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Abstract

Vertical-cavity lasers (VCLs) are of great interest as light sources for fiber-optic
communication systems. Such devices have a number of advantages over tra-
ditional in-plane laser diodes, including low power consumption, efficient fiber
coupling, on-chip testability, as well as potential low-cost fabrication and pack-
aging. To date, GaAs-based VCLs operating at 850 nm are the technology of
choice for short-distance, high-speed data transmission over multimode fiber.
For long-distance communication networks, long-wavelength (LW) VCLs op-
erating in the 1.3 and 1.55-µm transmission windows of standard singlemode
fibers are desired. However, despite considerable worldwide development efforts,
the commercial breakthrough of such devices has still to be achieved. This is
mainly due to shortcomings of the intrinsic material properties of InP-based ma-
terial systems, traditionally employed in LW laser diodes. While LW quantum
well (QW) active regions based on InP are well established, efficient distributed
Bragg reflectors (DBRs) are better built up in the AlGaAs/GaAs material sys-
tem. Therefore, earlier work on LW VCLs has focused on hybrid techniques
such as bonding between InP-based QWs and AlGaAs/GaAs DBRs using wafer-
fusion. More recently, however, the main interest in this field has shifted towards
all-epitaxial GaAs-based devices employing novel 1.3-µm active materials with
strained GaInNAs QWs as one of the most promising candidates.

The main focus of this thesis is on the characterization and analysis of LW
VCLs and building blocks thereof, based on both InP and GaAs substrates.
This includes a theoretical study on 1.3-µm InGaAsP/InP multiple QW active
regions, as well as an experimental investigation of novel, highly strained 1.2-µm
InGaAs/GaAs single QWs. Two high-accuracy absolute reflectance measure-
ment setups were built for the characterization of various DBRs. Reflectance
measurements revealed that n-type doping is much more detrimental to the per-
formance of AlGaAs/GaAs DBRs than previously anticipated. Near-room tem-
perature operation of a single-fused 1.55-µm VCL with an InP/InGaAsP bottom
DBR was obtained. A thermal analysis of this device structure clearly indicated
its limited capabilities in terms of high-temperature operation. As a result, fur-
ther efforts were directed towards all-epitaxial GaAs-based VCLs. Record-long
emission wavelengths to above 1260 nm were obtained from InGaAs VCLs based
on an extensive gain–cavity detuning. These devices showed very promising per-
formance characteristics in terms of threshold current and light output power,
indicating good potential for being a viable alternative to GaInNAs-based VCLs.
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All truths are easy to understand once they are
discovered; the point is to discover them.

Galileo Galilei (1564–1642).
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Preface

This dissertation is a collection of several scientific papers with a short summary
(collection thesis). It is separated into two parts. The first part consists of six
chapters and provides an introduction and overview to the research that has been
performed by the author. The second part forms the core of the thesis presenting
the main results of the author’s research. It consists of six research papers that
have been published or submitted for publication in different research journals
and conference proceedings.
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Odéen and Eva Andersson with all administrational matters is also gratefully
acknowledged.

I owe special thanks to the staff of Forum biblioteket, especially to Ingrid
Talman and Elisabeth Hammam Lie, for being so nice and for providing me
with excellent service. Many thanks also to the staff of systemgruppen.

My thanks also extend to many other people that have been members of
HMA, FMI, QEO, S3 and HLB during my time here and for contributing
to such a good working atmosphere: Jürgen Daleiden, Valeriya Shushunova,
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son, V. Oscarsson, E. Ödling, J. Malmquist, M. Ghisoni, P. Gong, E.
Griffiths, and A. Joel, “MOVPE-grown GaInNAs VCSELs at 1.3 µm with
conventional mirror design approach,” Electron. Lett., vol. 39, no. 8, pp.
662–663, Apr. 2003.

A2 S. Mogg, P. Sundgren, C. Asplund, M. Hammar, U. Christiansson, T.
Aggerstam, V. Oscarsson, C. Runnström, E. Ödling, and J. Malmquist,
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Chapter 1

Introduction

1.1 Optical Communication

The invention of the semiconductor laser in the early 1960s [1] can be considered
as a major breakthrough in photonic technology. Nowadays, such devices are
widely used in areas like optical data storage and retrieval, laser-printing, or op-
tical pumping of solid-state lasers. Apart from these areas, semiconductor lasers
rapidly evolved as the ultimate light source for optical communication systems.
The simultaneous development of semiconductor lasers, optical amplifiers, de-
tectors and high-speed electronics, along with the invention of the optical fiber,
revolutionized the information technology, allowing to transmit huge amounts of
data at an unprecedented speed across the world.

With increasing data traffic, the demands on capacity and reliability of com-
munication networks increase considerably. Previously used twisted pairs of
copper wires quickly reach their limits as large amounts of data have to be
transmitted. As a result, the optical technology is migrating into an increasing
number of levels of the network. For long-haul applications, the number of trans-
mitters is limited resulting in relaxed requirements on device cost. On the other
hand, short-haul applications such as in metropolitan or access networks require
a large number of transmitters and low-cost devices are becoming important. In
this context, one of the key advances in optical communication technology in
recent years is the development of vertical-cavity lasers (VCLs).1

The low cost along with the efficiency and high speed at low power of 850-nm
GaAs-based VCLs have made them the light source of choice for short-distance
data communication. Today, linear arrays of up to 12 parallel emitters are com-
mercially available for data transmission at 3.5 Gbit/s per channel over hundreds

1besides VCL, the term vertical-cavity surface-emitting laser (VCSEL) is also used in the
literature.
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2 Chapter 1. Introduction

of meters in standard multimode fibers [2]. However, for longer reach applica-
tions, long-wavelength (LW) laser diodes emitting in the wavelength range 1.3–
1.6 µm are required. In particular, 1.3 and 1.55-µm light sources are very attrac-
tive for data transmission over singlemode fiber. While the former wavelength
corresponds to minimum dispersion in standard singlemode fibers, the latter one
corresponds to minimum attenuation. To date, traditional in-plane lasers such
as Fabry-Pérot (FP) or distributed feedback (DFB) lasers are invariably used in
medium- and long-distance optical networks.

With new standards such as 10 Gigabit Ethernet (10 GbE) a market pull for
low-cost optical transceivers, capable of high-speed transmission over distances
of more than 10 km, is expected. The 10 GbE standard is considered to find
acceptance in local area networks (LANs), metropolitan area networks (MANs),
and even wide are networks (WANs). Potentially inexpensive light sources for
medium and long reach singlemode fiber applications, such as 1.3 and 1.55-µm
VCLs, are ideal to enable this next generation of optical network technology.
The development of such devices at costs comparable to those of the widespread
850-nm VCLs would drastically alter the market for many high bit-rate LW
applications, replacing more expensive FP and/or DFB lasers.

1.2 Vertical-Cavity Lasers

Vertical-cavity lasers were first proposed by Iga et al. at the Tokyo Institute of
Technology in 1978 [3]. First room temperature (RT) pulsed and continuous-
wave (CW) operation from such laser diodes were reported in 1984 and 1989,
respectively, by the same group [4, 5]. Since the late 1980s VCLs have then
become subject to intense research throughout the world. In the mid 1990s,
i.e. after more than one decade of research, VCLs began making the transition
from research laboratories toward the manufacturing arena and finally became
commercially available [6].

The device geometry of VCLs differs fundamentally from that of traditional
in-plane laser diodes, thereby offering many potential advantages. While laser
oscillation and light emission of in-plane lasers occur in a direction parallel to
the surface of the laser chip, VCLs oscillate and emit light in a direction per-
pendicular to the host substrate; see Fig. 1.1. The cavity length of a VCL is
much shorter than that of an in-plane laser, typically in the order of the emission
wavelength as opposed to some hundreds of microns. Consequently, VCLs ex-
hibit a short gain region along with a large longitudinal mode spacing. With the
longer gain region for in-plane lasers, the facet power reflectance of ∼30% from
the cleaved semiconductor/air interface is sufficient to achieve laser oscillation.
By contrast, very highly reflective mirrors with power reflection coefficients of
typically >99.5% have to be specifically built up for VCLs in order to compen-
sate for the low round-trip gain due to the short gain region. These mirrors
consist of multiple alternating quarter-wave layers of high and low refractive in-
dex and are referred to as distributed Bragg reflectors (DBRs). However, similar
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~λ

R>99.5%

~300 µm

R≈30%

Figure 1.1. Fundamental differences of an in-plane laser (left) and a vertical-
cavity laser (right).

to in-plane lasers, measures have to be taken for the transverse confinement of
photons and charge carriers within the VCL cavity in order to achieve efficient
lasing operation.

1.3 Advantages of VCLs

The advantages of VCLs over in-plane lasers originate to a great extent from
the perpendicular light emission in respect to the wafer surface. Herewith most
recognized is the compatibility of VCLs with low cost wafer scale fabrication
and testing methods before device packaging. In contrast to in-plane lasers, no
time and cost consuming cleaving process is required to define the optical cavity
of the lasers. This fact also permits the simple formation of dense one- and
two-dimensional VCL arrays. Such arrays considerably reduce packaging costs
by integrating multiple devices on a single die without any manual assembly. In
addition, costs are reduced due to the possibility of testing VCLs on a full wafer
level that avoids complications associated with handling of small device dies.

There are several other beneficial characteristics that make VCLs ideal com-
ponents for use in fiber-optic communication systems. While the rectangular
waveguide of in-plane lasers supports an elliptical light beam of rather large di-
vergence, the circular symmetry of VCL structures provides for a low divergent
circular output beam. This allows for efficient light coupling into standard sin-
glemode and multimode fibers with relaxed requirements on optical alignment.
Coupling efficiencies as high as 90% for multimode fiber and 80% for single-
mode fiber were reported using simple butt-coupling without additional optics
[7, 8]. The elliptical beam from in-plane lasers complicates efficient coupling into
standard optical fibers resulting in significantly lower coupling efficiencies. The
coupling efficiency may be improved by introducing an additional lens element,
but at the expense of cost and ease of packaging.

Vertical-cavity lasers typically show longitudinal singlemode operation due
to the large longitudinal mode spacing that is wider than the lineshape of the
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optical gain spectrum. In case of in-plane lasers advanced cavity designs have
to be employed in order to achieve single longitudinal mode operation, e.g. by
using gratings as found in DBR and DFB lasers. As opposed to in-plane lasers
the small active volume of VCLs along with the high reflective DBRs enable
the devices to operate at very low threshold currents resulting in low power
consumption. In addition, this lower modal volume allows for high modulation
bandwidths at low current levels [9, 10].

Several groups reported high reliability of VCLs with lifetimes exceeding
10.000 hours [11, 12]. Factors which are associated with such remarkable reli-
ability data are low power consumption and the use of DBRs. Owing to their
nature, DBRs are not directly exposed to the environment as it is the case for the
cleaved facets of in-plane lasers. Consequently, the risk of mechanically damaging
DBRs is significantly reduced. Moreover, catastrophic optical damage (COD) as
it can occur for in-plane lasers due to high field intensities at the facets, is an
unknown failure mechanism in DBRs.

1.4 Obstacles to Long-Wavelength VCLs

In spite of a significant market pull and tremendous worldwide development ef-
forts in the last decade, the technological progress of LW VCLs has been much
slower as compared to their short-wavelength counterparts and their commercial
breakthrough lies still ahead. The reason for this is mainly due to a shortcom-
ing of the intrinsic material properties of the InGaAsP/InP material system,
traditionally employed for LW semiconductor lasers. Unlike for GaAs-based
VCLs operating in the 780–980 nm short-wavelength range, the main obstacle
for long-wavelength VCLs is the difficult realization of high-reflective mirrors
for wavelengths in the 1300–1600 nm range and of active layers with sufficient
gain at elevated temperatures. Ideally, both mirror and active region materials
should be based on the very same substrate type, typically InP or GaAs, in or-
der to allow a monolithic growth of the VCL structure. While high-performance
mirrors for both short and long wavelengths can be built up lattice-matched on
GaAs in the AlGaAs material system, traditional GaAs-based active regions are
incompatible with wavelengths À 1 µm. At longer wavelengths InGaAsP/InP
active layers are well-established and presently the preferred choice for in-plane
lasers. However, mirrors grown on InP substrates show severe shortcomings in
comparison to GaAs-based ones making it difficult to use them in high-efficient
VCL structures. Unfortunately, the material systems based on the two sub-
strate types cannot be combined by epitaxial growth due to the large difference
in lattice constant between GaAs and InP. Another major drawback of the tra-
ditional InGaAsP material system is the low conduction band offset between
InGaAsP and InP. This results in poor electron confinement giving rise to pro-
nounced carrier leakage out of the active region, especially at elevated tempera-
tures. Furthermore, the lack of a robust technique on InP for the formation of
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apertures similar to the lateral oxidation of AlGaAs on GaAs has also restricted
high-performance operation.

In addition to these material related issues, there are other problems in-
trinsically inherent to long wavelengths. These include carrier related optical
losses caused by free-carrier and inter-valence band absorption (IVBA), as well
as non-radiative losses due to Auger-recombination, both of which increase with
increasing wavelength [13, 14].

Poor mirror and/or active region performance results in high threshold cur-
rent, low light output power and unsatisfactory high temperature operation.
Maximum ambient operating temperatures of 70–85 ◦C are specified for sources
in fiber-optic networks. In order for VCLs to maintain their cost advantage over
in-plane lasers, they must be able to operate at these elevated temperatures with-
out thermoelectric coolers. Obviously, the realization of such high-performance
long-wavelength VCLs is much more challenging as compared to their short-
wavelength counterparts. This stimulated the search for new materials and/or
device concepts in order to overcome the limitations of the traditional InGaAsP
material system.

1.5 About this Work

This dissertation describes work related to the development and evaluation of
long-wavelength vertical-cavity lasers, based on both InP and GaAs substrates.
The main focus has been on the characterization and analysis of wafer-fused
1.55-µm VCLs grown on InP substrates as well as of monolithic GaAs-based
1.2–1.3-µm devices. Various aspects relevant to these lasers have been addressed.
Apart from full VCL structures, essential building blocks of these devices, such as
DBRs and active regions based on both material systems, were investigated. This
included the development, modification and initiation of a number of character-
ization setups, two of which gained particular interest due to their capability to
accurately determine the absolute reflectance of DBRs. Based on such measure-
ments, the impact of doping type and concentration on the absolute reflectance
of InP/InGaAsP as well as AlGaAs/GaAs DBRs has been investigated. The im-
portant observation is made that n-type doping in AlGaAs/GaAs DBRs shows
larger detrimental effects on the mirror reflectance than previously anticipated.

