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Abstract 
Long-wavelength vertical-cavity surface-emitting lasers (VCSELs) are desirable 

as low-cost sources for optical metropolitan-area and access networks. In the 
development of 1.3-µm VCSELs, most attention today is given to monolithic GaAs-
based solutions, although no established active material exists in this wavelength 
region. This thesis investigates the possibility of reaching the 1.3-µm telecom 
wavelength window using GaInNAs quantum wells (QWs) or 1.2-µm InGaAs QWs 
in conjunction with negative gain-cavity detuning in VCSELs. The work includes 
metal-organic vapor-phase epitaxy and characterization of InGaAs and GaInNAs 
QWs, realization of 1.3-µm InGaAs VCSELs as well as elements of optimization and 
analysis of such lasers. The evaluation of GaInNAs and InGaAs QWs has been 
performed using a number of characterization methods such as photoluminescence 
(PL), high-resolution x-ray diffraction, secondary-ion mass spectroscopy, and atomic-
force microscopy as well as fabrication and evaluation of broad-area lasers (BALs). 

Both performance and growth reproducibility of GaInNAs QWs are considered 
and could be improved by using high V/III ratios. Nontrivial relations between PL and 
laser performance are pointed out and the technologically important but problematic 
combination of AlGaAs and GaInNAs in the same epitaxial structure is studied. 
Parallel to the work on GaInNAs, the possibility of extending the wavelength of 
InGaAs QWs towards 1.3 µm has been investigated. Generally better luminescence 
efficiency and laser performance are obtained for InGaAs than for GaInNAs QWs, 
but the gain-peak wavelength for InGaAs QWs is presently limited to about 1.24 µm 
due to strain-induced degradation. In this work the InGaAs QW growth is optimized 
for long wavelength and high luminescence. It is demonstrated that multiple QW 
structures can be grown with strain similar to that of single QWs, which is interesting 
for VCSEL applications. Record BALs with two to five InGaAs/GaAs QWs have low 
threshold current densities, ≤ 70 A/cm2 per QW at 1.24 µm. The main advantage of 
InGaAs QWs compared to GaInNAs QWs is that they represent a better-known 
material system with less complex and more stable growth. However, InGaAs QWs 
> 1.2 µm are on the verge of strain relaxation, and the possible consequences for laser 
production and reliability have to be considered. 

Using 1.2-µm InGaAs QWs, high-performance 1.3-µm VCSELs were achieved 
by negative gain-cavity detuning. Dynamic performance and surface reliefs to 
improve the single-mode operation have been investigated. The VCSELs have 
excellent high-temperature performance due to a smaller spectral distance between the 
gain-peak and the laser mode at elevated temperature. More specifically, a 1.27-µm 
single-mode device showed maximum output powers of 1.1 and 0.5 mW at 20 and 
140ºC, which is state-of-the-art for GaAs-based long-wavelength VCSELs. 

In all, two methods for 1.3-µm GaAs-based VCSELs, GaInNAs and InGaAs 
QWs, have been investigated. GaInNAs is a difficult material but is still promising 
and several companies have predicted a near-future market introduction. However, the 
growth of GaInNAs is both complex and sensitive to growth fluctuations. On the 
other hand, gain-cavity detuned InGaAs-QW VCSELs show state-of-the-art 
performance at 1260-1290 nm with straightforward growth and processing. The 
devices exhibit good static and dynamic performance, and preliminary reliability tests 
indicate that there is no intrinsic problem. Both approaches are promising for 
application in real-world optical networks and deserve further attention. 
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1 Introduction 
1.1 Optical communication 

The development of personal computers and the ability to connect them into a 
worldwide network, the Internet, have had a great impact on society the last decades. 
The signals in this network are transmitted both electrically in copper wires and by 
light pulses in transparent silica fibers. An increasing amount of data is also 
transmitted via wireless solutions. Electrical transmission is used for short-distance 
links with relatively low bandwidth, typically close to the end user, whereas optical 
transmission is used for higher data rates and/or longer distances such as in the links 
between cities, countries and even continents. 

