forward voltage drop of 
structure 24607B is lower than that of structure 24555, i.e. the contribution of the 
doped bottom DBR to the VCSEL electrical conductivity is small. The higher 
electrical conductivity of structure 24607B is due to the thicker lower cavity region. 
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Figure 2.2.2.2. Output power and voltage drop at 25ºC of 4 μm mesa size VCSELs with different cavity 
designs. 
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Since there were no disadvantages, n-type doping in the bottom DBR was omitted 
in all other structures evaluated here. In order to study the effect of AlGaAs carrier 
confinement layers in the cavity, structure 24607B is compared to structure 
24768A. The main difference between these structures is that structure 24768A has 
two Al0.22Ga0.78As layers with graded interfaces placed at the optical field nodes 
closest above and below the quantum wells. The higher bandgap of these layers 
reduces current flow over the quantum well region and increases the efficiency of 
the VCSELs. The slope efficiency of structure 24768A is more than 50% higher 
than the slope efficiency of structure 24607B and the maximum output power is 
almost doubled to 3.8 mW. The forward voltage drop is higher in structure 24768A. 
We believe that this is because of reduced current leakage in the active region. 
When the leakage current carriers can not flow freely through the VCSEL structure, 
but must recombine between the AlGaAs barriers where the number of carrier states 
is reduced, the voltage drop increases due to necessarily higher quasi-fermi level 
separation between the electron and hole populations. 
 
The impact of different p-type doping schemes in the upper cavity region is evident 
if structures 24671A and 24768B are compared to structure 24768A. All of these 
structures have AlGaAs carrier confinement layers in the cavity. Structure 24671A 
has significantly lower p-type doping in the lower part of the upper cavity region. 
This increases the differential efficiency to a record-high 65% but the series 
resistance is significantly increased, causing premature rollover of the output power 
due to ohmic heating in the cavity. Structure 24768B has significantly increased 
doping in the current spreading layers in the upper part of the upper cavity region. 
This has a minor impact on the slope efficiency of the VCSELs as the current 
spreading layers are located at nodes of the optical field. However, it reduces the 
forward voltage drop to the lowest of all the investigated structures. 
 
In figure 2.2.2.3, the output power and voltage drop of a 4 µm VCSEL from 
structure 24768B are plotted as functions of current and temperature. The thermal 
stability of the output power is high with a drop in maximum power from 3.9 mW 
to 2.6 mW in the temperature interval between 5ºC and 85ºC. If the current range is 
restricted to below 8 mA, the stability is even higher. The threshold current drops 
monotonously with increasing temperature due to the large detuning of the emission 
wavelength from the gain peak wavelength. It is interesting to study the behaviour 
of the voltage drop with increasing temperature. At low current, the voltage drop 
decreases with increased temperature due to the quantum well bandgap reduction as 
expected. However, at high current the voltage drop increases with increasing 
temperature. We believe that this is not due to reduced carrier mobility at higher 
temperature as this effect should be seen also at low current. Instead, we believe 
that this increased voltage drop is due to the reduced output power at high 
temperature. When the output power is reduced, fewer carriers recombine by 
stimulated emission and consequently more carriers recombine by other 
mechanisms. In high quality GaAs the main mechanism is recombination by 
spontaneous emission which is a much slower process than stimulated emission and 
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therefore requires higher carrier concentration with the accompanying increase in 
quasi-fermi level separation of the carrier populations and increase in forward 
voltage drop, as described above. 
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Figure 2.2.2.3. Output power and voltage drop of a 4 µm VCSEL from structure 24768B as a function of 
current and temperature. 
 
All VCSELs described above emit light in multiple transverse modes as there is 
nothing in the VCSEL structures that favour single fundamental mode operation. 
Contrary, current crowding at the edge of the active region mesa promotes emission 
in higher order transverse modes with field intensity maximum closer to the active 
region mesa edge. Higher order transverse modes that have shorter emission 
wavelength than the fundamental mode are also spectrally favoured by the detuning 
of the emission wavelength towards the long wavelength side of the gain spectrum. 
In order to promote single fundamental mode operation, we have used the surface 
relief technique. This is done by depositing an extra top DBR period consisting of a 
Si3N4 low refractive index layer and a α-Si high refractive index layer, and 
patterning the α-Si high refractive index layer into a square smaller than the active 
region mesa. The region with the α-Si high refractive index layer left on top has low 
optical loss and overlaps better with the transverse field distribution of the 
fundamental mode while the region without the α-Si high refractive index layer left 
on top has high optical loss and overlaps better with the transverse field distribution 
of the higher order transverse modes. This structure has lower modal loss for the 
fundamental transverse mode although the higher order modes are still spatially and 
spectrally favoured by the optical gain in the quantum wells. 
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Figure 2.2.2.4. Output power and voltage drop of a 4 µm VCSEL with a 2 μm mode filter from structure 
24768B as a function of current and temperature. 
 
The best single mode results were obtained from VCSELs with 4 µm active region 
mesas and 2 µm surface reliefs. Larger VCSELs did not operate in the single 
fundamental mode throughout the whole operating current range and the 
fundamental mode could not be stabilized on smaller VCSELs as the smallest 
reliefs that could be fabricated had a size of 2 µm. Output power voltage drop of the 
single fundamental mode VCSEL is presented in figure 2.2.2.4. The maximum 
output power drops with increasing temperature from 1.5 mW at 5ºC to slightly 
more than 0.8 mW at 85ºC. This is comparable to or better than results published 
elsewhere. However, it is not as good as the results from the 4 µm VCSELs without 
the surface relief, presented above. We believe that the reason for this discrepancy 
is the convex lens-like shape of the cavity region after the second epitaxial regrowth 
step as described earlier. Such a shape has very good optical confinement properties 
with low diffraction loss. The problem is that it confines the fundamental transverse 
mode to a region smaller than the active region mesa. Thus, the gain in the quantum 
wells, which is always higher towards the edge of the active region mesa due to 
current crowding, overlaps less with the optical field of the fundamental mode. This 
has a negative impact on device performance. 
 