The InP-based VCLs, employing a wafer-fused AlGaAs/GaAs top DBR and
an InP/InGaAsP bottom mirror, showed CW lasing operation up to near-room
temperature (RT) only. Considerable self-heating due to the poor thermal prop-
erties of the InP-based bottom mirror along with the high temperature sensitivity
of InGaAsP active regions account for the limited performance characteristics
of these devices. In this context, theoretical studies employing advanced nu-
merical modelling indicated that the temperature behavior of InGaAsP multiple
quantum well (MQW) active regions can be improved by reducing the barrier
bandgap. This comes along with a more uniform carrier distribution across the
QWs resulting in reduced nonradiative losses at elevated temperatures.
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Better device characteristics are expected from all-epitaxial GaAs-based VCLs.
This resulted in a shift of the research interest towards such devices including
the development of new GaAs-based long-wavelength active regions. By opti-
mized growth conditions highly strained InGaAs QWs on GaAs substrates with
photoluminescence (PL) peak wavelengths beyond 1200 nm have been realized.
A thorough analysis of these QWs revealed very promising material properties
that resulted in their employment in monolithic GaAs-based VCL structures.
As opposed to traditional VCL designs, these lasers are based on an exten-
sive negative gain–cavity detuning showing excellent performance characteristics
with record-long emission wavelengths up to 1300 nm. Owing to the large mis-
match between gain peak wavelength and cavity resonance, these devices work
under significantly different operating conditions as compared to typical short-
wavelength InGaAs VCLs. This is resulting in minimum threshold currents to
be found at very high temperatures. This approach is suggested to be a viable
technology for 1.3-µm VCLs. In particular, InGaAs VCLs would clearly benefit
from a fabrication-point-of-view, with better controllable growth and materials
properties, as compared to GaInNAs VCLs that presently are extensively stud-
ied.

After having given a brief introduction to and motivation for long-wavelength
VCLs in this chapter, more background information to such devices is provided
in Chapter 2. This includes general design issues, the description of essential
building blocks, as well as a short review of LW VCLs. Chapter 3 presents the
layouts of the investigated devices including some details on their fabrication.
Chapter 4 describes the characterization methods that have been applied to
study material related issues, single VCL building blocks, as well as full device
structures. Chapter 5 summarizes the work presented in the included research
papers, adding some aspects that have not been addressed in the publications.
It also lists the author’s contributions. Finally, a conclusion of the thesis is
provided in Chapter 6.



Chapter 2

VCL Background

This chapter provides some background information about LW VCLs. It opens
with general design issues, followed by the description of essential building blocks
of VCLs, such as active region materials and DBRs. A survey of LW VCL
approaches, which have been followed in the past years, is also included. The
chapter, of course, does not claim to be exhaustive, and more information about
VCLs with regard to their design, fabrication, characterization, and applications
can be found, e.g. in Refs. [15, 16].

2.1 General Design Issues

Optical Cavity

Like any laser, VCLs are based on a Fabry–Pérot (FP) optical resonator into
which a gain medium is inserted. While the gain medium amplifies the optical
field, the FP resonator provides the feed-back. For VCLs, such a resonator is
generally formed by two highly reflective DBRs that are separated by a certain
distance L. The resonance wavelength λ of the optical field is determined by the
phase condition requiring that the phase of a travelling wave after one round-trip
is a multiple of 2π:

2kL = m2π with k = 2πn̄/λ, (2.1)

where m is an integer, k is the wave propagation constant and n̄ is the effective
refractive index. From Eq. 2.1, it results that the cavity length L corresponds to
an optical thickness n̄L of a multiple of λ/2. Ideally, the resonance wavelength
should match the Bragg wavelength (see Section 2.3) of both DBRs in order to
achieve a high-quality resonator. The optical cavity of a VCL including the gain
medium is sketched in Fig. 2.1. The doping profile of the VCL structure is chosen
such that the active medium is located in the p-n junction of the laser diode.
The active region normally consists of a number of QWs separated by barrier

7



8 Chapter 2. VCL Background

4.75 5.00 5.25 5.50
0

10

20

30

40

50
 

Position (µm)

O
pt

ic
al

 f
ie

ld
 in

te
ns

ity
 (

a.
u.

)

2.0

2.5

3.0

3.5

4.0

4.5
p-DBR n-DBRoptical cavity

active
regionoxidation layer

R
ef

ra
ct

iv
e 

in
de

x

Figure 2.1. Refractive index profile and longitudinal optical field intensity in
the vicinity of a 1λ-thick optical cavity within a VCL.

layers. Moreover, it is typically undoped to minimize optical loss caused by free-
carrier and inter-valence band absorption. The type of quantum well material
is selected such as to provide optical gain for the desired resonance wavelength
of the VCL cavity. In contrast to in-plane lasers, the active gain region does
not extend over the full cavity length, L, and the overlap of the standing wave
pattern with the active layers (total thickness La) has to be taken into account
[17]. The quantum wells are optimally positioned within the optical cavity at
the antinode of the electromagnetic field (standing wave pattern) in order to
provide maximum optical gain. This puts high demands on the growth accuracy
of the individual layers, since even a small error can cause a displacement of
the standing wave peak from the active medium resulting in a reduction of gain
enhancement. The gain enhancement factor is defined by

Γenh = 1 +
sin(2πn̄La/λ)

2πn̄La/λ
cos(4πn̄d0/λ), (2.2)

where d0 is the displacement of the standing wave peak from the active re-
gion. Fig. 2.2 illustrates the dependence of Γenh on the normalized displacement,
d0/(λ/n̄), of a thin active region. Hence, for a perfectly aligned thin active layer
we yield Γenh → 2. On the other hand, for La = mλ/(2n̄) we obtain Γenh = 1
(Eq. 2.2), as known for in-plane lasers.

The structure shown in Fig. 2.1 also contains an oxidation layer in the first
period of the p-DBR to form a current aperture by lateral oxidation. Simulta-
neously, this oxidized layer introduces a lateral perturbation in refractive index
that results in index guiding of the optical mode. It is usually placed close to a
node of the standing wave pattern in order to keep diffraction losses low.
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Figure 2.2. Gain enhancement factor vs. normalized displacement of the active
region from the standing wave peak. The insets display the standing wave pattern
in the cavity and its overlap with a thin active gain region [La/(λ/n̄) = 0.02].

Gain–Cavity Tuning

For standard in-plane laser structures, the longitudinal cavity modes are very
closely spaced due to the relatively long optical cavity length of the order of
hundreds of micrometers. Hence, many longitudinal cavity modes overlap with
the active region gain profile, implying that the lasing mode is always found
close to the gain peak wavelength. If the effective cavity length or the gain
spectrum changes due to heating, the lasing mode hops to another cavity mode
that matches most closely the maximum of the gain spectrum. Consequently, the
lasing wavelength of an in-plane laser essentially depends on the position of the
peak of the gain spectrum, which is strongly affected by temperature. Similarly,
the threshold current of an in-plane laser depends on temperature since the gain
provided by the active region is reduced with increasing temperature.

For a VCL, the optical cavity length is of the order of a few wavelengths. This
results in a large longitudinal mode spacing, implicating that typically only one
longitudinal cavity mode overlaps with the laser gain spectrum. Thus, if condi-
tions such as the temperature change, the laser cannot mode hop, and the device
characteristics profoundly depend on the spectral alignment between the single
longitudinal resonance and the gain spectrum. As the temperature increases,
both the cavity mode and the gain peak shift to longer wavelengths owing to the
temperature dependence of the refractive index [18] and energy bandgap [19],
respectively. However, the gain peak shifts to longer wavelengths faster than the
cavity resonance. Since the lasing wavelength is fixed by the cavity mode, a VCL
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exhibits a weaker temperature dependence of the emission wavelength as com-
pared to an in-plane laser. Moreover, the disparity in the temperature induced
wavelength shift causes spectral misalignment between the cavity mode and the
gain peak, which significantly affects the temperature performance of such de-
vices. Fig. 2.3 illustrates the behavior of the cavity mode and gain spectrum for
both in-plane laser and VCL structures.

Assuming that the gain amplitude does not alter by varying the temperature,
the minimum threshold current should be ideally found for the temperature at
which the cavity mode exactly coincides with the gain peak wavelength. Moving
away from this point to lower or higher temperatures will lead to an increase
of the threshold current. However, as the device heats up, the gain amplitude
actually drops due to the broadening of the Fermi-Dirac distribution. Therefore,
the minimum threshold current does not occur exactly for the temperature at
which the cavity mode perfectly matches the gain peak. The fact that the cavity
mode and the gain peak sweep at different rates with temperature, together with
the temperature induced change in gain amplitude, makes it possible to create
a device that shows little change in threshold current over some temperature
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range. This can be accomplished by intentionally putting the cavity resonance
at a higher wavelength than the gain peak. With increasing temperature, the
redshift of the cavity mode and the gain peak at disparate rates along with the
drop of the gain amplitude, ideally results in the movement of the cavity mode
to a higher gain position on the gain curve, counteracting the reduction in gain
magnitude with temperature [21, 22]. Therefore, during the epitaxial growth of
the VCL structure, the gain–cavity tuning can be designed such as to produce
a relatively invariant threshold current behavior over a wide range of operating
temperatures.

In this work, we have fabricated VCLs with a very large spectral misalign-
ment between the cavity mode and the gain peak at RT. Although the RT gain
peak wavelength was located close to 1200 nm only, laser oscillation was obtained
at wavelengths as long as 1260 nm [23]. The effects of such a large gain–cavity
detuning on the threshold current–temperature behavior of these lasers are an-
alyzed in more detail in Paper VI.

2.2 Active Region Materials

The first LW VCL [3] as well as most of such devices in the early phase of devel-
opment were based on bulk InGaAsP active layers. However, it was soon recog-
nized that the use of compressively strained quantum-wells (QWs) is required to
achieve LW VCLs operating above room temperature (RT). The reason for this
is the lower transparency and higher differential gain provided by such active
regions. In addition, strained QWs were reported to reduce losses related to
Auger-recombination and IVBA. To date, strained InGaAsP QWs on InP sub-
strates is the most established and well-investigated material system employed in
LW semiconductor lasers. The number of QWs in VCLs based on this material
system has always been large (5–15) due to difficulties in fabricating low-loss
optical cavities as well as due to QW gain saturation and excessive carrier losses
at higher carrier concentrations [13] and temperature. Active regions containing
such large numbers of QWs can be only realized by employing strain compensa-
tion in order to avoid exceeding the critical thickness for the formation of misfit
dislocations [24]. Hence, tensile strained barriers are used in combination with
compressively strained QWs, and strain values in the order of 1% are commonly
used in both QWs and surrounding barriers [25, 26]. The low conduction band
offsets inherent to this material system resulted in the search for alternative ma-
terial systems providing for larger conduction band discontinuities in order to
improve the electron confinement and temperature stability. One of such candi-
dates with enhanced electron confinement is AlGaInAs grown on InP substrates
[27, 28].

Significantly larger conduction band offsets are also found in GaAs-based
active regions traditionally employed in short-wavelength semiconductor lasers
operating below 1 µm. Thus, strong interest has been shown in the development
of GaAs-based active materials for 1.3-µm laser applications in recent years.
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Table 2.1. Conduction band offset ratios ∆Ec/∆Eg of various material systems
(taken from Refs. [45–48]).

material system ∆Ec/∆Eg

InxGa1−xAs/GaAs 0.65
Ga1−xInxNyAs1−y/GaAs 0.80
AlxGayIn1−x−yAs/InP 0.72
In1−xGaxAsyP1−y/InP 0.40

Beside the expected superior temperature performance in respect to conventional
InGaAsP LW active regions, they could finally pave the way to all-epitaxial
monolithic GaAs-based LW VCL structures, benefiting from the well-established
short-wavelength VCL technology involving high efficient AlGaAs/GaAs DBRs.
One of the most promising structures for such new active regions have been
GaInNAs/GaAs QWs [29–31], as proposed in 1996 by Kondow et al. [32]. It has
been found that the incorporation of a small fraction of nitrogen (N∼ 1%) on
the group-V sublattice in the InGaAs alloy has the combined effect of reducing
the strain as well as the bandgap [33]. Presently, this material system seems to
most likely emerge as the toughest competitor for InP-based active materials.
However, it suffers from some rather complex and poorly controllable properties
such as a strong dependence of the luminescence efficiency on the wavelength
and a pronounced blueshift upon thermal annealing; see, for example Ref. [34].
Besides GaInNAs QWs, other more complex material structures based on GaAs,
such as InAs quantum dots [35, 36] and type-II GaAsSb QWs [37, 38], have been
demonstrated. Another recent approach towards LW emission from GaAs-based
active materials concentrated on the growth of highly strained InGaAs QWs.
Traditionally, the InGaAs/GaAs system has not been considered for wavelengths
much beyond 1 µm. However, progress in the growth methodology allowed for
pushing this limit considerably, and both PL peak wavelengths [39–41] and CW
operation from in-plane lasers [42–44] at emission wavelengths up to and well
beyond 1.2 µm have been demonstrated. In fact, the thickness of these QWs
exceeds the critical limit for the formation of misfit dislocations as predicted by
theory [24], indicating that the relaxation mechanisms can be suppressed using
optimized growth conditions.

Table 2.1 summarizes the conduction band offset (CBO) ratios ∆Ec/∆Eg of
common alloys employed in active regions for LW semiconductor lasers. How-
ever, such average values are rather rough approximations, and it is advisable to
consult the relevant literature for specific alloy interfaces. A good review about
this topic is found in Ref. [49]. Based on the CBO ratios given in Table 2.1,
Fig. 2.4 shows a scale diagram of single QWs (SQWs) composed of different al-
loys along with calculated SQW subband energy levels. Zero, on the energy scale
to the left, corresponds to the valence band edge of InP. In case of strained lay-
ers, the valence band is split into the heavy-hole (solid) and light-hole (dashed)
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Figure 2.5. Resonant multilayer Bragg structure with a periodic refractive index
profile.

band, respectively. The displayed subband energy levels in the valence band
present only the solutions for the heavy holes. It is evident that, owing to larger
conduction band discontinuities, the InGaAs/GaAs [a)] and AlGaInAs/InP [d)]
material systems provide superior electron confinement as compared to the tra-
ditional InGaAsP/InP system [b) and c)].