The reason for converting an electrical signal to a light signal and then back to 
electrical again is the enormous decrease in attenuation for light in a Silica fiber as 
compared to electrical signals in a copper wire. However, the Silica fiber is not 
perfect transmitter of light. Both attenuation and dispersion, i.e. the light-speed 
change with respect to wavelength, can be the limiting factor for link length or 
bandwidth, see Figure 1. The attenuation and dispersion of standard fibers have 
minima at 1550 nm and 1300 nm, respectively. The wavelengths around 1550 nm are 
therefore used for very long distances where a low attenuation is the most desirable 
property. For distances up to around 20 km where the attenuation is less important, 
1300 nm is an alternative. 

Semiconductor lasers, light-emitting diodes and detectors convert the electrical 
signals to light pulses and back again. The indirect bandgap of Si makes it unsuitable 
for light emission despite well-established processing, excellent integration 
possibilities with electronics, low wafer cost and large wafer sizes. The lasers are 
instead made from either InP- or GaAs-based semiconductor crystals. Edge-emitting 
InP-based distributed feedback (DFB) lasers and Fabry-Pérot (FP) lasers are used for 
long-distance links, while short-range (up to a few hundred meters) applications use 
GaAs-based vertical-cavity surface-emitting lasers (VCSELs) emitting at 850 nm. 
These VCSELs are cheap to produce compared to the edge-emitting lasers used for 
long-distance links. 

There are several differences between edge-emitting lasers and VCSELs. As the 
name suggest, the light from a VCSEL is emitted vertically, parallel to the epitaxial 
growth direction. The geometry of VCSELs enable full wafer processing and testing, 
and cleaving is not necessary until mounting. They have relatively low threshold 
currents, consume little power, generate less heat, but also normally have lower 
output power than other semiconductor lasers. Unlike standard edge-emitting lasers, 
VCSELs produce circular beams, which enables easy and efficient coupling to a fiber. 
A VCSEL is generally smaller than an edge-emitting laser, both in wafer area and in 
active region volume, and one can fit tenths of thousands of VCSELs on a two-inch 
wafer. 

It would be desirable to use VCSELs also at longer wavelengths, but while high-
reflectance distributed Bragg reflector (DBRs), necessary for VCSELs, with high 
thermal conductance can be made in the AlGaAs/GaAs material system, no such 
material combination is available on InP substrates. On the other hand, well-
established high-quality active material is available at 1300 and 1550 nm lattice 
matched to InP, but not yet on GaAs. Huge amounts of research time and money have 
been spent to find a solution to this intriguing and difficult problem, and a vast 
number of approaches have been investigated. Different mirror designs such as 
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Al(Ga)As/GaAs, InP-based and dielectrical DBRs have been combined in various 
ways with GaAs- or InP-based active materials, often together with non-standard and 
complex processing, wafer fusion, intra-cavity contacts, tunnel junctions, and so on 
[1]. 

 
Figure 1. Maximum transmission distance as function of bit rate for various types of links. 

1.2 VCSELs – from idea to high-performance 1.3-µm devices 
The VCSEL concept was first demonstrated on an InP substrate in 1979 but the 

maximum operating temperature was limited to 140 K and it had longitudinal 
multimode emission due to the long cavity [2]. The same group performed much of 
the early work on VCSELs and room temperature operation of a GaAs based VCSELs 
was realized in 1983 [3]. Threshold current as low as 6 mA was obtained in 1987 [4] 
and several groups achieved continuous room-temperature operation of GaAs-based 
VCSELs as well as even lower threshold currents in 1989 [5,6,7,8]. Honeywell 
introduced the first VCSEL component targeted for fiber optic data communications 
in 1996 [9]. 