 
 
 
 
 
 



 45

 
 
 
 
 
3. VCSEL design and analysis tools 
 
We have used several tools in order to design, analyse and develop the VCSELs 
fabricated and evaluated in this work. Mathematical modelling is used in order to 
understand the mechanisms responsible for the optical loss in VCSEL structures 
and to understand the optical confinement properties of non-planar, lens-shaped 
convex cavities. Scanning electron microscopy (SEM) and atomic force microscopy 
(AFM) is used to study the epitaxial growth shape evolution on top of and around 
mesas on non-planar substrates, and absolute reflectivity measurements are used to 
determine the reflectivity of DBRs. 
 
3.1 Simulations 
 
In this work, we have used the two mathematical models to simulate the optical 
properties of VCSEL cavities. The first model is an effective index model 
developed by Hadley et al. 138 and used by Vukusic et al. 139 This model is a 
separable, scalar, effective index model and it therefore does not take effects like 
diffraction and polarisation into account. Besides this, it is very useful for fast 
calculations of optical loss, both internal and external, in VCSEL structures and 
also for fast calculations of the transverse optical confinement properties of non-
planar VCSEL structures. The investigated VCSEL structure is divided into regions 
that are laterally uniform and the vertical optical field distribution and complex 
effective index are calculated in each region. The transverse optical field profiles, 
oscillation wavelengths and photon lifetimes of different transverse modes are then 
calculated using the complex effective index distribution in the different laterally 
uniform regions as a base. 
 
The second model is based on coupled mode theory. 140 It is a three-dimensional 
vectorial model capable of including polarisation and diffraction effects that 
become increasingly important as the VCSEL size is made smaller. It was used in 
this work to confirm the results obtained with the effective index model as 
diffraction effects become increasingly important as VCSEL dimensions become 
small. The simulations were performed by Il-Sug Chung of the Technical 
University of Denmark. 
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3.2 Epitaxial regrowth evolution 
 
The epitaxial regrowth evolution on non-planar substrates is of paramount 
importance for the performance of VCSELs based on epitaxial regrowth. The shape 
of the cavity region after regrowth affects the confinement and loss properties and 
current injection from the regrowth region into the active region mesa is only 
possible if a current path between these two regions exist. An incorrectly performed 
regrowth process might block this current path, making the VCSEL useless. We 
have performed different epitaxial regrowth schemes on non-planar substrates and 
evaluated these schemes. 
 
The first scheme evaluated corresponds to the single epitaxial regrowth concept 
VCSEL and constitutes a single regrowth step including a p-type doping layer with 
a thickness of 120 nm, an n-type doping layer with a thickness of 120nm and 
another p-type doping layer with a thickness of 150 nm, all grown consecutively. 
An AlAs layer with a thickness of 10 nm was grown prior to each layer to serve as 
marker layers in the SEM images. Figures 3.2.1a, 3.2.1b, 3.2.1c and 3.2.1d are cross 
section SEM images of the regrowth structure and the mesas that it was grown next 
to. The mesas were created by first dry-etching in a SiCl4/Ar plasma to a depth of 
375 nm and then wet-etching another 100 nm to remove the surface layer damaged 
by the dry etch. A patterned SiO2 layer was used as both etch and regrowth mask. 
 

 
 
Figures 3.2.1a (left) and 3.2.1b (right) showing cross section SEM images of regrown layers around 
mesas extending in the <110>-like crystalline direction (a) and the <1-10>-like crystalline direction (b). 
 
Figure 3.2.1a shows the cross section of a mesa oriented along the <110>-like 
crystalline direction. It is clear from the image that no, or very little, growth occurs 
on the mesa sidewall. Thus, a conductive channel is formed between the top p-type 
regrowth layer and the upper cavity region of the mesa that enables current flow 
between these two layers. The combined thickness of the regrowth layers is smaller 
than the mesa height, resulting in a structure shaped so that the optical modes of the 
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structure are confined to the active region mesa. However, very close to the mesa 
edge a hillock is formed in the regrowth region. This is undesirable since it will 
distort the shape of the DBR deposited on top of it in a laser application and might 
cause scattering of the laser light. 
 
Figure 3.2.1b shows the cross section of a mesa oriented along the <1-10>-like 
crystalline direction. Compared to the case with the mesa oriented along the <110>-
like direction, the situation is very different. It is clear that growth occurs on the 
mesa sidewall and no current path that enables current flow into the active region 
mesa is formed. Also, a huge hillock is formed by the regrowth layers outside the 
mesa region. The shape created by this hillock will seriously deteriorate the optical 
properties if applied in a VCSEL, possibly leading to confinement of the laser light 
in the hillock instead of in the mesa and surely leading to significant scattering of 
the laser light. 
 

 
 
Figures 3.2.1c (left) and 3.2.1d (right) showing cross section SEM images of regrown layers around 
mesas extending in the both <100>-like crystalline directions. 
 