2.3 Distributed Bragg Reflectors

Principles

Owing to the short optical cavity in the order of the emission wavelength,
VCLs require highly reflective mirrors exhibiting a power reflectivity of typi-
cally > 99.5% to compensate for the low round-trip gain. The first reported
VCL structure of any wavelength employed two AuZn metal mirrors [3]. Since
the reflectance of such mirrors hardly exceeds 95%, these devices showed very
poor performance. Instead of using a single metal layer, high-performance mir-
rors can be built up from several pairs of alternating quarter-wavelength-thick
high and low refractive index layers, and are referred to as distributed Bragg
reflectors (DBRs). To date, these mirrors are the technology of choice and are
typical for all practical VCL structures.The properties of DBRs have been ana-
lyzed extensively, and more information can be found in the literature [13, 50] .
Here, only a brief summary will be given.

The resonant (Bragg) wavelength λB at which maximum reflectance occurs
complies with the condition

λB

4
= dhnh = dlnl, (2.3)

where nh is the high refractive index, nl is the low refractive index, and dh, dl

denote the physical thickness of the high and low refractive index layer, respec-
tively. The period of the DBR is dh +dl. Such a structure, consisting of multiple
high-to-low refractive index interfaces that are spaced an optical distance of λB/2
apart, is depicted in Fig. 2.5.
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The amplitude reflection and transmission coefficients r, t at each interface
are given by the Fresnel equations for normal incidence:

r =
n1 − n2

n1 + n2
and t =

2 n1

n1 + n2
, (2.4)

where n1 and n2 are the refractive indices of the incoming and transmitted wave
media, respectively. According to Eq. (2.4) an electromagnetic wave that is
incident from an ambient medium is partially reflected at each interface, either
with a phase shift of π from a low to high refractive index material or with
phase shift zero in the opposite case. The phase remains unchanged for the
part of the wave that is transmitted through the interface. Furthermore, the
reflection coefficient increases with refractive index contrast, ∆n = n1 − n2,
between the two constituent materials. When condition (2.3) is valid all reflected
partial waves add in phase (constructively) and the reflectivity at the Bragg
wavelength (and also at λB/3, λB/5, λB/7, . . . ) reaches a maximum. The
spectral reflectance of a DBR can be conveniently calculated by employing a
2 × 2 transfer-matrix formalism that relates the electric and/or magnetic fields
at either side of the layer stack using Maxwell’s equations [51]. The wavelength
band of high reflectance around λB is called the stop band or optical bandwidth
∆λ of the DBR. It increases with ∆n and can be approximated in the limit of
an infinite number of layer pairs m by [52]

lim
m→∞

∆λ =
4
π

λB

(
nh − nl

nh + nl

)
. (2.5)

For a loss-free m-period DBR on a substrate, the peak reflectance at λB as
measured from an ambient medium, is given by [13]

RDBR = |rDBR|2 =
(

1− (n0/ns)(nl/nh)2m

1 + (n0/ns)(nl/nh)2m

)2

, (2.6)

where n0 and ns are the refractive indices of the ambient medium and the sub-
strate, respectively. From Eq. (2.6), it can be seen that RDBR approaches unity
for a) m → ∞ and/or b) nl/nh → 0, i.e. ∆n = nh − nl À 0. However, real
materials are generally subject to optical loss, which prevents the maximum re-
flectance from reaching unity even for a very large number of periods and/or a
high refractive index contrast.

The optical loss for an ideal DBR structure depends on two factors: the
material absorption α in the layers, and the penetration depth Lp of the optical
wave into the mirror stack. The percentage of optical loss is approximately given
by 100 · 2 α Lp. Thus, a mirror with an as short as possible penetration depth
is desirable in order to minimize the optical loss. For high reflectance mirrors,
as it is the case for most VCL structures, the penetration depth in turn can be
approximated by [13]

Lp =
λ

4∆n
, (2.7)
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where λ is the light wavelength. Consequently, a large refractive index contrast
is not only beneficial to achieve a wide stop band of high reflectance with a low
number of mirror periods, but also reduces the penetration depth and therefore
the optical loss. Another loss mechanism due to the penetration of light into the
reflector stack is caused by diffraction. Although very high plane-wave reflection
coefficients can be obtained from practical DBRs, for beams of finite width,
the reflection coefficient of a mirror with no lateral guiding can be significantly
reduced by diffraction loss as the wave penetrates into the structure [53].

Besides the optical properties of DBRs, other important issues like the electri-
cal and thermal conductivity of such mirrors have to be considered. The majority
of state of the art VCL designs rely on DBRs that are well electrically and ther-
mally conductive while maintaining a high reflectance. Optimizing for one of
these properties might be at the expense of the others, and sophisticated DBR
designs based on suitable tradeoffs have to be sought for an acceptable overall
mirror performance. These issues will be presented in the following sections.

Materials for Long-Wavelength DBRs

Dielectric DBRs take advantage of a large difference in refractive indices between
the layers. The high refractive index contrast provides for mirrors with high re-
flectance and a wide stop band while using only a few periods. Such mirrors
were employed in the very early years of long-wavelength VCL research [54, 55],
but are also used in sophisticated contemporary designs with improved perfor-
mance [56]. Commonly used layer materials include α-Si (amorphous silicon),
SiO2, SiNx,Al2O3, MgO, MgF2, and ZnSe. The problem with such mirrors is the
fact that they are insulating. Therefore, intra-cavity electrical contacts that by-
pass the mirrors are required for current injection. This increases the complexity
of the fabrication process and may also lead to an inferior device performance,
e.g. due to insufficient current injection patterns. The integration of a dielectric
DBR as bottom mirror is difficult since it necessitates a deep-well etch through
the substrate. Consequently, present designs use only a single dielectric mirror.
Another drawback is the typically low thermal conductivity of these mirrors,
although there are exceptions, such as MgF2/ZnSe [57, 58].

In contrast to dielectric mirrors, semiconductor DBRs can be monolithically
integrated with the VCL structure during the epitaxial growth, which simplifies
the VCL fabrication and allows for current injection through the mirrors into
the active region. However, the selected layer materials must be lattice-matched
to the substrate while being simultaneously transparent to the emitted light,
which limits the range of suitable alloy compositions. Therefore, monolithic
DBRs typically have lower index contrast, thus exhibiting a narrower mirror
stop band and requiring a larger number of periods for high reflectance. For
short-wavelength VCLs grown on GaAs substrates, all-epitaxial designs are the
standard choice, and high-performance GaAs/AlGaAs DBRs can be built up
from this material system [59]. These mirrors combine a fairly high refractive
index contrast with a sufficiently large thermal conductivity. The epitaxy and
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Table 2.2. Refractive indices and index contrast for common semiconductor and
dielectric DBR material combinations (λB =1.55 µm).

DBR material n ∆n
combination

GaAs 3.38
AlAs 2.89

0.49

GaAs 3.38
Al0.85Ga0.15As 2.96

0.42

InGaAsP (λg =1.42 µm) 3.46
InP 3.17

0.29

Al0.1Ga0.9As0.52Sb0.48 3.65
AlAs0.56Sb0.44 3.15

0.50

AlGaInAs (λg =1.43 µm) 3.55
Al0.47In0.53As 3.25

0.30

α-Si 3.60
SiO2 1.45

2.15

α-Si 3.60
MgO 1.71

1.89

α-Si 3.60
Al2O3 1.74

1.86

Si3N4 2.0
SiO2 1.45

0.55

processing technology for this material system is well established, and it is also
suitable to fabricate very good DBRs for the 1.3–1.55-µm wavelength range.

Traditionally, long-wavelength semiconductor lasers are based on InP sub-
strates. InGaAsP/InP DBRs were a common choice in this material system since
their proposal in 1985 [60]. The drawback of such mirrors is the considerable
lack of high index contrast. Thus, a large number of 45 to 50 periods, resulting
in exceptionally long growth runs, is required to achieve highly reflective mirrors.
Nevertheless, the growth of high-quality 1.5 and 1.3-µm InGaAsP/InP DBRs has
been demonstrated [61, 62]. Since the refractive index of a given alloy typically
decreases with increasing bandgap, the situation is somewhat more stringent for
1.3-µm DBRs. In order to maintain transparency, the bandgap of the quater-
nary layer must be further increased, resulting in a even lower refractive index
contrast as compared to 1.55-µm DBRs. Alternative DBR materials that are
lattice-matched to InP include InAlGaAs/InAlAs [63] and AlGaAsSb/AlAsSb
[64]. While the index contrast of the former alloy system is also low, the latter
one benefits from a larger index difference, requiring only 20 to 30 periods for
sufficiently high reflectance.

The VCL structures presented in this work are based on AlGaAs/GaAs and
InP/InGaAsP DBRs. Optical properties such as refractive indices and index
contrast of these as well as of other common DBR materials are given in Table 2.2.
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Optical Loss in Long-Wavelength DBRs

As indicated in Section 2.3 optical loss considerations play an important role
in designing DBRs for VCLs, since excessive optical losses can dramatically re-
duce the peak reflectance of a Bragg mirror, accompanied by a decrease in VCL
performance. Material absorption is one important optical loss mechanism to
be taken into account. Free-carrier and intervalence band absorption dominate
the absorption loss for photon energies below the fundamental energy gap in
extrinsic III–V semiconductor materials. This kind of loss was found to be more
pronounced in p-type material and to increase strongly with increasing hole con-
centration and light wavelength [65, 66]. While it is negligible at wavelengths
below 1 µm, it becomes a serious problem at longer wavelengths such as in the
1.3–1.55-µm range. As a result, a lot of attention has been paid to the design
of p-type DBRs. Instead of using a high p-doping concentration, sophisticated
compositional interface grading and/or doping schemes have been employed to
effectively reduce the electrical series resistance while maintaining a moderate
overall doping concentration along with low absorption loss. On the other hand,
it is generally assumed that the situation is less critical for n-type DBRs, with
relaxed requirements on a reduced doping level [65]. However, our investigations
of the influence of doping type and concentration on the performance of 1.55-
µm InP/InGaAsP as well as 1.3-µm AlAs/GaAs DBRs indicate that additional
optical loss mechanisms, other than material absorption, must be considered for
GaAs-based mirrors in the case of n-type doping. A detailed analysis on this
behavior is presented in Paper II.

Electrical Properties of Long-Wavelength DBRs

While large refractive index contrasts in semiconductor DBRs provide for high
mirror reflectance and stop band width for a low number of layer pairs, they also
imply large band offsets in the conduction and valence band. These discontinu-
ities form potential barriers that impede the current flow, potentially resulting in
high series resistance. Increasing the doping concentration is one way to improve
the electrical conductivity across the DBR structure. However, for p-type DBRs
it is well recognized that the doping level cannot be chosen arbitrarily high in
order to avoid excessive free-carrier and inter-valence band absorption. In ad-
dition, our own studies on AlAs/GaAs DBRs indicate that high n-type doping
levels can also induce significant optical loss mechanisms other than material
absorption. The results of these studies are presented in Section 2.3.

The presence of large band discontinuities can be overcome by employing
specific compositional grading and doping schemes to flatten the heterointerfaces
between the DBR layers. A variety of compositional profiles between the DBR
layers have been presented in the literature, including staircase [50, 67], linear
[68], and parabolic [69] heterointerface grading. The type and the shape of
the grading do not significantly alter the peak reflectance of the DBR since it
is mainly determined by the refractive index contrast and by the lowest order
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Figure 2.6. Simulated reflectance spectra for a 1.55-µm 26-period
Al0.9Ga0.1As/GaAs DBR with abrupt interfaces and α = 10 cm−1 (solid line),
abrupt interfaces and α = 60 cm−1 (dashed line), and linearly graded interfaces
over 40 nm and α = 10 cm−1 (dotted line).

Fourier components of the index profile [70]. A slightly reduced peak reflectance
of the modified DBR structure can be easily compensated by adding one or two
additional periods. Consequently, in the limit of a large number of periods, the
peak reflectance is determined solely by the optical loss in the structure. On the
other hand, simulations of the spectral reflectance, based on the transfer-matrix
formalism, show that the optical bandwidth is reduced for a gradual transition
between the low and high index material. Fig. 2.6 depicts simulated reflectance
spectra for 1.55-µm AlGaAs/GaAs DBRs that illustrate the impact of different
compositional grading profiles and various amounts of distributed optical loss on
peak reflectance and optical bandwidth.

Since the band discontinuities in the n-InP/InGaAsP DBRs are relatively
small, the electrical resistance can be lowered by an appropriate doping level
without a significant penalty on the optical reflectance; see Section 2.3. There-
fore, specific interface grading profiles were not employed in these mirrors. By
contrast, we have included linearly graded interfaces extending over 15 or 40 nm
in our AlGaAs/GaAs DBRs, in order to reduce the potential barriers at the het-
erointerfaces while maintaining a high reflectance. Moreover, it has been shown
theoretically that a perfectly flat valence or conduction band can be realized by
employing a specific doping profile for an arbitrary continuous interface grad-
ing scheme [71]. In practice, several interface grading and doping schemes have
been explored, such as step and linear interface grading combined with heavily
(δ-) doped interfacial regions [72, 73], or parabolic grades along with modulation
doping [74, 75]. Although even lower resistance values can be expected from such
designs, the mirrors considered in this work did not contain any sophisticated
doping profiles.
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Thermal Properties

Self-heating from resistive and radiation processes is a major problem in VCLs.
This is particularly crucial for InP-based LW VCLs due to the high temperature
sensitivity of InGaAsP active regions. Hence, the minimization of the thermal
resistance between the active region and the heatsink is a key issue for high-
performance VCL operation. The DBRs form the bulk of the VCL structure and
must be capable to effectively dissipate heat away from the active region. Thus,
considering the thermal properties of these mirrors is of paramount importance.