Babic et al. showed the first room-temperature continuous-wave operation of 
long-wavelength VCSELs [10]. These devices had emission wavelengths around 
1.54-µm and was double-fused with Al(Ga)As/GaAs DBRs and InGaAsP multiple-
quantum wells (MQW) structures. An even more complex design by Gore Photonics 
comprises an 850-nm pump VCSELs on top of a double-fused 1.3-µm VCSEL with 
InP-based active region and more than 1 mW output power [11]. Similar performance 
at 1.55 µm was later achieved with the same design [12]. Wafer fusion is however a 
difficult technique to master and may result in defects due to lattice mismatch (3.7% 
between InP and GaAs), twist, surface steps, surface roughness etc. [13]. Reliability 
and compatibility with volume production are therefore possible concerns regarding 
wafer-fused VCSELs. 

Long-wavelength VCSEL form one single epitaxial run, operating continuous 
wave above room temperature was first achieved with metamorphic GaAs-AlGaAs 
DBRs grown on InP [14,15]. Improved temperature characteristics were obtained with 
a complicated design including one InP-based DBR, one hybrid mirror with a 
dielectrical-metal layer stack, and an integrated Au heat sink [16]. 

More lately, the development of 1.3-µm VCSELs has been concentrated on 
monolithic GaAs-based solutions with the full structure lattice matched to GaAs, 
including some novel active region. One of the most promising materials for 1300-nm 
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GaAs-based lasers has considered being GaInNAs, which was first proposed by 
Kondo et al. [17,18]. Unfortunately, the growth GaInNAs has proven to be difficult, 
with nonstandard growth parameters and poor reproducibility, but broad-area laser 
(BAL) performance have been improved over the recent years, both for devices 
grown by molecular-beam epitaxy (MBE) [19,20] and metal-organic vapor-phase 
epitaxy (MOVPE) [21,22,23,24,25]. Presently the lowest BAL threshold-current 
density (Jth) at 1.3-µm is just above 0.2 kA/cm2 [25]. This material system has shown 
promising VCSEL results [26,27,28]. 

Traditionally, InGaAs/GaAs VCSELs are only considered for short-wavelength 
applications and InGaAs quantum wells (QWs) have been limited to emission 
wavelengths below 1 µm.  However, two groups presented InGaAs VCSELs at 1.2-
µm in 2001 [29, Paper F], which was significantly longer than previously reported 
InGaAs VCSELs [30]. Further steps were taken by utilizing a large negative detuning 
between the photoluminescence (PL) wavelength (~1.2 µm) and VCSEL cavity 
resonance, resulting in high-performance 1.26-1.30 µm VCSELs [Paper G, Paper H]. 
Inspired by this work, negative gain-cavity detuning has also been used in conjunction 
with InGaAs:Sb QWs, where Sb is used as a surfactant and also redshift the emission 
somewhat. These 1.27-µm VCSELs show similar performance as the above InGaAs 
VCSELs [31,32]. 

Other long-wavelength active materials on GaAs have also been examined for 
VCSEL applications. 1.3-µm InAs/InGaAs quantum-dot (QD) VCSELs on GaAs 
substrates with all-semiconductor DBRs used 3×3 sheets with QDs and showed 
threshold currents and output powers of 2.2 mA and 1.5 mW [33]. However, the 
critical growth of QDs may constitute a problem from a production point-of-view. 
Also GaAsSb QW VCSEL in the 1.3-µm range has been presented but lag a step 
behind the best-performing GaInNAs and InGaAs VCSELs [34,35]. 