Figure 3.2.1c and 3.2.1d show the cross sections of mesas oriented along the both 
<100>-like crystalline directions in the plane of the substrate surface. Here, the 
growth evolution is more complex. At first, during the growth of the first p-type 
layer, growth occurs on the mesa sidewall. As can be seen in paper E, while this 
growth occurs, a <110>-like slow growth rate plane is formed that extends in a 
direction from the edge of the regrowth mask towards the substrate. The n-type 
layer growth rate is also very small or negligible. Finally, when the second p-type 
layer is grown, the slow growth rate plane intersects with the <100>-like plane of 
the wafer surface and is buried under the second p-type layer. Thus, a conductive 
channel that allows current flow into the active region mesa is formed. Both figures 
3.2.1c and 3.2.1d show a small hillock forming beside the regrowth mask outside 
the mesa region. This hillock will lead to scattering of the laser light in a laser 
application. 
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Based on these images, the etch and regrowth mask to be used in VCSELs based on 
the single-regrowth concept was chosen as squares with sides oriented along the 
<100>-like crystalline directions in the plane of the substrate surface. This 
configuration enables current injection from all four sides of the mesa but will 
suffer from scattering of the laser light due to the hillocks formed outside it. Other 
mask configurations are possible. For example, a square mask with sides oriented 
along the <110>-like and <1-10>-like crystalline directions can be used. The 
performance of a laser based on this mask will probably not be good as current 
injection into the active region mesa only occurs from two sides (those facing the 
<1-10>-like directions) and huge hillocks that will cause severe scattering of the 
laser light will be present at the other two sides (those facing the <110>-like 
directions). In order to make the mask corners sharper than what the lithographic 
system allowed, a two step lithographic process as described in paper E was used. 
This was done because round mesa corners were found to create large hillocks 
during regrowth in a previous study. 141 
 
3.3 Cavity shape measurements 
 
Due to the complex processing of the single-regrowth concept VCSELs, as 
described in chapter 2.2.1, the two-regrowth concept VCSEL was developed. This 
VCSEL has functionality similar to the single-regrowth VCSEL but the processing 
is much more simple and robust. The main difference is that the vertical current 
blocking properties of the region outside the active region mesa is provided by a 
first regrowth step in this region while the electrical conduction channel that 
enables current flow into the active region mesa is provided by a second regrowth 
step that covers the whole VCSEL structure. The shape that the active region mesa 
surface has after the second regrowth step is important as it will influence the 
transverse optical confinement properties of the VCSEL cavity. 
 

 
Figures 3.3.1a (left) and 3.3.1b (right). The figures show the cavity shape of a 4 µm mesa size VCSEL a) 
before the second regrowth and b) after the second regrowth step. 
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We have used AFM to measure the surface shape before and after the second 
regrowth step of two-regrowth concept VCSELs. Prior to the first measurement, 
processing proceeded by first forming the SiO2 square masks with the sides oriented 
along the <100>-like crystalline directions by the two lithography steps process 
mentioned above. 200 nm of GaAs was then removed from the region outside the 
masks by wet etching and the first regrown layer, with a thickness of 120 nm, was 
grown on the exposed GaAs surface at a temperature of 710ºC. 
 
Figures 3.3.1a and 3.3.1b show the shape of a 4 µm mesa before and after the 
second regrowth step, respectively. Before the second regrowth step, the active 
region mesa surface is flat and surrounded by a thinner region. In such a structure, 
transverse optical confinement is provided by the edge of the active region mesa, a 
situation quite similar to that in a lateral oxidation confined VCSELs. After the 
second regrowth step, the active region mesa surface is no longer flat but curved 
into a convex, lens-like shape. Notably, the step in the cavity thickness associated 
with the edge of the active region mesa before the second regrowth step has moved 
outwards from the centre of the active region mesa and now encircles a much larger 
area. The transverse optical confinement properties of this lens-like shape are 
interesting. If the region encircled by the step in the cavity thickness had been flat, 
transverse optical confinement had still been provided by the step in the cavity 
thickness. The optical gain in the quantum wells would then not be highest close to 
the edge of the transverse optical confinement region but would be higher closer to 
the centre of this region. This situation is ideal if we want to promote single 
fundamental mode operation as the fundamental mode has its intensity maximum at 
the centre of the transverse optical confinement region. 
 
The curvature of the active region mesa surface provides strong transverse optical 
confinement as the vertical position of the surface is located at an anti-node of the 
vertical optical field standing wave. We have used the optical models described in 
section 3.1 to estimate the transverse optical field distribution in the cavity after the 
second regrowth step. In figures 3.3.2a and 3.3.2b above the effective-index 
calculated fundamental mode relative intensity distributions are plotted. It is clear 
that the fundamental mode of the lens-shaped cavity in figure 3.3.2b is confined to a 
smaller area in the centre of the active region mesa compared to the fundamental 
mode of the flat cavity in figure 3.3.2a. The simulations were performed by solving 
equation 3 of reference 139 in the different regions with different cavity thicknesses 
to extract the effective index and eigenvalue in each region. These extracted values 
were then used to solve equation 2 in reference 139 that yields the transverse field 
and intensity distributions. Both figures 3.3.2a and 3.3.2b correspond to the active 
region mesas with a side length of 4 µm. The confinement in the flat cavity case is 
provided by a 15 nm step in the cavity thickness while the cavity thickness in the 
lens-like case is provided by a continuously varying function that well 
approximates the AFM measurement in figure 3.3.1b: 
 

( )1.3.34 2
0 rtt ⋅−=  
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Where t is the cavity thickness in nanometer, t0 is the cavity thickness in nanometer 
at the centre of the active region mesa and r is the radial distance from the active 
region mesa centre in micrometer. In the lens-like cavity case, the effective index 
and eigenvalue are included in equation 2 of reference 139 as linear functions of the 
cavity thickness so that this equation needs to be solved in one domain only. 
 