Dielectric mirrors typically exhibit lower thermal conductivity than epitaxi-
ally grown semiconductor DBRs. For the latter ones the thermal conductivity
greatly depends on alloy composition. Mirrors employing ternary and quaternary
alloys generally show lower thermal conductivity than binary mirrors due to alloy
scattering [76, 77]. Moreover, very heavily doped samples could have consider-
ably lower thermal conductivity [78]. Anisotropic behavior occurs in multi-layer
structures, as in semiconductor DBR stacks, having different thermal conduc-
tivity in the radial (κr) and vertical (κz) direction. The two components of the
DBR thermal conductivity can be calculated employing a simple model of serial
and parallel thermal resistances, respectively [79]:

κr =
d1κ1 + d2κ2

d1 + d2
and κz =

d1 + d2

d1/κ1 + d2/κ2
, (2.8)

where d1 and d2 are the physical thicknesses of the two alternating layers with dif-
ferent bulk thermal conductivity, κ1 and κ2, respectively. Further on, substitut-
ing the physical thickness of each quarter-wave layer in Eq. (2.8) by di = λB/4 ni

(i=1, 2) results in the following expressions for the thermal conductivity in each
direction:

κr =
κ1n2 + κ2n1

n1 + n2
and κz =

n1 + n2

n1/κ2 + n2/κ1
. (2.9)

Table 2.3 lists individual bulk, radial and vertical thermal conductivity for differ-
ent DBR material combinations at room temperature. The directional thermal
conductivity is calculated by Eq. (2.9) using the corresponding refractive indices
for λB = 1.55 µm. Apparently, DBR material combinations such as α-Si/SiO2,
AlGaAsSb/AlAsSb and AlGaInAs/AlInAs behave as thermal insulators. Fur-
thermore, most of the DBRs which conduct heat fairly well act as heat spreaders
since κrÀκz. It should be noted that the thermal conductivity in DBR struc-
tures is further reduced from the expected bulk material values due to interface
phonons. The thermal conductivity is lowered since the distance between the
layer interfaces is of the order of the mean free path of the lattice phonons [82].
In addition, the thermal conductivity decreases with increasing temperature [77].

Apart from the thermal properties of the employed materials, the thermal
resistance of a VCL structure is affected by the device geometry and the dis-
tribution of the heat sources. Thermal resistance considerations are part of
the work presented in Paper V that deals with the temperature performance
of single-fused 1.55-µm InGaAsP VCLs with epitaxially integrated 50-period
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Table 2.3. Individual bulk, radial and vertical thermal conductivity for common
epitaxial and dielectric 1.55-µm DBR structures at room temperature. The data
have been taken from Refs. [58, 77, 80, 81].

DBR material n κ κr κz

combination (W/cmK) (W/cmK) (W/cmK)

GaAs 3.38 0.440
AlAs 2.89 0.910

0.693 0.610

GaAs 3.38 0.440
Al0.85Ga0.15As 2.96 0.196

0.310 0.264

InGaAsP (λg =1.42 µm) 3.46 0.046
InP 3.17 0.680

0.377 0.090

Al0.1Ga0.9As0.52Sb0.48 3.65 0.062
AlAs0.56Sb0.44 3.15 0.057

0.059 0.059

AlGaInAs (λg =1.43 µm) 3.55 0.045
Al0.47In0.53As 3.25 0.045

0.045 0.045

α-Si 3.60 0.026
SiO2 1.45 0.012

0.016 0.014

α-Si 3.60 0.026
MgO 1.71 0.530

0.368 0.073

α-Si 3.60 0.026
Al2O3 1.74 0.360

0.251 0.069

Si3N4 2.0 0.160
SiO2 1.45 0.012

0.074 0.020

InGaAsP/InP bottom DBR (see Chapter 3). The capability of such a bottom
mirror to effectively dissipate heat is rather limited due to its relatively large
thickness and poor thermal properties (see Table 2.3). The prospects for im-
proved temperature performance in other mounting configurations were investi-
gated by applying thermal modelling to the heat transfer problem.

2.4 Device Concepts

The large worldwide research interest in LW VCLs resulted in various device
concepts over the past years. Early approaches towards 1.3 as well as 1.55-µm
VCLs relied on InGaAsP active regions in combination with amorphous dielectric
DBRs in an etched well configuration [83, 84]. Apart from complex processing
schemes, a major problem of such devices is the poor thermal conductivity of
the dielectric mirrors (see Table 2.3). As a result, the best performing device of
this kind achieved CW operation only up to 36 ◦C [85].

Unlike GaAs-based short-wavelength VCLs, electrically pumped all-epitaxial
InGaAsP/InP VCLs have never been demonstrated since the growth and pro-
cessing of such thick structures reach the limit of feasibility. Instead, structures
with an InP/InGaAsP bottom DBR and a dielectric top DBR that utilize ring
contacts were fabricated [86–88]. On the other hand, all-epitaxial ∼ 1.55-µm
VCLs on InP substrates were realized in the AlInAs/AlInGaAs material system
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[89, 90]. However, the lack of efficient current confinement along with poor op-
tical and thermal properties of the employed DBRs prevented all of these designs
from RT CW operation.

Therefore, a number of novel design concepts has been developed in order
to overcome the limitations of previous InP-based approaches. One of the most
recognized designs employs an InP-based active region that is embedded between
high-performance AlGaAs/GaAs DBRs using wafer-fusion1. This technique al-
lows the integration of lattice mismatched materials and was first implemented
in LW VCLs by Dudley et al. at the University of California, Santa Barbara
(UCSB) in 1992 [91]. These 1.3-µm devices employed a wafer-fused AlAs/GaAs
bottom DBR in conjunction with a dielectric top DBR, but laser oscillation was
only obtained under pulsed operation. Room temperature CW operation of a
double-fused ∼ 1.55-µm VCL, making use of two Al(Ga)As/GaAs mirrors, was
then demonstrated by Babić from the same group in 1995 [92]. This result set a
milestone in LW VCL research history since it was the first report at all on RT
CW operation of VCLs at long wavelength. With successive improvements over
the years, this device finally showed outstanding performance characteristics in-
cluding CW operation up to 105 ◦C [93]. Another remarkable approach based
on wafer-bonding was reported by Jayaraman et al. in 1998 [94]. The struc-
ture of this group took advantage of an electrically pumped short-wavelength
VCL optical pump to drive an integrated double-fused 1.3-µm VCL. This de-
vice concept resulted in CW laser operation up to 70 ◦C which set a record at
this time. Similar to the first wafer-fused devices, several research groups relied
on only one fusion-step, either with a dielectric [95] or an integrated InP-based
DBR [96]. However, the success of these devices was rather limited. Another
approach has been the direct growth of metamorphic AlGaAs/GaAs DBRs on
InP [97, 98]. This approach was combined with a tunnel-junction design allowing
for two n-type DBRs, and resulted in CW operation up to 45 ◦C at a wavelength
of 1.55 µm [99].

Tunnel-junction designs have been also used in monolithic AlInAs/AlInGaAs
structures. While a fully lattice-matched, all-epitaxial design worked only un-
der pulsed operation [63], CW operation far above RT has been demonstrated
both with top metamorphic AlGaAs/GaAs DBR [100] and dielectric DBR in a
topside-down configuration [56]. Further improvements on the latter approach
finally resulted in CW operation of 1.55-µm VCLs up to a record-high temper-
ature of about 110 ◦C [101]. A tunnel-junction was also employed in monolithic
intra-cavity contacted AlGaAsSb/AlAsSb 1.55-µm VCLs that showed CW laser
oscillation up to 88 ◦C [102].

In summary, high-performance 1.3 and 1.55-µm InP-based VCLs have been
realized using either wafer-bonding or tunnel-junction designs along with ad-
vanced processing schemes for current injection and confinement, as well as im-
proved heat dissipation. However, with these techniques the fabrication proce-
dure becomes rather complex, and it has to be seen whether the requirements

1also the term wafer-bonding is used in the literature
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of low-cost fabrication can be met. Therefore, the most promising approach to-
day, at least with regard to 1.3-µm VCLs, is the development of long-wavelength
GaAs-based active regions with GaInNAs QWs as the most popular candidate.
Based on such QWs, all-epitaxial 1.3-µm VCLs with excellent characteristics
have been fabricated firstly by using molecular-beam epitaxy (MBE) [103, 104]
and more recently also by using metalorganic vapor-phase epitaxy (MOVPE)
[105–107]. Besides GaInNAs QWs, InAs quantum-dots [35] and type-II GaAsSb
QWs [108], have been used to realize 1.3-µm VCLs, even though with inferior per-
formance. In addition, after the demonstration of highly strained InGaAs QWs,
it has been then only a short time ago since laser operation from InGaAs QW
VCLs at emission wavelengths somewhat beyond 1.2 µm were reported [109, 110].
This was a considerable step ahead as compared to previous devices emitting at
nearly 1.13 µm [111]. In this context, Koyama et al. pointed out that InGaAs
VCLs emitting at 1.2 µm and beyond may be of specific interest for low-cost
sources for high-speed singlemode applications in local area networks [112]. It
should be also noticed that the wavelength requirements as dictated by specific
applications and related standards are usually shorter than 1310 nm correspond-
ing to minimum dispersion in singlemode fibers. For instance, for 10 GbE the
lower end of the wavelength window is set to 1260 nm [113], basically correspond-
ing to the cutoff-wavelength of singlemode fibers. In the course of this thesis,
we could more recently demonstrate 1.26-µm emission from InGaAs VCLs based
on an extensive gain–cavity detuning [23], and very recently, we even obtained
emission wavelengths as long as 1.3 µm from such devices [114].



24



Chapter 3

VCL Structures and
Fabrication

This chapter presents the two types of long-wavelength VCL structures that have
been investigated in the framework of this thesis. The two types differ quite
significantly in many respects. Even though both types are counted among long-
wavelength VCLs, they are distinguished by substrate and emission wavelength.
The first type is a 1.55-µm VCL grown on an InP substrate, whereas the second
one is based on GaAs showing lasing operation in the range 1.2–1.3 µm. More-
over, the GaAs-based VCLs are built up in a single epitaxial growth run, while
several growth steps are needed in case of the 1.55-µm devices. As a consequence,
the fabrication of the monolithic GaAs-based VCLs is relatively straightforward,
whereas it is considerably more demanding for the InP-based ones. Here, the
fabrication processes for the two device concepts are described only briefly since
device processing was not part of this thesis.

3.1 Single-Fused 1.55-µm InGaAsP/InP VCL

This 1.55-µm VCL structure belongs to a category of device designs that were
fabricated and studied during the first five years of long-wavelength VCL research
at KTH since its start in 1994. The use of a conventional InGaAsP active region
along with an InP/InGaAsP bottom DBR is the common design feature of these
VCLs.

A schematic layout of the VCL structure studied here is depicted in Fig. 3.1.
The basic structure of this device was grown in-house on a 2-inch InP substrate
by low-pressure (100 mbar) metalorganic vapor-phase epitaxy (LP-MOVPE) in
an Aixtron AIX 200/4 horizontal reactor system. It is a half-cavity structure
consisting of a 50-period Si-doped (n ≈ 5×1018 cm−3) InP/InGaAsP bottom
DBR and an InGaAsP MQW active region. The active region comprises nine
8-nm-thick compressively strained (+1%) QWs that are separated by 8-nm-thick
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Figure 3.1. Schematic cross-section of single-fused InGaAsP/InP VCL.

strain-compensating (−0.9%) barrier layers. The QWs are sandwiched between
n- and p-doped (Zn) cladding layers to form a 1.5-λ optical resonator. The p-
type top DBR for this device was grown separately by France Telecom/CNET in
the course of a collaboration within the European ACTS:VERTICAL1 research
project. This DBR was also grown by LP-MOVPE, but is based on a GaAs
substrate. The mirror consists of a 30-period C doped Al0.85Ga0.15As/GaAs
layer stack including linearly graded interfaces over 40 nm for reduced electrical
resistance. A 35-nm-thick AlAs oxidation layer is positioned near a node of the
optical field pattern in the mirror period closest to the active region. The problem
of high p-type doping-induced optical absorption is addressed by employing an
advanced doping scheme. Hereby, the doping level is reduced closer to the active
region and in the GaAs layers.

The AlGaAs/GaAs mirror was attached to the InP-based half-cavity struc-
ture by wafer-fusion at a temperature of 560◦C in hydrogen atmosphere. The
process of wafer-fusion was extensively studied at KTH and further details can
be obtained from Ref. [115]. After fusion, the backside of the InP substrate
was mechanically polished in order to allow for bottom emission. The GaAs
substrate was then removed employing a spray etching procedure. Circular p-
(Au/Pt/Ti) contacts of various size (10 to 70µm in diameter) were deposited on
the top DBR, while an AuGe/Ni alloy was used to form the n-contact on the
backside of the InP substrate along the edge of the sample. Finally, cylindrical
mesa structures were etched through the top DBR using a wet-chemical etching

1ACTS: Advanced Communications Technologies and Services; VERTICAL: Vertical-
Cavity Laser Technology for Interconnection and Access Links
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Figure 3.2. Schematic cross-section of monolithic InGaAs/GaAs VCL with
polished backside.

procedure. Hereby, the top contacts served as etch mask. Current and optical
confinement was provided by a partial selective wet oxidation of the AlAs layer
in the top mirror. The oxidation was carried out at a rate of ∼2 µm per minute
at a temperature of 417◦C.

3.2 Monolithic 1.2–1.3-µm InGaAs/GaAs VCL

This 1.2–1.3µm VCL structure is the result of a collaboration between KTH and
Zarlink Semiconductor AB in the framework of the European IST:GIFT2 re-
search project towards GaAs-based long-wavelength VCLs emitting in the 1.3-µm
wavelength range. This redirection was followed at KTH subsequent to the InP-
based LW VCL approach and much inspired by the proposal of GaInNAs/GaAs
as an alternative material system for 1.3-µm active regions [33].