1.3 About this work 
In this thesis, the growth and performance of single-epitaxial 1.3-µm VCSELs 

on GaAs has been investigated. Especially, care has been taken to study the influence 
of growth conditions on 1.2-1.3-µm InGaAs and GaInNAs QWs. The structures have 
been grown by MOVPE and characterized by a number of methods including 
photoluminescence (PL), high-resolution x-ray diffraction (HRXRD), secondary-ion 
mass spectroscopy (SIMS), atomic-force microscopy (AFM) as well as fabrication 
and evaluation of BALs. High-quality InGaAs and GaInNAs QWs were grown using 
low growth temperature, high V/III ratio and low growth rate. Potential problems for 
laser implementation of GaInNAs QWs have been investigated. High-performance 
VCSELs have been realized using highly strained 1.2-µm InGaAs QWs in a standard 
VCSEL design except for the cavity resonance that is tuned to a significantly longer 
wavelength. In this way, a comparably simple active material can be used to achieve 
lasing above 1260-nm, which is the lower wavelength limit of common standards 
such as 10-Gigabit Ethernet [36] and Telecom-SONET OC-192 [37]. 
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2 Semiconductor lasers 
A laser consists of a resonant cavity made up from two mirrors and a photon 

generating active material. A photon stimulating the emission of another photon with 
the same energy and phase is the basic principle by which all lasers work. The 
photons bounce back and forth between the mirrors and start an avalanche by 
generating more and more photons. Equilibrium is reached when the optical gain 
equals the losses in the cavity and through the mirrors. The useful light is usually 
coupled out of the cavity through one of the mirrors that is intentionally semi-
transparent. 

The active region can be made of many different materials as long as it can 
produce an optical gain that overcomes the losses in the cavity and mirrors. 
Semiconductor lasers have a number of advantages over other types of lasers such as 
high efficiency due to direct electrical pumping, small size and high reliability. 
Semiconductor lasers can often be produced to a much lower cost than gas or solid-
state lasers but have certain disadvantages such as lower beam quality and lower 
output power. 

If a semiconductor laser is designed for electrical pumping the layers above and 
below the active region are usually p-doped and n-doped, respectively. When 
electrons and holes are injected into the structure, they drift towards the active region 
where they recombine. The carrier recombination can be either radiative or non-
radiative, i.e. involving useful photons or not. 

2.1 BALs 
The BAL is a relatively simple device, and is in the context here used as for 

evaluation of quantum wells. Making the device as simple as possible minimizes the 
uncertainties due to process failures and the laser performance therefore reflects the 
properties of the QW. It is therefore a way to compare QW performance with other 
internal or published results. 

The epitaxial structure of a BAL consists of an n-doped cladding layer, an 
undoped cavity with the active material and a p-doped upper cladding layer. The 
cladding layers have a lower refractive index than the cavity and confine the optical 
mode in the vertical direction. The laser is gain guided and the width is defined by the 
size of the p-contact. The current injection in the active region is actually somewhat 
broader than the p-contact due to current spreading but this is usually neglected. 
Cleaved semiconductor-air interfaces act as mirrors with approximately 30% 
reflectivity. 

A typical light-current behavior is shown in Figure 2 where three regions are 
easily identified. Below Ith where spontaneous emission dominates, above Ith where 
sufficient gain for lasing is reached and above a certain current where heating damps 
the power. After thermal rollover the output power decrease with injected current. The 
most used BAL quantity to measure the active region quality is the threshold current 
Ith, or rather, the threshold current density Jth, obtained by dividing Ith with the 
horizontal area where the current is injected. While other parameters such as the 
internal quantum efficiency iη , defined as the fraction of the injected current above 
threshold that results in stimulated emission, is more closely connected to the active 
region quality, Ith can be measured easier and with higher accuracy. Spontaneous 
emission dominates below Ith and the carrier density is increasing with drive current. 
Above Ith the carrier density and thereby the spontaneous emission is clamped and 
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increasing current will instead contribute to the lasing modes. The light output power, 
P, linearly increases above Ith as 

 

( ) ),( ththd IIII
e

hP >−= ην   

 
where νh  is the photon energy, e the elementary charge and dη  the differential 
quantum efficiency. The unknown parameters dη  and Ith can be obtained by a linear 
fit of the P-I diagram clearly above threshold. The differential quantum efficiency and 
the internal efficiency iη  are related via the mirror loss mα  and the internal loss iα  as  
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and η  and iα  can be estimated by comparing devices of different lengths. 