  

                                           

Figures 3.3.2a (top left), 3.3.2b (top right) and 
3.3.2c (left). Figure 3.3.2a shows the 
fundamental mode intensity distribution in a 4 
µm size mesa active region with a flat cavity 
shape while figure 3.3.2b shows the 
fundamental mode intensity distribution in a 4 
µm mesa size active region with a lens-like 
cavity shape calculated with the effective 
index model. Figure 3.3.2c shows the 
fundamental mode intensity distribution in a 4 
µm mesa size active region with a lens-like 
cavity shape calculated with the coupled mode 
theory model The size of all figures 
correspond to the 4 µm active region mesa

In figure 3.3.2c, the fundamental mode intensity distribution is plotted when it is 
calculated using the coupled mode theory model. 140 The modelled cavity shape is 
similar to that described by equation 3.3.1 with the addition of a 50 nm step in the 
cavity thickness that defines the 4 x 4 µm2 active region mesa in figure 3.3.2c. The 
fundamental mode is clearly confined to a small region in the centre of the active 
region mesa as was predicted by the calculation using the effective index model. 
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3.4 DBR reflectivity measurements 
 
High reflectivity DBRs are essential parts of the VCSEL. Calculating the 
reflectivity of a DBR is not a complicated task and can be done with high accuracy 
if the complex refractive index distribution in the DBR is known. However, the 
imaginary part of the complex refractive index distribution, which corresponds to 
the optical loss, in the DBR is not always known. That simply using the doping-
dependent optical loss in bulk material might not describe the real situation became 
clear in this work during the optimisation of the two-regrowth concept VCSEL. The 
low differential efficiency of early generation VCSELs could not be explained by 
using bulk doping-dependent loss in the layers of the VCSEL structure. It is known 
that n-type doping in AlGaAs/GaAs DBRs can increase the optical loss during 
certain growth conditions. 142 143 Therefore reflectivity measurements were made on 
AlGaAs/GaAs DBRs with and without n-type doping. 
 

 
Figure 3.4.1. Setup for measurement of DBR reflectivity by the Z-method. 
 
Several methods exist that allows high precision measurements of DBR reflectivity. 
142 We have used the Z-method described by Asplund et al. 142 as it is robust and 
easy to perform. A schematic drawing of the measurement set-up is shown in figure 
3.4.1. The measurement is performed by ‘bouncing’ a laser beam between two 
mirrors, measuring the reflected power after every second bounce, and plotting the 
measured power as a function of the number of bounces. The resulting curve can 
then be fitted to a theoretical expression that yields the reflectivity of the mirrors. In 
our measurement we used the investigated DBR structure for both the mirrors in the 
measurement setup but it is possible to measure the DBR reflectivity with one of 
the mirrors being the investigated DBR and the other mirror being a mirror with a 
known reflectivity. 
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The Z-method has a few weaknesses that must be considered when performing the 
measurement. It is impossible to measure the reflectivity with an orthogonal laser 
beam for geometrical reasons. The angle of incidence will always be smaller than 
90º. This will make the reflectivity sensitive to the polarisation of the laser beam. 
However, if the angle of incidence is close to 90º, the high refractive index of the 
semiconductor DBR will refract the laser beam to an angle that is very close to 90º 
inside the DBR, thus reducing the polarisation sensitivity. A second weakness is 
that the Z-method requires the laser beam to be reflected several times by the 
investigated DBR. If the reflectivity uniformity of the DBR is poor or one of the 
reflections occurs at a ‘bad spot’ with different reflectivity, the accuracy of the 
measurement is diminished. 
 

 
 

Figure 3.4.2. Reflected power of one doped and two undoped DBRs as a function of the number of 
reflections. The doped DBR (circles) has abrupt interfaces while undoped DBRs with both abrupt 
(squares) and graded (triangles) interfaces are shown. The extracted reflectivity of each DBR is indicated 
in the figure. 
 
The reflectivity of three different Al0.88Ga0.12As/GaAs DBRs was measured with the 
Z-method. All DBRs consisted of 35.5 periods. The first DBR was doped n-type to 
a level of 1018 cm-3 and had graded interfaces while the second and third DBRs 
were undoped and one had graded interfaces while the other had abrupt interfaces. 
The reflected power as a function of the number of reflections is plotted in figure 
3.4.2 along with the different DBRs reflectivity extracted from these measurements. 
The reflectivity of the doped DBR is much smaller, 99.77%, than the reflectivity of 
the undoped DBRs which are both 99.97% 
 
A detailed investigation of the cause of the reduced reflectivity of the doped DBR is 
presented in paper F. AFM measurements of the interfaces in the DBRs showed that 
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the interfaces of the doped DBR are not flat but have a shape that show undulations. 
The cause of these undulations is doping-induced laterally non-uniform interface 
interdiffusion which occurs during the epitaxial growth. The optical loss 
mechanism caused by these undulations is scattering of the laser light by the 
corresponding laterally non-uniform refractive index distribution. It should be noted 
that undulations can be seen also in the interfaces of the undoped DBR, although 
much smaller. Even small undulations will contribute to the optical loss of a DBR. 
Thus, by optimising the epitaxial growth process of the undoped DBR so that 
undulations are eliminated, more efficient VCSELs with undoped bottom DBRs can 
be realised.    
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4. Summary and outlook 
 
In the course of this work, long wavelength GaAs-based VCSELs with different 
optical and electrical confinement schemes have been fabricated and evaluated. 
VCSELs using standard lateral selective oxidation confinement have relative low 
efficiency due to the high internal optical loss of the doped semiconductor DBRs 
while the voltage drop is high due to the many heterointerfaces in the DBRs and a 
non-optimised doping scheme. By employing the surface relief technique on the 
small area VCSELs the fundamental mode was stabilised and the output power was 
increased due to the reduced top DBR reflectivity associated with the surface relief. 
The single fundamental mode output power of these VCSELs is 1.5 mW at low 
temperature, 10ºC, and more than 0.8 mW remain at high temperature, 90ºC. Laser 
operation was sustained at a record-high temperature of 140ºC, still with an emitted 
single-mode power of 0.5 mW. 
 