Fig. 3.2 shows a schematic of the fabricated VCL structure. The full struc-
ture was grown at KTH in a single step on a 2-inch n-GaAs substrate by LP-
MOVPE using the same reactor system as for the half-cavity structure of the
single-fused VCL. The VCL structure consists of a one-lambda GaAs optical
cavity surrounded by a Si-doped 25.5-period bottom DBR and a Zn-doped 26-
period top DBR. The cavity region includes the nominally undoped active layer
consisting of two 8.1-nm-thick highly strained (+2.8%) In0.39Ga0.61As/GaAs

2IST: Information Society Technologies; GIFT: GaAs-Based Emitters for Fiber-Optical
Data and Telecommunication
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QWs that are separated by a 20-nm-thick GaAs barrier layer. The quarter-
wave Al0.88Ga0.12As/GaAs DBRs are optimized for low mirror series resistance
by employing 15-nm linearly graded interfaces, similar to the top DBR of the
InP-based VCL. Likewise, the p-DBR includes a 40-nm-thick AlAs oxidation
layer for current as well as optical mode confinement. As the consequence of our
findings presented in Paper II, the doping concentration is kept low in both
DBRs in order to minimize optical losses. The first five periods closest to the
active region of both mirrors are doped to a level of 5 × 1017cm−3, while the
residual periods of the n- and p-DBR are doped to the order of 1 × 1018cm−3

and 1.5 × 1018cm−3, respectively. The structure is capped with a 50-nm-thick
highly p-doped (1×1019cm−3) GaAs contact layer. The details about the growth
methodology can be found in Ref. [116].

The processing of the VCL structure was carried out at Zarlink. Ion beam
etching was used to form circular mesa structures of various size between 35 and
43 µm in diameter. The etching was performed through the top DBR and active
region, and stopped somewhere in the bottom DBR. A wet-oxidation process
was employed to form apertures with diameters ranging from 5 to 13 µm in the
AlAs oxidation layer. In addition, there are some large-area devices (62-µm
aperture) scattered over the chip. A wet-chemical etch solution was applied to
etch cylindrical holes through the bottom DBR and down to the GaAs substrate.
The n-(AuGe) contact is deposited on the GaAs substrate, while the p-(AuBe)
contact is sitting on top of the mesa. The top-emitting structure is planarized
with photosensitive benzocyclobutene (BCB) that is afterwards opened at the
position of the mesa and the n-contact. Finally, the 100 µm × 100 µm contact
pads are deposited on top of the VCL structure. After mechanical thinning of
the transparent substrate, the backside is roughened and covered with n-type
metal, or in some cases polished and covered with an antireflection coating to
allow for bottom emission.



Chapter 4

Material and Device
Characterization

In the course of this work, several characterization techniques have been applied
to evaluate various material and device properties. Substantial efforts have been
made to realize a number of characterization setups that are described or referred
to in this section.

4.1 DBR Characterization

Spectral Reflectance

The measurement of the spectral reflectance is among the very basic character-
ization techniques used for VCLs. It provides important information about the
optical bandwidth, ∆λ, and the Bragg wavelength, λB . Apart from DBRs, it
is commonly applied to full VCL structures in order to obtain the resonance
wavelength from the ’cavity dip’ in the reflectance spectrum. In general, it is a
very useful method to characterize any multi-layer structure.

The measurement is very simple, and a basic characterization setup was
already available when the work on this thesis started. The setup is illustrated
in Fig. 4.1. The mirror to be measured is placed on a translation stage allowing
to perform measurements across the sample area. The light of a white light
source is coupled into a 2×2 multimode fiber coupler of which one branch (4) is
left unused. After passing through the coupler, the collimated light is reflected
from the sample mirror and coupled back into the fibre. Half of the reflected light
intensity couples to the second branch of the coupler which is connected to an
optical spectrum analyzer (OSA). Due to the spectral intensity variations of the
white light, a reference spectrum is required to normalize the measured spectrum
of the sample mirror. The reference spectrum was recorded from an aluminum
mirror showing a relatively flat spectral distribution of the reflected light in the
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Figure 4.1. Schematic of the setup used for spectral reflectance measurements.

wavelength range of interest. Taking also into account the contribution of the
background light, the spectral reflectance R(λ) of the sample mirror is finally
calculated by

R(λ) =
Is(λ)− Ib(λ)

Ir(λ)
, (4.1)

where Is(λ), Ib(λ) and Ir(λ) denote the spectral intensity distribution of the
reflected light from the sample mirror, the background and the reference mirror,
respectively. The previous calculation as well as the control of the OSA was
performed by a computer.

Absolute Reflectance

Precise measurements of the absolute mirror reflectance are equally important
for the characterization and development of highly reflective DBRs. While rela-
tive reflectance spectra are straightforward to record, measurements of absolute
mirror reflectances at a fixed probe wavelength are very challenging. In the past
two decades, several techniques for measuring high reflectances close to unity
have been proposed and discussed in the literature [62, 117–120]. In the frame-
work of this thesis, two methods have been investigated, one of which is similar
to that described in Ref. [120], while the other represents a modification to the
technique reported in Ref. [117].

The former method (Z technique) to determine the absolute reflectance of a
DBR is based upon a multiple-reflection scheme as illustrated in Fig. 4.2. Hereby,
a monochromatic probe beam at the desired wavelength is incident under a small
angle on two parallel mirrors M1 and M2, of which M1 is movable. Depending on
the position of M1 an even number of reflections occurs between the two mirrors.
The reflectance of the mirrors is finally determined by relating the transmitted
power PN after a given number of reflections N to the known output power of
the beam source P0:

R1R2 = (PN/P0)
2/N

, (4.2)

where R1 and R2 denote the reflectance values of the two mirrors. In the case
of identical mirrors with R = R1 = R2, Eq. (4.2) simplifies to

R = N
√

PN/P0. (4.3)
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Figure 4.2. Schematic of the absolute reflectance measurement setup based on
multiple reflections.

Depending on the application, the probe beam is either generated by a 1.55-
µm or a 1.3-µm pigtailed DFB laser and collimated using lens L1. After N
reflections, the beam is focused with lens L2 on a highly sensitive InGaAs pin-
diode, monitoring the transmitted power. The mirrors under investigation are
usually cleaved through the center of the wafer into two parts. In this way, the
use of a reflectance standard is obsolete and the reflectance of the mirror can be
easily determined by Eq. (4.3), assuming the two mirror parts to be identical.
For data extraction, it is convenient to rearrange Eq. (4.3) and bring it into the
form

log PN = log R ·N + log P0. (4.4)

The absolute reflectance is then easily obtained from the slope of a linear fit to
the semi-logarithmic plot of the measured signal versus the number of reflections.
From Eq. (4.4), it also follows that the relative error in the reflectance ∆R/R is
proportional to the inverse number of reflections 1/N [120]. Therefore, a total
number of typically ten or even more reflections is chosen in the experiment.

However, this method is subject to important limitations. Owing to the finite
beam width a sample area of ∼2.5 mm per reflection is required. Thus, for high
accuracy measurements, a total number of twelve reflections (six per mirror) re-
quires two samples with a minimum length of 6×2.5 mm=15 mm. Consequently,
the obtained reflectance represents an average value only. This fact is important,
especially for epitaxially grown DBRs since their reflectance across the wafer is
often non-homogeneous and locally degraded by the presence of defects. In ad-
dition, the measurement has to be performed in the vicinity of a sharp edge
restricting the application range to samples with a suitable geometry. Epitaxial
DBRs typically require a cleaved edge near the measurement region making the
method destructive and limiting its application to test samples. Finally, for high
accuracy measurements very flat samples are required [120]. Fig. 4.3 shows the
result of such a measurement from a 5-period 1.55-µm α-Si/SiO2 DBR fabricated
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Figure 4.3. Evaluation of the peak reflectance of a 5-period α-Si/SiO2 DBR
(λB = 1.55 µm). The absolute value of 99.92 (±0.02) % is calculated using a
linear fit.

by plasma-enhanced chemical-vapor deposition (PECVD). The data points ob-
tained from this very homogenous sample well fall on a straight line indicating
a high structural quality of this mirror. The measured peak reflectance is found
to be 99.92%, which is only slightly lower than the theoretically predicted value
of 99.96%.

The second method for absolute reflectance measurements of highly reflec-
tive mirrors was developed to overcome the drawbacks inherent to the previous
approach. The method is a modified cavity phase-shift (CAPS) method [117].
The principle of the CAPS method is that a mirror with unknown reflectance is
made part of an optical resonator. A modulated probe beam passing through
the resonator will suffer a phase shift, which originates from the finite lifetime
of the photons in the cavity. By measuring this phase shift, one can deduce the
sum of the losses in the resonator, which, with a proper resonator design, will
be dominated by the finite reflectance of the cavity-forming mirrors. The setup
is illustrated in Fig. 4.4.

The development of this method is part of the original work of this thesis
(see Chapter 5) and described in Paper I.

Both methods have been applied to measure the absolute reflectance of
MOVPE grown InP/InGaAsP and AlGaAs/GaAs DBRs for 1.55 and 1.3-µm
VCLs. These measurements have proven to be an important tool to analyze
the optical loss in such mirrors. The results from this analysis are included in
Paper II and Chapter 5, respectively.



4.2. Active Region Characterization 33

M1 M2

L

FP laser
diode

He-Ne
laser

MM
fiber

collimator
FM

FM

M M

A BS

F

L2L1

bypass

detector/
current

amplifier

current
source

lock-in
amplifier

reference
signal

Figure 4.4. Schematic of the setup for absolute reflectance measurements based
on the CAPS method.

4.2 Active Region Characterization

Photoluminescence

Photoluminescence (PL) measurements provide a fast, straightforward and non-
destructive technique to assess the quality and transition energy of semiconduc-
tor active materials. Typically, a high PL peak intensity and a narrow PL full
width at half maximum (FWHM) are attributed to a sample of high structural
quality. For a bulk active region the peak transition energy is associated with
the bandgap Eg of the semiconductor material since no quantization effects have
to be taken into account. The sample is excited with an optical source, typically
a laser, with photon energy hν >Eg (h: Planck’s constant, ν: optical frequency)
generating electron-hole pairs that recombine spontaneously by one of several
mechanisms; see, for example Ref. [121]. In case of radiative recombination
photons are emitted whose spectral distribution can be measured.

The experimental arrangement to record the PL spectrum of a sample is
similar to the one used for the spectral reflectance measurements; see Section
4.1. However, a 783-nm laser diode generates the probe beam instead of a white
light source.

Fig. 4.5 shows PL spectra of QW active regions for LW laser diodes that
were developed and studied at KTH during recent years [25, 26, 116]. Spectra a)
and b) represent traditional InGaAsP/InP QW structures for 1.55 and 1.3 µm
wavelength. The former QW design was employed in the first 1.55-µm VCL
based on an integrated InP/InGaAsP bottom mirror reported to operate CW
near room temperature [96] (Section 5.3). More recent PL results from highly
strained InGaAs QWs on GaAs substrates are shown by curves c) and d). Such
long PL wavelengths require an indium content around 40% corresponding to a
lattice mismatch of ∼ 2.9%. Curve c) corresponds to the PL emission spectrum
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Figure 4.5. PL spectra of various active region materials developed at KTH.

obtained from the SQW active region as employed in our InGaAs/GaAs VCL
showing laser operation at emission wavelengths up to 1265 nm [23] (Section
5.3). The PL peak wavelength could be further increased to ∼ 1220 nm using
strain-compensating GaAsP barriers in a DQW configuration [curve d)].

Broad-Area Lasers

Another useful figure of merit, indicative of the quality of a semiconductor laser
material, is the threshold current density obtained from broad-area (BA) laser
diodes. The processing of these devices is relatively simple, and processing re-
lated artifacts on device performance can be safely neglected. The basic structure
is consisting of the typically undoped active region material that is sandwiched
between two index guiding (cladding) layers, one of which is n-type and the other
p-type, in order to form a pin-junction. A dielectric layer is deposited on the
epitaxially grown side and stripe-like openings are formed for current injection.
The as-grown wafer is thinned down and contacts are deposited on the substrate
side and the topside. The thinning of the wafer is required to facilitate cleaving
along crystallographic planes, which later form the mirrors of the laser cavity.
Unless the laser diodes are electrically isolated from each other in the lateral
direction, they must be separated by cleaving.

Beside the threshold current density other important parameters, such as
internal efficiency, internal loss, transparency current density, optical gain as well
as characteristic temperature can be obtained from such devices. However, care
has to be taken when comparing parameters obtained from different sets of lasers.
For instance, the threshold current density also depends on the confinement of
the optical mode and therefore on the thickness and refractive index of the
active and surrounding layers, respectively. This has to be kept in mind when
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characterizing lasers that emit at different wavelengths or that are fabricated
using different material systems and/or active layer designs.

In the following basic semiconductor laser equations are reviewed that are
important to extract the above parameters from device measurements. The light
output power P0 from both facets of a laser diode operating above threshold is
given by

P0 =
hν

q
ηd (I − Ith) , (4.5)

where ηd denotes the differential quantum efficiency, q is the elementary charge
and I is the drive current.

The differential quantum efficiency ηd in turn is given by

ηd =
αm

αm + αi
ηi, (4.6)

where ηi is the internal efficiency, αi is the average internal loss within the laser
cavity and αm is the distributed mirror loss.

Assuming the power reflectance from both facets to be equal, R = R1 = R2,
and for a given cavity length L, the distributed mirror loss can be written as

αm =
1
L

ln
(

1
R

)
. (4.7)

Substituting αm in Eq. (4.6) by Eq. (4.7) and rearranging, results in the
following expression for the reciprocal differential quantum efficiency η−1

d :

1
ηd

=
1
ηi

[
1 +

αiL

ln(1/R)

]
. (4.8)

The differential quantum efficiency can be easily determined from the mea-
sured slope ∆P0/∆I of the linear part of the light–current (L−I) characteristic
above threshold:

ηd =
q

hν

∆P0

∆I
. (4.9)

According to Eq. (4.8), the internal efficiency and the average internal loss can
then be estimated from the plot of the inverse differential quantum efficiency
versus cavity length of various laser diodes.