The threshold current temperature dependence of BALs and other edge-emitting 
lasers is often described by the phenomenological property T0, defined as 

 
0/
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This model is a simple and somewhat crude way of combining all temperature-
dependent effects that occur in a laser. A laser may have different T0 values 
depending on temperature, showing up as different slopes in the ln(Ith) versus T plot, 
see for example Paper A.   

Several effects complicate comparisons of Jth for lasers with different number of 
QWs. On one hand, it is more difficult to reach transparency current in MQW lasers 
because each QW get a smaller share of the carriers and the carriers may also be 
unevenly distributed. On the other hand, MQW lasers have a larger optical 
confinement factor and the Auger recombination should be less pronounced since it is 
proportional to the carrier density to the power of three. Short-cavity single-QW 
(SQW) lasers may suffer from gain saturation. 
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Figure 2. Typical P-I diagram of a semiconductor laser showing three different regions: spontaneous 
emission, lasing (linear), and damped by heating (thermal rollover). 

2.2 VCSELs 
The epitaxial structure of a monolithic VCSEL (as for example shown in Figure 

28) is typically grown on an n-doped substrate and begins with an n-doped bottom 
DBR. If the device is top emitting, the bottom DBR should have as high reflectivity as 
possible. The cavity contains the active region and the p-n junction. The cavity 
resonance should be spectrally placed in the center of the DBR stop band for 
maximum reflection and can be seen as a sharp dip in the reflectance spectra of the 
complete VCSEL structure, see Figure 25. The active material is placed as close as 
possible to an antinode of the optical field. If many QWs or many layers of QDs are 
used, they can be distributed over a number of optical nodes. The number of periods 
in the top p-doped DBR can be adjusted in order to change the reflectance and 
transmittance, and thereby fine-tune the VCSEL characteristics. The cavity and the 
DBR periods closest to the cavity, in particular the p-doped DBR, may be less doped 
in order to limit the losses where the optical field is the strongest. The small overlap 
between the optical mode and the active region is compensated by a DBR reflectivity 
very close to unity. The optimization of DBR reflectivity is therefore important, but a 
high-performance active region is still essential for the VCSEL operation. 

The mirrors surround a cavity of only one or a few λ, ensuring longitudinal 
single-mode operation. In the in-plane directions, the optical mode in GaAs-based 
VCSEL can be confined by a partially oxidized ~40-nm AlxGa1-xAs (x ≥ 0.98) layer, 
which also confines the carriers [38,39]. A large aperture gives a high output power, 
while a small aperture is beneficial for single-mode operation and gives lower Ith. The 
exact position of the oxidation layer determines the amount of guiding. Other methods 
for current confinement include air-post design and ion implantation. With the former 
approach, it is difficult to etch small apertures, and current leakage as well as heat 
dissipation might be a problem without regrowth around the mesa. The latter 
approach does not offer optical guiding.  

To improve the transversal single-mode operation, surface relief can be 
introduced on the topmost Bragg reflector in such a way that it promotes the 
fundamental mode while it suppresses higher-order modes. This has been done either 
by a shallow etch in the topmost GaAs layer [40], or by depositing a thin, patterned 
Ge or Si coating [41, Paper J]. Single-mode applications may also require polarization 
stability. The natural asymmetry in edge-emitters provides the necessary polarization-
mode selection, but a VCSEL with nearly circular-symmetric cross section can exhibit 
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polarization switching. Asymmetric aperture design that favors one polarization mode 
can be applied in order to control the polarization [42]. 