To overcome the problems associated with the VCSELs based on selective lateral 
oxidation confinement, two different electrical confinement schemes based on 
epitaxial regrowth were developed. The first confinement scheme is based on a 
single epitaxial regrowth step of a pnp-doped layer structure around the active 
region mesa. This layer structure provides both vertical current blocking outside the 
active region mesa and lateral current conduction into the active region mesa. Due 
to the complex processing and epitaxial regrowth of this scheme, development was 
not continued after the realisation of the first VCSEL structure and the performance 
is poor. Only 1.2 mW is emitted from large, square VCSELs with a size of 10 µm at 
low temperature, -10ºC. The output power decrease rapidly with increasing 
temperature and laser operation is not sustained above approximately 60ºC due to 
the large detuning of the emission wavelength towards the short wavelength side of 
the gain spectrum. 
 
The second electrical confinement scheme investigated is based on two epitaxial 
regrowth steps. Because of the simple processing of this confinement scheme, a 
number of different VCSEL structures based on it were fabricated and evaluated. 
Several design parameters such as doping in the bottom DBR, doping in the p-type 
part of the cavity and the incorporation of vertical current confinement layers in the 
cavity were varied and the effect of these variations on performance parameters 
such as output power and voltage drop was studied. Optimised large area VCSELs 
with a square active region mesa size of 10 µm, undoped bottom DBR, high p-type 
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modulation doping in the cavity and with vertical carrier confinement layers in the 
cavity emit 8 mW of output power at low temperature, 5ºC. Small area VCSELs 
with the same structure and a mesa size of 4 µm emit almost 4 mW at low 
temperature, 5ºC. 
 
The surface relief technique was employed on optimised VCSELs based on the two 
epitaxial regrowth steps confinement scheme in order to stabilise the fundamental 
mode. This was only successful on small VCSELs with a mesa size of 4µm and 
resulted in single mode output power performance comparable to that of the single 
mode selective lateral oxidation confinement VCSELs mentioned above. The 
fundamental mode of larger area VCSELs could not be stabilised due to a non-
optimal cavity shape after the second regrowth step. 
 
During the VCSEL optimisation process, it was found that n-type doping in the 
bottom DBR increases the optical loss considerably. A detailed investigation of the 
cause of the loss revealed that significant laterally inhomogeneous interface 
interdiffusion occurs during the epitaxial growth of the bottom DBR. This 
interdiffusion leads to scattering of the laser light with the associated optical loss. 
 
By optimising the cavity shape after the second regrowth step, it should be possible 
to increase the single-mode output power of two-regrowth concept VCSELs 
significantly. For example, if the fundamental mode of 6 µm mesa size VCSELs 
can be stabilised in this way, it should be possible to extract more than 5 mW of 
single mode output power from them. 
 
The work on epitaxial regrowth confinement reported on here should be applicable 
in all material systems where epitaxial regrowth can be performed and is not limited 
to the GaAs-based system. For instance, it should be straightforward to transfer this 
confinement concept to the InP-based material system where it would enable the 
fabrication of high performance VCSELs with a wavelength longer than 1.3 µm. 
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Guide to the papers 
 
Paper A: High-performance 1.3 µm InGaAs vertical cavity surface emitting 
lasers 
All-epitaxial 1.3 µm VCSELs with lateral oxidation confinement are fabricated and 
characterised. Multimode emission is achieved with an output power of 2 mW at 
low temperature, 10ºC, dropping to 1.2 mW at high temperature, 90ºC. By 
employing a mode filter, fundamental mode emission is stabilised and more than 1 
mW of single mode power is achieved at low temperature, dropping to 0.6 mW at 
high temperature. From a large device with a diameter of 23 µm, 3 mW of 
multimode power with a wavelength of 1300 nm is emitted at room temperature, 
dropping to 1.7 mW at 70ºC. 
Author contribution: VCSEL design and characterisation. 
 
Paper B: Fabrication and performance of 1.3-µm vertical cavity surface 
emitting lasers with InGaAs quantum well active regions grown on GaAs 
substrates 
All-epitaxial 1.3 µm VCSELs with lateral oxidation confinement are fabricated and 
characterised with emphasis on the emission wavelength impact on relevant device 
parameters such as threshold current and output power dependence on temperature. 
VCSELS with an emission wavelength of 1.26 µm have lower threshold currents 
and higher output powers due to the smaller detuning of the emission wavelength 
from the gain peak. Single mode power of 0.4 mW is demonstrated at a record high 
temperature of 140ºC from a 4.5 µm VCSEL with a mode stabilising filter. The 
polarisation switching properties of single mode devices are investigated and it is 
found that the filter does not stabilise the polarisation state of the fundamental 
mode. The results of a lifetime and reliability test are presented and it is found that 
the VCSELs do not suffer from any intrinsic reliability problems or lifetime 
problems. 
Author contribution: VCSEL design and characterisation, writing the paper. 
 
Paper C: 1.3 µm InGaAs vertical-cavity surface-emitting lasers with mode 
filter for single mode operation 
All-epitaxial 1.3 µm VCSELs with lateral oxidation confinement are fabricated and 
characterised with emphasis on the single mode properties. An effective index 
model is used to calculate the optical loss of fundamental and high order modes in 
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VCSELs with and without a mode stabilising filter. The model is used to correctly 
predict the efficiency of the fundamental mode emission from single mode devices. 
Author contribution: VCSEL design and characterisation, loss analysis and 
simulations, writing the paper. 
 