The dependence of the optical gain g on the injected current density J is in
general described by a semi-logarithmic relation [122]:

g = g0 ln (ηiJ/NwJtr) , (4.10)

where g0 is the material gain parameter, Nw is the number of quantum wells in
the active region and Jtr is the transparency current density. Combining Eq.
(4.10) with the threshold condition

Γgth = αi +
1
L

ln
(

1
R

)
, (4.11)
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and rewriting, yields the following dependence of Jth on the cavity length:

ln (Jth) = ln
(

NwJtr

ηi

)
+

αi

Γg0
+

1
L

1
Γg0

ln
(

1
R

)
, (4.12)

where Γ denotes the optical confinement factor. It can be calculated analytically
(see, e.g. Ref. [14]) or by using a vector mode solver taking into account the
actual device structure. Equation (4.12) can be fitted to the experimental data
of ln(Jth) versus 1/L, whereby g0 and Jtr are obtained from the slope and the
ordinate intercept of the linear curve fit, respectively. Such an analysis on BA
lasers is presented in Paper IV within the scope of evaluating the properties of
1.2-µm highly strained InGaAs QWs grown on GaAs substrates.

The lasing characteristics of semiconductor lasers, especially the threshold
current, are very sensitive to temperature variations, and depend on the material
system as well as the laser design. A phenomenological approach, describing the
thermal dependence of the threshold current of in-plane lasers by an exponential
relationship, was proposed by Pankove in 1968 [123]:

Ith = I0 exp (T/T0) , (4.13)

where T0 and I0 are the characteristic temperature and current, respectively. It
has since become widely accepted and to date, the temperature sensitivity of
the threshold current is commonly characterized in terms of the parameter T0,
although there is no physical evidence for such an exponential dependence. The
evaluation of T0 is typically conducted on BA lasers operating under pulsed con-
ditions, in a way such as the temperature across the laser diode can be assumed
homogenous and equal to the one of the heatsink. The characteristic tempera-
ture is then extracted from the inverse slope of a linear curve fit to the logarithm
of the measured threshold current versus heatsink temperature, in accordance to
Eq. (4.13). Fig. 4.6 shows the threshold current–temperature characteristics for
two BA lasers based on the InGaAsP/InP and highly strained InGaAs/GaAs ma-
terial system, respectively. Obviously, the threshold current of the InGaAsP/InP
laser diode is exhibiting a very strong temperature dependence, leading to signif-
icantly lower values for T0 as compared to the GaAs-based laser. This behavior
can be attributed to a great extent to the low conduction band offset inherent to
the InGaAsP material system. However, the physical mechanisms dominating
the temperature sensitivity of such lasers are still under discussion, and a good
overview can be found, for instance, in Refs. [124, 125] and references therein.
The shortcoming of the phenomenological approach (4.13) to fully describe the
temperature dependence of the threshold current is apparent from Fig. 4.6. The
data points in the semi-logarithmic plot do not line up on a straight line for the
measured temperature interval. At a critical transition temperature, a change
in the slope occurs, indicating that different physical mechanisms govern in dif-
ferent temperature regions [126]. As a consequence, different values for T0 can
be extracted for different temperature intervals. Another drawback of using the
exponential approach to characterize the temperature sensitivity of the threshold
current is the increase of T0 with increasing device length [127, 128].
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Figure 4.6. Threshold current–temperature characteristics of InGaAsP/InP and
highly strained InGaAs/GaAs in-plane laser diodes. The extracted characteristic
temperatures for different temperature regions are also indicated.

A final remark on this approach concerns its application to VCLs. The
temperature sensitivity of the threshold current of VCLs shows a considerably
different behavior as compared to that of in-plane lasers. This is due to the fact
that the VCL threshold current–temperature characteristic is not only affected by
the temperature sensitivity of the active region performance, but additionally by
the temperature dependent gain–cavity offset (see Section 2.1 and Paper VI).
For this reason, the parameter T0 is not very meaningful and should not be
applied to VCLs.

Optical Gain

Optical gain and loss belong to the most important properties of semiconductor
QW lasers, and the understanding of many aspects of their behavior requires
a detailed knowledge of the gain spectrum. It has been shown in the previous
section that both optical gain and loss can be estimated from the lasing charac-
teristics of BA lasers. However, this evaluation is based on data obtained from
several lasers of various lengths (multi-length technique), whereby it is assumed
that the laser parameters of interest do not depend on device length but are
constant. This introduces some inaccuracy to the method since it neglects the
length dependence of parameters such as internal loss and internal efficiency
[129]. Moreover, the multi-length technique provides for the peak optical gain
only, but does not yield any information about the gain shape in respect to
wavelength. In addition, the optical gain and loss from a single device cannot
be accessed.

A very common method for measuring the optical gain spectrum in a semi-
conductor in-plane laser cavity is the one introduced by Hakki and Paoli in 1973
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[130, 131]. Hereby, the gain spectrum is obtained by measuring the depth of
modulation introduced into the amplified spontaneous emission (ASE) spectrum
by the Fabry–Pérot resonances. The depth of modulation rj is determined by

rj =
P+

j + P+
j+1

2 P−j
, (4.14)

where P+ and P− are the maximum and minimum intensity of the Fabry–Pérot
resonance modes, respectively. The net modal gain Gnet can then be obtained
from the following relation:

Gnet = Γg − αi =
1
L

ln
(√

rj − 1
√

rj + 1

)
+ αm. (4.15)

In this work, the ASE spectrum was measured from one facet of ridge-
waveguide (RWG) laser diodes for CW drive currents below threshold using
the characterization setup depicted in Fig. 4.9. If properly designed, RWG
lasers show transversal single-mode behavior. This is important since transver-
sal higher order modes would distort the ASE spectrum making accurate gain
evaluation difficult or even impossible. The facet output was collected by a
laser/optical-fiber interface with built-in polarizer to control the polarization
of the emitted light. It further includes an optical isolator to prevent optical
feedback effects. The ASE spectrum was recorded using an optical spectrum an-
alyzer with a spectral resolution of 0.1 nm. All measured data was finally stored
by a computer to make it available for further data processing. Fig. 4.7 shows
the Fabry–Pérot resonances in the measured ASE spectrum within a narrow
wavelength range for an InGaAs/GaAs RWG laser diode.

The uncertainty of the Hakki–Paoli method is very dependent on how ac-
curate the peaks and valleys in the ASE spectrum can be determined. Factors
like noise or a steep slope in the ASE spectrum contribute to the uncertainty
of estimating the optical gain and make it therefore difficult to accurately de-
termine the depth of modulation at a particular wavelength. Thereofore, an
alternative, more accurate and robust method, that applies a nonlinear curve
fitting algorithm in order to fit an analytical expression for the ASE spectrum
to a measured spectrum, has been used [132]. The analytical expression for the
ASE spectrum of a Fabry–Pérot amplifier (FPA) has been derived in Ref. [133]
and is given by

RFPA(λ) =

(
1− r2

1

) (
eGnetL − 1

) (
1 + r2

2e
GnetL

)

(1− r1r2eGnetL)2 + 4 r1r2eGnetL sin2(kL)

nsp

ηi

hc

2λ
, (4.16)

where r1, r2 are the facet amplitude reflection coefficients, λ is the wavelength,
k is the wave number, and nsp, h, and c are population inversion factor, Planck’s
constant, and speed of light, respectively. Based on Eq. (4.16), the fit to a
measured ASE spectrum is also shown in Fig. 4.7 indicating very good agreement
between the two curves. The benefit of this approach evolves from taking into
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Figure 4.7. Measured (dots) and fitted (solid line) ASE spectrum of a RWG
laser diode with a highly strained InGaAs/GaAs single QW active region. The
maximum and minimum intensities of adjacent Fabry–Pérot resonances to deter-
mine rj are also indicated.

account all measured data points, whereas only the peak and valley values are
considered in case of the Hakki–Paoli method.

In Paper IV the above method was applied to obtain the spectral gain
curves from RWG lasers, which were processed from the same epitaxial structure
employing a highly strained 1.2-µm InGaAs/GaAs QW active region. The fitting
routine extracts the net round-trip gain, Gnet,rt = Γg − αi − αm, from the
measured ASE spectrum providing directly Gnet if the cavity length and facet
power reflectivity are known; see Eqs. (4.7), (4.15). The net modal gain spectrum
then allows for estimating the internal loss αi since for wavelengths corresponding
to photon energies near or below the bandgap, Gnet should approach αi. This
in turn leads to the modal gain, G = Γg, from which the material gain g can be
obtained if the confinement factor Γ is known. Fig. 4.8 shows the optical gain
spectra obtained in the framework of the study presented in Paper IV.

Finally, it should be noted that the knowledge of the spectral gain shape
is of great interest for the design and understanding of VCLs. In particular,
this is due to the fact that the relative spectral alignment of the cavity mode
with the gain spectrum varies for varying device temperature; see Sec. 2.1.
This significantly affects the VCL threshold current–temperature characteristic,
showing a minimum at a particular temperature (Paper VI). Unfortunately,
the above methods to evaluate the optical gain spectrum cannot be applied to
VCLs due to the inherent single-longitudinal mode behavior of such devices.
Moreover, for in-plane lasers, their application is restricted to currents below
threshold, corresponding to current densities that are typically much lower than
those found in VCLs. However, it has been demonstrated that the gain spectrum
at higher current densities can be obtained from in-plane lasers by reducing the
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Figure 4.8. Measured optical gain spectra from a 1.2-µm InGaAs/GaAs RWG
laser (cavity length L = 665 µm, ridge width w = 3 µm) for different bias currents.
The internal loss is extracted from the net modal gain spectrum in the limit of
photon energies below the bandgap.

resonator quality [134]. This can be accomplished, e.g., by covering the laser
facets with an antireflection coating.

4.3 Laser Characterization Setups

For device characterization and analysis two fully computer controllable mea-
surement setups, one for in-plane lasers, the other for VCLs, have been realized
within the course of this thesis. Two different setups were required, mainly in
order to account for the horizontal and vertical emission direction of in-plane
lasers and VCLs, respectively.

In-Plane Laser Setup

The experimental arrangement for characterizing in-plane laser diodes is schemat-
ically shown in Fig. 4.9. It permits direct measurements of the lasing wavelength
and optical output power in dependence of the laser drive current (LI charac-
teristic). The single lasers or laser bars are normally attached to silicon carriers
that are placed on a temperature stage consisting of heatsink, Peltier element
and copper plate with integrated temperature sensor (AD590KH). The temper-
ature of the copper plate is controllable between −20 ◦C and +150 ◦C using an
ILX LDT-5910B temperature controller.
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Figure 4.9. Schematic of in-plane laser characterization setup.

Besides CW measurements, the devices are typically operated under pulsed
conditions in order to minimize self-heating effects. This is accomplished by us-
ing a pulse current source (ILX LDP-3840/3A) that generates a pulse train with
a pulse width of typically 2.5 µs and a duty-cycle of 0.1%. An adjustable resistor
network, R, allows to match the load to the input signal in order to achieve a
clean pulse shape. Both current and voltage amplitudes are monitored using
a digital oscilloscope (LeCroy 9414). For CW measurements the pulse current
source and digital oscilloscope are replaced by a CW current source (Keithley
2000) along with a voltmeter (HP 34401A). The laser light from one facet is col-
lected with a calibrated 2-inch integrating sphere system having an input port
of 12 mm in diameter and a large-area (φ=5 mm) InGaAs photodetector. The
average photocurrent Ip is monitored by a UDT S380 optometer and converted
into optical power Popt according to Popt = Ip/(<·DCY ), where < is the spec-
tral responsitivity of the integrating sphere system and DCY is the duty-cycle.
The laser emission spectrum is recorded using an optical spectrum analyzer (HP
70951A). Hereby, the integrating sphere is removed from the setup and replaced
by a lens-fiber-pigtail set that collects the laser light and couples it into a stan-
dard 62.5-µm multimode fiber. After data acquisition the computer program
automatically extracts the two most basic laser parameters, the threshold cur-
rent Ith and the slope efficiency, from the recorded LI characteristic and makes
them available for further data processing. Furthermore, the threshold current
density is simply calculated as Jth =Ith/wL, where w is the stripe width and L
is the cavity length.
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Figure 4.10. Schematic of VCL characterization setup.

VCSEL Setup

This characterization setup shows the same functionality as the previous one
and utilizes mostly the same measurement equipment. However, it considerably
varies in the experimental arrangement as can be seen in Fig. 4.10. The VCL
wafer, or a part thereof, is positioned topside-up on one out of two different
temperature stages depending on whether the VCLs are top (1) or bottom (2)
emitting. In the former case, the emitted light is collected by the integrating
sphere positioned above the VCL, while in the latter one, the light passes through
a hole (φ = 5 mm) in the copper plate and is collected by a multimode fiber
positioned underneath the VCL to be measured. One should note that using the
integrating sphere is of advantage since it assures the collection of all laser light.
Using water-cooling for both temperature stages allows for reaching a minimum
temperature of around −40 ◦C.

Similar to the in-plane lasers, pulsed as well as CW measurements of the LI
characteristic can be performed. Owing to the poor heat dissipation in VCLs
significantly shorter current pulses are required under pulsed operation in order
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to keep self-heating effects small. For this purpose an HP 8112 pulse genera-
tor is employed providing pulses with a width of 50 ns and a repetition rate
of typically 20 kHz. The current pulses are monitored using a current probe
(Tektronix CT-1) along with the digital oscilloscope. For CW measurements
a semiconductor parameter analyzer (HP 4145A) is used to provide the drive
current and to simultaneously measure the voltage across the device. In pulsed
operating conditions the light output power of top emitting VCLs is monitored
in the same way as for in-plane lasers. For CW measurements of such devices the
detector current is fed to a Melles Griot transimpedance amplifier which output
signal is monitored by the parameter analyzer. In the case of bottom emitting
VCLs the light power coupled into the fibre is measured under both operating
conditions with the build-in detector of the optical spectrum analyzer.

4.4 Numerical Analysis

Numerical modelling intends to support practical device development by giv-
ing insight into device physics that is hard to gain solely from experimentally
obtained macroscopic results. Apart from providing a better understanding of
measurement results, modern computer aided design (CAD) tools may help to
optimize and predict device performance. This shortens the product design cy-
cle, saving time and money. Following the trend observed in the 1980s with
simulation software for silicon devices, sophisticated optoelectronic device mod-
els have been developed by several research groups and advanced commercial
device software has become available to the public in recent years.