2.2.1 DBRs 
As an important component in VCSELs, DBRs deserves a separate section. A 

DBR consists of a stack of quarter-wavelength layers with alternating high and low 
refractive indices, as illustrated in Figure 3. Even if each interface has a quite 
moderate reflectance the entire layer stack can have a very high reflectivity above 
99%, which is required in VCSELs where the round-trip gain is low. For one interface 
the reflectance coefficient is )/()( 1212 nnnnr +−= , where n1 and n2 is the refractive 
indices of the two materials. Without losses and at the Bragg wavelength, that is when 
each layer has an optical path length of λ/4, the net DBR reflectance coefficient is  
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where m is the number of periods. As m increase the reflection approaches one, but is 
limited by the optical loss that is not included in the expression above. The reflected 
power is 2

DBRrR = . At other wavelengths the reflectivity falls off as seen in the 
experimental DBR reflectivity spectrum in Figure 4. Closer theoretical calculations 
including optical loss and wavelength dependence can relatively easy be carried out 
using transmission matrix theory [43]. 
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Figure 3. The principle of a DBR is illustrated. 
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Figure 4 Example of reflectivity spectrum from a 
25-period AlGaAs/GaAs DBR. The noise origins 
from the measurement equipment. 

The DBR reflectivity and electrical conductivity are crucial parameters in 
VCSELs. The situation for VCSELs with large gain-cavity offset is in fact more 
critical because of the low gain at the long-wavelength tail of the gain spectrum. 
Abrupt undoped DBRs with a very high number of periods are ideal from an optical 
point of view but such mirrors have very low conductivity due to the low carrier 
concentration and sharp potential barriers [47]. There is a balance between high 
reflectivity and low electrical resistance for VCSELs with vertical current injection. A 
number of measures can be applied to improve the conductivity without too much 
optical degradation.  

Compositional grades can be used between the low and high index layers to 
smooth the potential barriers [44]. Compositional grades are easier to achieve in 
MOVPE than in MBE because the precursor mass-flow controllers in an MOVPE 
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system can be rapidly adjusted to arbitrary values (within certain limits), whereas 
non-digital switching in MBE is more difficult.  

Doping adds optical loss in the DBRs. Generally, p-doping is considered as 
more critical than n-doping and the absorption increases with wavelength [45]. On the 
other hand, n-doping with Si has been reported to induce interface roughening an 
thereby increasing the optical loss [46]. Improved characteristics can be achieved 
using high doping levels where it is most needed, i.e. spike or box doping in the 
interfaces between the high- and low-refractive index layers [47]. Due to high 
diffusion coefficients Zn and Si are not well suited for spike or box doping. In p-type 
DBRs, C is the common choice. However, for MOVPE the source molecules CBr4 or 
CCl4 significantly reduce the growth rate and complicate the calibration process.  

Another important issue for VCSEL application of DBRs is the heat dissipation. 
Generally, the phonon scattering strongly increases with the number of elements in 
the crystal. Al(Ga)As/GaAs DBRs are therefore highly advantageous in this context 
as compared to InGaAsP-based DBRs on InP substrates [48]. In addition, fewer DBR 
periods are needed in the Al(Ga)As/GaAs system due to the higher refractive-index 
contrast, i.e. higher reflectivity per interface. 
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3 Epitaxy 
The word epitaxy means “to arrange on” and is derived from Greek. Epitaxy is 

the art of growing single crystal layers in such way that the grown crystal follows the 
structure of the underlying crystal surface. In order to obtain one single crystal over 
the whole growth area, the epitaxy ideally starts on a substrate crystal with the same 
elements as the grown crystal, e.g. a GaAs substrate is used for GaAs growth. This is 
not possible for all material systems. For example, GaN is normally grown on 
sapphire or SiC, because large single crystalline GaN ingots have proven to be very 
difficult to fabricate. Depending on the growth technique, the process pressure ranges 
from high vacuum to atmospheric pressure. The growth temperature can vary from a 
few hundred to well over 1000°C. 