Paper D: Single-mode 1.27 µm InGaAs vertical cavity surface-emitting lasers 
with temperature-tolerant modulation characteristics 
All-epitaxial 1.3 µm single mode VCSELs with lateral oxidation confinement are 
fabricated and characterised with emphasis on the dynamic properties. It is found 
that the small signal modulation bandwidth is parasitically limited to around 2.5 
GHz by the high resistance of the VCSELs. The intrinsic bandwidth is found to be 
significantly higher, thereby enabling 10 Gbit·s-1 through a large temperature 
interval. 
Author contribution: VCSEL design and CW characterisation. 
 
Paper E: A novel electrical and optical confinement scheme for surface 
emitting optoelectronic devices 
A novel electrical and optical confinement scheme based on a single epitaxial 
regrowth step is developed and evaluated in a light emitting diode (LED) structure. 
The vertical leakage current of the regrown blocking layers outside the active 
region mesa was lower than 1 µA at a bias of 5 V in square test structures with a 
side length of 30 µm. It was found that the active region mesa etch depth prior to 
regrowth had a significant impact on LED efficiency. If the quantum wells were 
etched through, the efficiency was lower, probably due to non-radiative 
recombination at the edge of the mesa. 
Author contribution: LED design, processing and evaluation, writing the paper. 
 
Paper F: Optical loss and interface morphology in AlGaAs/GaAs distributed 
Bragg reflectors 
A thorough investigation of the reflectivity and interface morphology of undoped 
and n-doped AlGaAs DBRs is performed. It is found that n-type doping reduces the 
DBR reflectivity from 99.97% to 99.77% which significantly contribute to the 
internal optical loss in VCSELs. The loss mechanism is found to be scattering of 
the laser light by laterally inhomogeneous interface interdiffusion in the n-doped 
DBR. 
Author contribution: Discovery of the presence of unexpected optical loss in the 
VCSEL structure and understanding its importance for device performance, 
reflectivity measurements. 
 
Paper G: High-power InGaAs/GaAs 1.3-µm VCSELs based on a novel 
electrical confinement scheme 
1.3 µm VCSELs with optical and electrical confinement provided by the two-
regrowth concept are fabricated and evaluated. More than 6 mW of multimode 
output power is emitted from 10 µm size components at low temperature, 5ºC, 
dropping to more than 3 mW at high temperature, 85ºC. By employing a modefilter, 
single mode power of 1.4 mW is emitted at room temperature from a 4 µm mesa 
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size VCSEL. The differential efficiency of multimode VCSELs is more than 70% 
due to the low doping in the cavity region. The disadvantage with this low doping 
was the high series resistance of the VCSELs. 
Author contribution: VCSEL design, processing and evaluation, writing the paper. 
 
Paper H: Performance optimization of epitaxially regrown 1.3-µm VCSELs 
Five generations of 1.3 µm VCSELs based on the two-regrowth concept are 
evaluated and compared. It is found that output power is improved if the bottom 
DBR is undoped instead of n-doped due to reduced loss in the bottom DBR. 
Incorporating AlGaAs vertical carrier confinement layers in the cavity close to the 
DBR has the same effect. Increasing the p-type doping in the cavity reduces the 
differential efficiency of the emission but also reduces the Ohmic heat generation in 
the cavity, thereby delaying thermal roll-over. 8 mW of multimode output power is 
emitted from 10 µm size VCSELs at low temperature, dropping to 3 mW at high 
temperature. Single mode emission is realized from 4 µm size VCSELs with a 
modefilter but the power is limited to 1.5 mW at low temperature and drops to 0.8 
mW at high temperature. The reason for this is a non-optimal cavity shape that 
confines the fundamental mode to the centre of the cavity and reduces the overlap 
between the gain and the optical field of the fundamental mode. 
Author contribution: VCSEL design, processing and evaluation, writing the paper. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 60



 61

 
 
 
 
 
Appendix: 
Processing list for two-regrowth concept 
VCSEL 
 
1. Epitaxy 

Growth according to specification 
 

2. Regrowth 
 Deposition of silicon oxide and nitride – The wafer is covered by first a 

silicon oxide layer and then by a silicon nitride layer 
 Oxide etch 

HCl:H2O, 1:2, 30 s. 
Rinse in di-H2O. 
Remove water droplets with N2 gun. 

 Deposition 
Deposit oxide in Pekka, 100 nm. Co-run a piece of silicon for 
ellipsometry 

 Deposition Nitride in Pekka, 60 nm 
 

 Lithography – Act1. A rectangular resist pattern is fabricated on top 
of the silicon nitride layer and this layer is then dry-etched, using the 
resist pattern as mask. 

 HMDS, APL 
 Spinning, 4000 rpm, 30 s (712) 
 Hotplate, 95ºC, 60 s, contact hotplate 
 Exposure 0.31 s, DSW, Mar3Act1, Edge exposure 
 Hot-plate, 115ºC, 60 s, contact hotplate 
 Developing, 30 s, CD-26 
 Rinse in water, 1 min 
 Visual inspection 
 

 Nitride etch – Act1 
 Ash 30”, 15 mTorr, 45W, 25 sccm O2 (Esa) 
 Etch 7’, 15 mTorr, 45W, 25 sccm CF4 (Esa) 
 Ash 2’, 15 mTorr, 45W, 25 sccm O2 (Esa) 
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 Removal of resist 

 Acetone + propanol + H20, 5’ + 5’ + 5’ 
 Ash 30”, 15 mTorr, 45W, 25 sccm O2 (Esa) 
 

 Lithography – Act2. A second rectangular resist pattern, identical to 
the first pattern mentioned above but rotated 90º, is fabricated so 
that it covers the central part of the rectangular nitride pattern 
mentioned above. The ends of the nitride pattern that sticks out from 
under the resist is dry-etched, leaving a square nitride pattern with 
very sharp corners on top of the silicon oxide layer. This square 
defines the active region mesa in the centre of the VCSEL. The silicon 
oxide is wet-etched using the nitride as a mask and the nitride is then 
removed. The GaAs in the region outside the silicon oxide mask is 
wet-etched and the n-type current blocking GaAs layer is regrown. 
The oxide mask is removed and the p-type current conduction layer 
is regrown over the whole structure. Finally a silicon oxide layer is 
deposited over the whole wafer. 