The performance characteristics of semiconductor lasers are governed by sev-
eral physical mechanisms, the understanding of which has been subject to ex-
tensive research in the past two decades. For instance, since laser diodes for
fiber-optic networks must be able to operate at elevated temperatures, in par-
ticular the mechanisms dominating the temperature sensitivity of such devices
attracted a lot of attention and are still under discussion. In recent years, this
discussion includes Auger recombination [135], carrier leakage out of the active
region [136], IVBA [137], lateral carrier spreading [138], absorption and sponta-
neous recombination within passive layers [139, 140], and optical gain reductions
[141]. As stated earlier, the contribution of each effect to the device performance
is difficult, if not impossible, to assess from the experimental results alone.

The advanced commercial laser simulators LASTIP and PICS3D by Crosslight
Software Inc. have been available at KTH to study various types of laser diodes.
While LASTIP performs calculations in two dimensions (2D) only, PICS3D also
considers variations in the longitudinal direction. The software packages self-
consistently combine optical gain calculations, a drift-diffusion model for carrier
transport, optical waveguide simulations as well as calculations of all relevant
physical mechanisms occurring during laser operation, including their interaction
and dependence on temperature and local carrier density. The major building
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Figure 4.11. Major building blocks of 2D laser simulator LASTIP. Variations
in the longitudinal (z) direction are not considered.

blocks of the 2D laser simulator LASTIP are schematically shown in Fig. 4.11.
More information about these software packages can be found online [142].

The accuracy of simulations very much depends on the correct choice of the
physical models and material parameters. However, apart from the fact that
accurate data for material parameters of semiconductor compounds is not al-
ways available, the overall complexity of diode lasers, combining semiconductor
electronics and photonics, makes this a challenging task. Moreover, the actual
composition and thickness of epitaxially grown layers, especially of those in the
active region, may deviate from the anticipated values due to fluctuations in
the growth parameters. This also contributes to the uncertainty in the simu-
lation results. Thus, careful adjustments of material parameters is required to
find agreement with measurements. More confidence in the calculations can be
obtained by the simultaneous reproduction of several experimental results. For
instance, several measured light–current characteristics of a laser structure are
simultaneously reproduced for various cavity lengths and/or temperatures using
the same set of physical models and material parameters. However, a compre-
hensive agreement with measurements is seldom achieved. Often one choice of
models and parameters sufficiently describes the experimental results for some
range of operating conditions, but fails outside this range. The reasons for this
can be manifold. For example, the relevant physical mechanisms may not be
correctly incorporated or included at all in the model, which manifests only un-
der certain experimental conditions. Finally, it has been shown recently, that
the use of different physical models along with a set of different material param-
eters can reproduce experimental results equally well, leading to controversial
interpretations of the experiments [143].
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Based on experimental results, a theoretical analysis of barrier height ef-
fects on the high-temperature performance of 1.3-µm InGaAsP/InP QW lasers
is presented in Paper III using the laser diode simulator LASTIP.
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Chapter 5

Results and Summary of
Original Work

This chapter is forming the main part of the thesis. The subsequent paragraphs
summarize the work presented in the research papers I–VI, adding some fur-
ther results and aspects not addressed in the publications. Comments and the
author’s contributions to the different papers are also included.

5.1 Mirror Reflectance and Optical Loss in
Long-Wavelength DBRs

Owing to the great importance of high-performance DBRs for long-wavelength
VCLs a great deal of attention has been payed to their optical characterization.
Hereby, spectral and absolute reflectance as well as XRD measurements were
combined with simulations in order to estimate the optical loss in such mirrors.
The results related to this work are reported in Papers I and II.

Paper I: This paper presents a more versatile method to measure the abso-
lute reflectance of DBRs as compared to the multiple-reflection (Z) technique
described in Chapter 4. The method represents a modification to the cavity
phase-shift (CAPS) method, which was first presented by Herbelin et al. in
1980 [117], and enhanced during the following years to improve the accuracy
and reliability of the method [144–146]. However, with these enhancements the
complexity of the experimental procedure increased considerably.

Our approach relies on using a directly modulated Fabry–Pérot laser diode
that ensures a constant coupling between the probe laser and test cavity modes.
This results in a stable beam intensity transmitted through the test cavity al-
lowing for accurate measurements of the phase shift from which the absolute
reflectance can be determined. It allows measurements to be performed on a

47
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full wafer scale without any need for cleaving, thus making the method nonde-
structive. The main advantage of this method over others is its capability to
probe the sample anywhere on a relatively small area in the order of 0.5 mm
in diameter, thereby eliminating the problem of a nonuniform reflectance across
the mirror surface. Moreover, surface mapping of the sample is also possible.

Measurements on 1.3-µm GaAs/AlGaAs DBRs indicate a spatial variation of
the mirror reflectance across the wafer diameter. This emphasizes the importance
of measuring the reflectance on a relatively small area for a proper characteriza-
tion of epitaxially grown DBRs. Using the Z method, which provides an average
reflectance over a relatively large area only, might lead to falsified results.

Contributions by the author of the thesis: The author contributed a major part
to the realization of the measurement setup. He was involved in performing the
measurements and in analyzing the experimental data. The article was jointly
written with N. Chitica.

Paper II: In this paper, we analyze the impact of doping type and concentration
on the absolute reflectance of 1.3-µm AlAs/GaAs DBRs. The absolute mirror
reflectance is measured with high accuracy using both the multiple-reflection and
the CAPS method as described in Section 4 and Paper I, respectively. The mirror
loss is estimated from the measured absolute reflectance values in combination
with spectral reflectance and triple-axis x-ray diffraction (XRD) measurements
in order to provide input data for transfer-matrix calculations.

The measured reflectance values of the various AlAs/GaAs DBRs, some of
which include linearly graded interfaces, are shown in Fig. 5.1. While the re-
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Figure 5.1. Peak reflectance versus n-(Si) or p-(Zn) type doping concentra-
tion as measured from various DBRs including abrupt or graded heterojunction
interfaces.
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duced reflectance of p-type DBRs is well in agreement with predictions based
on material absorption, the strong decrease in reflectance of the n-type samples
cannot be solely explained by material absorption as the dominating loss mecha-
nism. Instead, we relate it to enhanced Ga–Al interdiffusion in the n-type DBR
structures resulting in a transition from abrupt to graded interfaces between the
DBR layers as observed from XRD measurements. It is well known that such
effects are much more pronounced for n-type structures than for p-type ones,
if grown under As-rich conditions [147]. It is also observed that both interface
abruptness and peak reflectance are further degraded by annealing of the n-type
samples, while the undoped and p-doped AlAs/GaAs DBRs remain virtually
unaffected in response to similar heat treatments.

However, one-dimensional transfer-matrix simulations of the reflectance spec-
trum show that graded heterojunction interfaces only have a slight impact on the
peak reflectance. This also coincides with the experimental observation that a
40-nm grading in the interfaces does not significantly change the peak reflectance;
see Fig. 5.1. We believe that the interdiffusion process in these DBRs causes a
roughening of the interfaces leading to increased optical losses due to interface
scattering and a degradation of the phase relation between the partially reflected
electromagnetic waves.

Contributions by the author of the thesis: The author contributed a major part
to the realization of the reflectance setups. He was involved in analyzing the
experimental reflectance data as well as in the discussion of all elements enclosed
in this work.

In addition to the work presented in this paper, absolute reflectance measure-
ments were also carried out on 48-period InP/InGaAsP DBRs (λB = 1.55 µm)
[148]. Just like for GaAs-based DBRs a reflectance in excess of 99.95% is ob-
tained in the case of nominally undoped mirrors as can be seen from Fig. 5.1.
However, in accordance with published optical absorption data, the peak re-
flectance of such DBRs in case of n-type doping is only slightly reduced. This
observation is supported by Ref. [149] indicating that group-III interdiffusion is
less pronounced, or at least occurs at much higher n-type doping concentrations
in such structures.

As a final comment, it is reasonable to assume that such n-type doping-
induced loss mechanisms in GaAs-based DBRs do not depend on the design wave-
length of the VCL structure and could be also of concern for short-wavelength
VCLs. As a matter of fact, Huffaker et al. observed improved 850-nm VCL
performance from the application of intracavity contacts in combination with an
undoped bottom DBR [150]. Based on the detailed VCL characteristics they
related this improvement to reduced optical loss in the bottom DBR. Interface
roughness has also been observed in-situ during MOVPE growth of a visible
VCL structure using reflectance spectroscopy by Haberland et al. [151]. They
observed a gradually increasing roughness in the n-type AlGaAs/AlAs bottom
DBR that was significantly decreased in the p-DBR. However, they related this
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decrease to a stabilizing effect due to In being introduced in the reactor during
the growth of the AlInGaP cavity.

5.2 Long-Wavelength Active Regions

One of the most fundamental building blocks of a semiconductor laser is the
active region. The analysis and characterization of such regions play an impor-
tant role to their development and understanding. While Paper III contains a
more theoretical study on 1.3-µm InGaAsP/InP multiple quantum well (MQW)
active regions, an experimental investigation of the properties of 1.2-µm highly
strained InGaAs/GaAs single quantum wells is presented in Paper IV.

Paper III: This paper evolved from an evaluation of the commercial two-
dimensional laser simulation software LASTIP.1 Based on previous work carried
out at KTH [152, 153], it presents a more detailed theoretical study on barrier
height effects in 1.3-µm InGaAsP MQW active regions.

Owing to shortcomings of the InGaAsP material system (see Section 1.4),
traditional InGaAsP LW active regions typically comprise a larger number of
QWs in order to provide sufficient gain for lasing operation. This can result in a
strongly nonuniform carrier distribution within the MQW active region, where
wells at the p-side of the active medium are preferentially pumped [154, 155]. In
recent years, investigations of the operational characteristics of InGaAsP laser
diodes showed that the nonuniform carrier distribution is affected by the height
of the barrier layers and that the overall performance of such laser structures
generally improves as the barrier bandgap is decreased [153, 156, 157].

In order to study the physical mechanisms behind this behavior, we first
measure and analyze the temperature dependence of in-house fabricated 1.3-µm
InGaAsP BA laser diodes with a barrier bandgap of nominally 1.29 eV. The
laser simulator is then calibrated against the experimental results by careful
adjustments of key material parameters in order to obtain reasonable agreement
with the measurements. Based on these parameters, we stepwise reduce the
barrier bandgap in the simulation in order to investigate how this design choice
affects the laser performance as a function of temperature. Indeed, it appears
that small barrier heights in general improve device performance in terms of
threshold current and slope efficiency, despite the loss of electronic confinement
in the shallow conduction band quantum wells. The simulations indicate an
optimum barrier bandgap in the range 1.21–1.24 eV for our laser structure. This
is partially attributed to the nonuniform carrier distribution within the MQW
active region, which in turn strongly affects carrier losses, e.g. due to Auger
recombination or electron leakage from the p-side QW into the cladding.

1LASTIP 5.4.2 by Crosslight Software Inc., 2000.
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Contributions by the author of the thesis: The author carried out all experiments.
He performed the simulations and analyzed the results in cooperation with J.
Piprek. The author also wrote the article.

The results of this paper should not be left without additional comments. An
experimental confirmation of the theoretically predicted optimum barrier height
is still outstanding. However, when this work started, the research on InGaAsP
QWs at KTH was already stopped due to the redirection towards GaAs-based
LW active regions. Therefore, our results are rather of qualitative nature, but
at the same time in line with other research studies on this topic [153, 156, 157].
Still, the simulations provide excellent insight how various physical mechanisms
tend to govern the macroscopic results depending on device design and operating
conditions.

Paper IV: In this paper, properties of 1.2-µm highly strained InGaAs/GaAs
QWs are presented. A high indium content of ∼39%, corresponding to a lattice-
mismatch of approximately +2.8%, is required to achieve such a long wavelength
in this material system. The high biaxial strain necessitates to optimize the
growth methodology in order to prevent the formation of misfit dislocations and
to maintain a high structural quality. This can be attained, e.g., using high
growth rate, low growth temperature, and/or high V/III-ratio [39, 158]. The
specific conditions used for the growth of these QWs are presented in Ref. [116].

Key parameters like internal efficiency, internal optical loss, transparency
current density, and optical gain are obtained from measurements on BA and
RWG lasers based on these QWs. The results indicate good potential for GaAs-
based laser diodes emitting at and beyond 1.2 µm. However, we find a rather
high transparency current density in the order of 100 A/cm2 that is in appar-
ent contradiction to the expectation of a lower transparency current density in
strained QW lasers [13, 159]. This result may suggest a greater tendency for
nonradiative recombination mechanisms in these excessively strained QWs that
counteract the benefit of strain in the material. This is possibly due to the on-
set of strain-driven material degradation requiring further optimization of the
growth conditions.

Contributions by the author of the thesis: The author designed and built the
measurement setups involved in the experimental part of this work. He per-
formed the measurements and analyzed the experimental data. He finally wrote
the article.

In addition to the results published in Paper IV, the good quality of these
QWs is further confirmed by high performance lasing characteristics obtained
from RWG laser diodes. Devices with a stripe width of∼5 µm and a cavity length
of 1050 µm operate CW up to an ambient temperature of at least 145 ◦C [160].
Moreover, the maximum RT (20 ◦C) light output power per facet is in excess
of 200 mW and kink-free operation is achieved up to 175 mW at an emission



52 Chapter 5. Results and Summary of Original Work

0 200 400 600 800 1000
0

25

50

75

100

125

150

175

200

225

T = 120° C

T = 20° C

L = 1050 µm, w = 5 µm
cw operation

 

 

Current (mA)

Li
g

ht
 p

ow
er

 (
m

W
 /

 f
ac

et
)

Figure 5.2. Light–current characteristics for an as-cleaved RWG laser diode
(w≈5 µm, L=1050 µm) at low and high ambient temperature.

wavelength of 1230 nm (Fig. 5.2). In this context, it has been pointed out [161],
that laser diodes emitting in this wavelength range could find application as
pump sources for Raman amplifiers in 1.3-µm telecommunication systems.