 HMDS, APL 
 Spinning, 4000 rpm, 30 s (712) 
 Hotplate, 95ºC, 60 s, contact hotplate 
 Exposure 0.31 s, DSW, Mar3Act2, Edge exposure 
 Hot-plate, 115ºC, 60 s, contact hotplate 
 Developing, 30 s, CD-26 
 Rinse in water, 1 min 
 Visual inspection 
 

 Nitride etch – Act2 
 Ash 30”, 15 mTorr, 45W, 25 sccm O2 (Esa) 
 Etch 7’, 15 mTorr, 45W, 25 sccm CF4 (Esa) 
 Ash 2’, 15 mTorr, 45W, 25 sccm O2 (Esa) 
 

 Removal of resist 
 Acetone + propanol + H20, 5’ + 5’ + 5’ 
 Ash 30”, 15 mTorr, 45W, 25 sccm O2 (Esa) 
 

 Oxide etch 
 BHF:H2O, 1:25, 2’30” 
 

 Nitride etch 
 Etch 3’, 150 mTorr, 30W, 45 sccm CF4, 5 sccm O2 (Esa) 
 

 Oxide etch 
 BHF:H2O, 1:25, 30” 
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 GaAs wet etch 
 Etch, H2O:NH4OH:H2O2 (1000:20:7), 90”, no stirring, (Target 200 

nm) 
 

 Regrowth – blocking layer 
 Regrowth according to specification 
 Oxide etch according to 2.1.2 
 BHF etch to remove oxide mask, 30” 
 

 Regrowth – conduction layer 
 Regrowth according to specification 
 

 Oxide deposition 
 Deposit 200 nm Oxide (Pekka) 

 
3. N-pit 

 Lithography – N-pit. A square resist pattern, larger than and 
concentric with the active region mesa, is fabricated. The silicon 
oxide outside the resist pattern is wet-etched and the GaAs outside 
the resist pattern is dry-etched down to the lower, n-type part of the 
cavity. The resist and silicon oxide is removed and a silicon nitride 
layer is deposited over the whole wafer. This pattern defines the 
VCSEL outer mesa. 

 HMDS, APL 
 Spinning, 4000 rpm, 30 s (712) 
 Hot-plate, 95ºC, 60 s 
 Pattern exposure 0.31s, DSW, Mar3npit, edge exposure 
 Hot-plate, 115ºC, 60 s 
 Developing, 30 s, CD-26 
 Rinse H2O 1’ 
 Visual inspection 
 

 Etching – N-pit oxide mask 
 Ash, 5’, (Tegal)/ 30”, 15 mTorr, 45W, 25 sccm O2 (Esa) 
 Etch, BHF:H2O 1:25, Rate approx 40 nm/min. Check on test 

sample. (Target 250 nm). 
 

 GaAs etch – N-pit 
 RIE in Gallus – SiCl4 = 3 sccm, Ar = 2 sccm, P = 2 mTorr, RIE 

Power = 40 W, t = 8’ + 8’. Target 1200 nm 
 2’, 15 mTorr, 45W, 25 sccm O2 (Esa) 
 Acetone + propanol + H20, 5’ + 5’ + 5’ 
 2’, 15 mTorr, 45W, 25 sccm O2 (Esa) 
 Etch, H2O:NH4OH4:H2O2 (1000:20:7), 15 s (Target 50 nm). 
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 Oxide etch 
 BHF 30”. 
 

 Nitride deposition 
 Deposit Si3N4 in Pekka, 135 nm, CiP21, 25’. 

 
4. N-metal 

 Lithography – N-metal. A resist pattern that defines the n-type 
contact outside the VCSEL outer mesa is fabricated and the nitride 
layer is dry-etched before the n-type metal is deposited by 
evaporation.  

 HMDS, APL 
 Spinning, 4000 rpm, 30 s (S1818) 
 Hot-plate, 115ºC, 60 s 
 Pattern exposure 0.40s, DSW, Mar3nmp 
 Developing, 40 s, 351:H2O, 1:5, No agitation 
 Rinse H2O 1’ 
 Visual inspection 
 

 Evaporation – N-metal 
 Ash, 15 mTorr, 45W, 25 sccm O2, 30s (Esa) 
 Etch, 15 mTorr, 45W, 25 sccm CF4, 5 sccm O2,  200 s (Esa)  
 Etch, 150 mTorr, 25W, 50 sccm CF4, 5 sccm O2, 100 s (Esa) 
 Ash, 150 mTorr, 25W, 50sccm O2, 100s (Esa) 
 Oxide etch according to 2.1.2 
 Evaporation in Barbara 

 
Metal Thickness [Å] 

Ti 100 
Pd 400 
Ti 400 
Ge 800 
Pd 400 

GaAs  
 

 Lift-off P-metal 
 Acetone beaker + blow 
 Propanol and di-H2O. Blow dry with N2 gun. 
 Visual inspection. 
 Ash in Tegal for 5 min, 200 W 
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5. P-metal 
 Lithography – P-metal. A resist pattern that defines the p-type 

contact on top of the VCSEL outer mesa, outside the active region 
mesa, is fabricated and the nitride layer is dry-etched before the p-
type metal is deposited by evaporation. 