5.3 1.55-µm InP-based and 1.2–1.3-µm
GaAs-based VCLs

The early research on long-wavelength VCLs at KTH focused on 1.55-µm devices
relying on conventional InGaAsP/InP active regions along with InP-based bot-
tom DBRs. With the proposal of novel GaAs-based gain materials for long wave-
lengths, the research activities shifted towards monolithic GaAs-based 1.3-µm
VCLs. This approach finally resulted in VCLs with highly strained InGaAs/GaAs
active regions emitting at wavelengths ranging from 1.2 to 1.3 µm. Results ob-
tained from these two fundamentally different device concepts are presented in
Paper V and VI, clearly indicating the superior properties of GaAs-based mate-
rial systems.

Paper V: This paper presents a thermal analysis of the last-generation electri-
cally pumped 1.55-µm VCL fabricated at KTH. The single-fused InGaAsP VCL
structure is based on a monolithically integrated InGaAsP/InP bottom DBR
showing CW laser operation up to an ambient temperature of 17 ◦C [96]. At
the time, it was the first LW VCL with an InP-based bottom mirror reaching



5.3. 1.55-µm InP-based and 1.2–1.3-µm GaAs-based VCLs 53

such performance characteristics. Under pulsed operating conditions laser os-
cillation was observed up to 101 ◦C. This is similar to the value reported from
a double-fused 1.5-µm VCL fabricated at UCSB,2 even though this device was
operating CW up to 64 ◦C [162]. Both our single-fused VCL and the double-
fused device of UCSB employed nominally identical active regions, both grown
at KTH. The main difference between the two device concepts is the use of
a GaAs/AlAs bottom DBR in the double-fused VCL of UCSB. This fact may
explain the considerably larger maximum CW operating temperature for this
device due to the superior thermal properties of the GaAs/AlAs DBR resulting
in reduced self-heating.

Quasi-three-dimensional numerical modelling is applied to analyze the heat
flow problem of the single-fused VCL. The cylinder symmetrical temperature
distribution T (r, z) within the VCL structure is obtained by solving the heat
conduction equation in cylindrical coordinates

−
[

∂

∂r
κr

∂T

∂r
+

1
r
κr

∂T

∂r
+

∂

∂z
κz

∂T

∂z

]
= q(r, z) (5.1)

using a multi-purpose finite element software.3 In Eq. (5.1), q(r, z) is the heat
power density distribution, and κ(r, z) denotes the thermal conductivity in the
vertical (κz) or radial (κr) direction. The temperature dependence of κ is ne-
glected in this study. Moreover, for thermal comparison of different VCL struc-
tures or mounting configurations, the heat power density q(r, z), corresponding
to the measured dissipated electrical power at threshold, is simplified to be uni-
form and distributed among three separate regions.

The simulations indicate that a top-side down mounting configuration of
the single-fused VCL, i.e. the p-type GaAs/AlGaAs DBR facing towards the
heatsink, results in a considerably lower temperature rise in the active region
comparable to that of the double-fused device. Consequently, a significant in-
crease of the maximum CW operating temperature from such a top-side down
mounting scheme is expected. However, this concept was not further pursued
due to the reorientation of the research main focus towards GaAs-based 1.3-µm
VCLs.

Contributions by the author of the thesis: The author provided the thermal
analysis to this work and took part in the writing of the article.

Paper VI: This paper deals with a detailed investigation on the temperature
sensitivity of the threshold current of all-epitaxial LW InGaAs/GaAs VCLs.
These lasers are the recent outcome of combined efforts of KTH and Zarlink
Semiconductor AB towards LW VCLs grown on GaAs substrates [23].

The lasers include a highly strained ∼ 1.2-µm InGaAs/GaAs DQW active
region based on the QW design which properties are presented in Paper IV.

2University of California, Santa Barbara, USA.
3FEMLAB 1.0 by Computer Solutions Europe AB, 1998.
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Figure 5.3. Radial relation between PL peak wavelength (triangles) and cav-
ity resonance (squares) at RT of the InGaAs/GaAs VCL structure presented in
Ref. [23].

Owing to a large negative RT PL–cavity detuning along with a radially nonuni-
form growth rate, the multimode VCLs emit in a wavelength range from 1195
to 1265 nm. Fig. 5.3 shows the RT PL–cavity tuning in relation to the posi-
tion on the wafer. As can be seen, the cavity resonance drops much faster from
the center to the edge of the wafer than the PL peak wavelength resulting in
a PL–cavity detuning in the range of a few to several tens of nanometers. The
longest measured emission wavelength of 1265 nm is about 45 to 50 nm longer
than what was reported previously from similar devices [109, 110]. In addition,
such long emission wavelength is contrary to our conclusion made in Ref. [110],
stating that InGaAs/GaAs VCLs are unlikely to emit much beyond 1250 nm,
based on the longest PL emission wavelength of about 1220 nm reported at that
time [39, 158]. However, these recent results indicate that the optical gain is
sufficiently high to permit CW laser operation up to at least 100 ◦C with RT
milliampere threshold currents and milliwatt light output powers, even on the
far long-wavelength tail of the gain spectrum.

Very basic device properties not presented in this paper can be found in Refs.
[23, 41] and are shortly reviewed in this paragraph. The LI characteristics at
20 ◦C of 10-µm VCLs originating from different radial positions, corresponding to
different emission wavelengths, are shown in Fig. 5.4 under CW as well as pulsed
operation. Both CW and pulsed threshold current rise with increasing emission
wavelength and accordingly with increasing RT PL–cavity detuning. This behav-
ior is stronger in the pulsed case resulting in a larger deviation between pulsed
and CW threshold for increasing detuning. Self-heating of the devices under CW
operation is the main mechanism behind these observations. The slight oscilla-
tions in the light output power observed in the CW LI curves are attributed to
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Figure 5.4. CW (solid) and pulsed (dot) LI characteristics at 20 ◦C for 10-µm
devices measured at different radial coordinates on the wafer. The corresponding
emission wavelengths are indicated. The current–voltage curve (dash) is obtained
from the 1221-nm VCL.

optical feedback from the substrate–air interface (see, e.g. Ref. [13], p. 246),
despite the deposition of an antireflection coating on the polished backside of
these VCLs. It is also found that the threshold current decreases monotonously
with decreasing aperture size to ∼ 3 mA for a 5-µm device emitting at 1260 nm.
Furthermore, measurements of the bottom emission through the polished back-
side conducted on a 13-µm device reveal, that approximately 35% more light is
emitted from the bottom as from the top. Hence, the total light output power
is actually more than double the values presented in Fig. 5.4.

The paper demonstrates that the degree of mismatch between the gain peak
wavelength (which is only a few nanometers red-shifted from the PL peak) and
the cavity resonance at RT of these devices has profound effects on the tem-
perature characteristic of the threshold current. While the threshold current–
temperature characteristic of devices with large RT gain–cavity detuning exhibits
a relatively sharp minimum at high temperatures, it shows a much more conven-
tional behavior for devices with smaller detuning. It is further observed that,
in contrast to previous reports on GaAs-based VCLs [163, 164], the minimum
threshold current does not necessarily occur for the temperature where the gain
peak approximately matches the cavity mode, i.e. near zero gain offset. In
fact, the degree of gain offset corresponding to minimum threshold current in-
creases with increasing detuning between gain maximum and cavity resonance
at RT. Our experimental observations are well described by following a qualita-
tive approach indicating that the overall shape of the VCL threshold current–
temperature characteristic is strongly related to the temperature-sensitivity of
the active region performance, the initial alignment between gain maximum and
cavity resonance at RT, as well as the lineshape of the gain curve.
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Contributions by the author of the thesis: The author contributed with the char-
acterization setup to this work. He carried out all measurements, analyzed the
experimental data, and finally wrote the article.

In addition to the work presented in this paper, small- as well as large-signal
measurements have been performed on these devices at Zarlink Semiconductor
AB [116]. The small-signal bandwidth decreased with increasing gain–cavity
detuning, presumably due to a combined effect of temperature-induced photon
density saturation and decreasing differential gain when operating the device on
the long-wavelength side of the gain curve. Yet, data transmission experiments
at 10 Gb/s in a back-to-back configuration for 1260-nm devices resulted in clearly
open and symmetric eye diagrams, indicating good potential for such devices to
be employed in high-speed communication networks.

However, although an emission wavelength of 1260 nm is just in compliance
with the lower limit of the wavelength window as specified for important optical
communication standards, such as 10 Gigabit Ethernet or Telecom SONET OC-
192 [113, 165], it would be desirable to push the wavelength somewhat further
towards 1300 nm. Very recently, our group has fabricated DQW InGaAs VCLs
with record-long emission wavelengths up to 1300 nm [114]. These devices are
based on a further optimized highly strained InGaAs active region with improved
PL efficiency and slightly longer wavelength at around 1205 nm. Very promising
device characteristics in terms of threshold current and light output power were
obtained, including 1.27-µm VCLs with singlemode output power close to 1 mW,
as well as higher-power multimode devices in the 1270–1300 nm wavelength
range.

Finally, recent work on optimizing the growth conditions for highly strained
InGaAs QWs indicate that there are good prospects for shifting the QW emission
peak towards longer wavelength. Similar to other reports [39, 158], we have more
recently achieved PL emission somewhat beyond 1220 nm from highly strained
InGaAs QWs using strain-compensating GaAsP barriers. Very recently, we could
yet demonstrate PL emission as long as 1240 nm [41] in line with a previous
report by Bugge et al. [40]. This is about 40 nm longer as compared to the QWs
incorporated in our last-generation VCL structure. The incorporation of such
QWs in future VCL structures should further improve the device performance,
resulting in higher light output powers, lower threshold currents, and reduced
temperature sensitivity with a shift of the minimum threshold current towards
room temperature, thus approaching standard VCL tuning.



Chapter 6

Conclusions

This work focused on the characterization and analysis of material systems and
building blocks for LW VCLs, as well as of full device structures. For this pur-
pose, several characterization techniques have been applied requiring the buildup
of a number of measurement setups. This includes the modification and improve-
ment of a previously reported technique to accurately measure the absolute re-
flectance of highly reflective distributed Bragg reflectors. Such measurements
indicated that high n-type doping levels in AlGaAs/GaAs DBRs are much more
detrimental to the reflectance of these mirrors than previously anticipated. We
attribute this to doping-induced enhanced Al/Ga intermixing during growth,
resulting in roughened interfaces that scatter the light.

When this thesis started, the research on LW VCLs was concentrated on InP-
based 1.55-µm devices with integrated InP/InGaAsP bottom DBR. However,
such devices, employing a single-fused AlGaAs/GaAs top DBR, showed CW
operation only up to 17 ◦C. The very limited operating performance of these
devices is to a significant extent the result of the poor thermal properties of
the quaternary InP-based bottom DBR, as confirmed by a numerical thermal
analysis. In addition, high-performance operation of such VCLs is exacerbated
by the high temperature sensitivity of conventional InGaAsP active regions.
However, based on advanced numerical modelling, a theoretical study revealed
that the temperature performance of such MQW active regions can be somewhat
improved by a careful choice of the barrier layer bandgap.

Further efforts were directed towards all-epitaxial GaAs-based LW VCLs.
High-performance laser operation including milliampere threshold current and
milliwatt light output power even at wavelengths around 1265 nm was achieved
from devices based on highly strained InGaAs/GaAs DQW active regions. Thus,
such devices comply with the lower limit of the 1260–1360-nm wavelength range
as specified for important optical communication standards such as 10 Gigabit
Ethernet or Telecom SONET OC-192 [113, 165]. The properties of the InGaAs
QWs were studied in more detail by implementation in BA and RWG laser
diodes. Hereby, promising results were obtained despite the high compressive

57
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strain. The relatively short emission wavelength of ∼1.2 µm from these QWs
requires to considerably shifting the cavity resonance to the long-wavelength side
of the gain spectrum in order to reach laser operation around 1260 nm. Such a
large gain–cavity detuning has profound effects on the VCL threshold current–
temperature characteristic. In fact, the threshold current of such excessively
detuned devices is strongly temperature sensitive and shows a minimum at very
high temperatures. However, improvements of the material quality of the active
region can contribute to reducing the temperature sensitivity of the threshold
current in spite of a large mismatch between gain maximum and cavity resonance.
Very recently, record-long emission wavelength of 1300 nm from InGaAs VCLs
with similar gain–cavity detuning was reported by Sundgren et al. [114]. In
fact, these devices employed further optimized InGaAs QWs with improved PL
efficiency, and showed considerably less temperature-sensitive behavior of the
threshold current.

Based on these results we believe that InGaAs VCLs have good potential
for 1.3-µm applications and can be a viable alternative to GaInNAs-based ones,
which are presently considered to be the most promising candidates. Encour-
aging performance characteristics were reported from both MBE and MOVPE
grown GaInNAs VCLs, whereas MOVPE is the preferred tool for large-volume
production. However, based on the observation of degrading laser performance
for successive acquisition scans of the LI characteristic, it has been indicated
that reliability of GaInNAs VCLs grown by MOVPE might be an issue [41].
Similar behavior was not observed for the InGaAs VCLs presented in this work.
Apart from that, InGaAs VCLs would clearly benefit from a fabrication-point-
of-view, with better controllable growth and material properties. However, there
are still issues in relation to their development that need to be considered. More
efforts have to be made in order to better understand the limits of this tech-
nology, in particular, to what extent the large gain–cavity detuning and QW
strain affect the device performance in terms of high-speed characteristics, mode
control and reliability. On the other hand, pushing the InGaAs QW emission
wavelength somewhat further towards 1300 nm should clearly have an improving
effect on the device performance in respect of lower threshold currents, higher
light output powers, less sensitive temperature behavior and better high-speed
characteristics.

A final comment concerns the future of LW VCLs in general. After about
one decade of LW VCL research, it is not yet foreseeable when or if at all
such devices will experience a similar commercial breakthrough as their short-
wavelength counterparts. Moreover, while highly strained InGaAs and GaInNAs
QWs can be considered as active region material for 1.3-µm VCLs, the former
ones are surely unsuitable and the latter ones presently seem to be unlikely to
find application in 1.55-µm VCLs. In this wavelength range, well-established
InP-based active regions seem to remain the dominating technology. Finally,
one should remark that whatever LW VCL technology prevails in the end, it will
have to compete with low-cost FP and uncooled DFB lasers, which also have
seen a considerable development in recent years.
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