 Drying, 110ºC, 20 min 
 HMDS, 10 min 
 Spinning, 4000 rpm, 30 s (S1818) 
 Hot-plate, 115ºC, 60 s 
 Pattern exposure 0.40s, DSW, Mar3pmp 
 Developing, 40 s, 351:H2O, 1:5, No agitation 
 Rinse H2O 1’ 
 Visual inspection 
 

 Evaporation –P-metal 
 Ash, 15 mTorr, 45W, 25 sccm O2, 30s (Esa) 
 Etch, 15 mTorr, 45W, 25 sccm CF4, 5 sccm O2, 200 s (Esa)  
 Etch, 150 mTorr, 25W, 50 sccm CF4, 5 sccm O2, 100 s (Esa) 
 Ash, 150 mTorr, 25W, 50sccm O2, 100s (Esa) 
 Oxide etch according to 2.1.2 
 Evaporation in Zita and Barbara 

 
Metal Thickness [Å] 

Ti 100 (B) 
Pd 400 (B) 
Au 400 (Z) 
Zn 270 (Z) 
Au 50 (Z) 

Wafer  
 

 Lift-off P-metal 
 Acetone beaker + blow 
 Propanol and di-H2O. Blow dry with N2 gun. 
 Visual inspection. 
 Ash in Tegal for 5 min, 200 W 

 
6. Mirror hole 

 Lithography – Mirror hole. A resist pattern with a hole, larger than 
and concentric with the active region mesa, is fabricated on the 
wafer. The exposed silicon nitride is dry-etched. 

 Drying, 110ºC, 20 min 
 HMDS, 10 min 
 Spinning, 4000 rpm, 30 s (S1818) 
 Hot-plate, 115ºC, 60 s 
 Pattern exposure 0.40s, DSW, Mar3mirr, 6, 7, 8, 9 
 Developing, 40 s, 351:H2O, 1:5, No agitation 
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 Rinse H2O 1’ 
 Visual inspection 

 Etch – Mirror hole 
 Ash, 15 mTorr, 45W, 25 sccm O2, 30s (Esa) 
 Etch, 15 mTorr, 45W, 25 sccm CF4, 5 sccm O2, 200 s (Esa)  
 Etch, 150 mTorr, 25W, 50 sccm CF4, 5 sccm O2, 100 s (Esa) 
 Ash, 150 mTorr, 25W, 50sccm O2, 100s (Esa) 
 Resist removal (Acetone + 2-prop. + H20 + Tegal) 

 
7. Mirror deposition 

 Deposit first top mirror layer, SiO2, 216 nm, STS 
 

8. Annealing 
 Anneal in Ulrika, 325C, 30 min 

 
   

9. Mirror deposition 
 Deposit remainder of top mirror 

 4x a-Si, 88 nm, STS 
 3x SiO2, 216 nm, STS 

 
10. Via holes 

 Lithography – Via holes. A resist pattern that defines via holes for 
accessing the p-type and n-type contacts is fabricated on the wafer. 
The top mirror is dry-etched using the resist pattern as a mask. 

 HMDS, APL 
 Spinning, 4000 rpm, 30 s (S1818) 
 Hot-plate, 115ºC, 60 s 
 Pattern exposure 0.50s, DSW, Mar3via 
 Developing, 40 s, 351:H2O, 1:5, No agitation 
 Rinse H2O 1’ 
 Visual inspection 
 

 Etch – Via holes 
 4xAsh, 15 mTorr, 45W, 25sccm O2, 30” (Esa) 
 4xEtch, 15 mTorr, 45W, 25sccm CF4, 8’ (Esa).  
 4xEtch, 150 mTorr, 45W, 50sccm CF4, 5 sccm O2, 3’ (Esa).  
 4xEtch, 15 mTorr, 45W, 25sccm CHF3, 25’ (Esa).  
 

 Removal of resist 
 Ash, 15 mTorr, 45W, 25sccm O2, 2’ (Esa) 
 Acetone + propanol + H20 + Tegal, 5’ + 5’ + 5’ + 5’ 
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11. Surface metal 
 Sputtering 

 Sputter in Alice: 
TiW 1’, 250W (3’ clean) 
Au 18’, 100W (Few seconds clean) 
 

 Lithography – Surface metal. A resist pattern that defines probe pads 
and metal lines connecting them to the p-type and n-type contacts is 
deposited on the wafer. Gold is plated using this resist pattern as a 
mask, the resist is removed and the thinner gold outside the plated 
region is removed by wet etching. Finally the exposed TiW outside 
the plated region is wet-etched. 

 HMDS, APL 
 Spinning, 4000 rpm, 30 s (S1818) 
 Hot-plate, 115ºC, 60 s 
 Pattern exposure 0.40s, DSW, Mar3sup 
 Exposure in Emma, 8”, ContactMarcks3 
 Developing, 60 s, 351:H2O, 1:5, Agitation 
 Rinse H2O 1’ 
 Visual inspection 
 

 Plating – Surface metal 
 Ash, 15 mTorr, 45W, 25 sccm O2, 30s (Esa) 
 Plate 4.5 mA, 35’ 
 Ash, 15 mTorr, 45W, 25 sccm O2, 2’ (Esa) 
 Acetone + propanol + H20 + Tegal, 5’ + 5’ + 5’ + 5’ 
 

 Etch - Surface metal 
 Au KI-etch, 3’30” (Check every minute) 
 TiW H2O2-etch, 15’ 
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