In MOVPE of III/V compounds, metal-organic molecules act as precursors for 
the group III atoms while the precursors of the group V atoms traditionally has been 
hydrides such as AsH3 and PH3. An increasing part of the hydrides is replaced by 
metal-organic sources like TBAs and TBP due to safety reasons or sometimes due to 
the lower pyrolysis temperatures of these molecules. 

Figure 5 shows a schematic drawing of a metal-organic source channel. An 
important feature in modern MOVPE reactors is the vent-run gas switching, enabling 
high-precision growth with sharp interfaces. Before growth, the precursor gas is 
directed to the exhaust (vent) for flow stabilization (AV open and AR closed in Figure 
5). When the precursor flow is switched into the reactor (AR open and AV closed), an 
equally large gas flow is simultaneously switched out in order to reduce the 
disturbance of the overall gas dynamics in the reactor chamber (BV opens and BR 
closes). Push flows in the precursor-gas channels are used to obtain high gas 
velocities and minimize the time delays due to tube lengths.  
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Figure 5. Schematic drawing of a typical gas piping of a metal-organic source channel. The source 
mass-flow controller (MFC) regulates the H2 flow through the bubbler. The water bath (marked “H2O”) 
and the pressure controller (PC) regulate the TMGa temperature and pressure, respectively, deciding 
the TMGa vapor pressure and the TMGa vapor mole fraction in the bubbler. When the source is in use 
(during stabilization or growth), V1 and V2 are open and V3 is closed, otherwise, V1 and V2 are close 
and V3 is open. 

As the precursor molecules reach the heated reactor, reactions take place both 
on the wafer surface and before the molecules reach the wafer. At the elevated 
temperature, the relevant atoms are separated from the attached hydrogen atoms, ethyl 
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or methyl groups, etc. These reactions are complex and generally not known in detail. 
Pre-reactions may take place, where the different precursor molecules react with each 
other. Growing crystals with many elements and/or poorly investigated precursor 
molecules is therefore challenging. 

The group III precursor flow determines the growth rate and a sticking 
coefficient of one are often assumed for the group III species. The group V species are 
volatile at high temperatures and As evaporates from a GaAs surface at temperatures 
above a few hundred degrees. An excess flow of group V species is therefore 
maintained to stabilize the surface even during heating, cooling, growth interrupts and 
thermal annealing.  The growth is usually limited by mass transport and the growth 
rate is almost independent on temperature due to the almost temperature-independent 
diffusion. At very high temperatures, the growth is limited by thermodynamics. On 
the other hand, at very low temperatures the growth is kinetically limited due to 
incomplete cracking of precursor molecules or slow reaction rates. Under some 
circumstances, such as in growth of highly strained InGaAs and GaInNAs, a low 
temperature is very advantageous in order to suppress strain relaxation or reduce 
desorption of N species. Precursor molecules with low pyrolysis temperatures such as 
TEGa and TBAs instead of the standard precursors TMGa and AsH3 may allow 
growth in the mass-transport limited regime even at low temperatures, and can also 
improve the growth control as well as reduce impurities [49]. 

In this work, an Aixtron 200/4 MOVPE reactor with a 3×2-inch wafer 
configuration is used. A schematic drawing of the growth chamber is shown in Figure 
6. The quartz walls are transparent for the radiation from the heating lamps. The 
wafers rotate as the arrows in the figure indicate by gas foil rotation, where a gas flow 
is injected in spiral trenches under the wafer discs. The susceptor and the rotating 
discs are made from graphite in order to withstand the high temperatures. A constant 
total gas flow of 15000 sccm is introduced into the reactor chamber from the left in 
the figure. The gas mainly consists of H2 with small amounts of precursor molecules. 
Other carrier gases than H2 and N2 are rare. The process pressure is 100 mbar in this 
work. The reactor is equipped with six gas source channels and eleven channels for 
liquid precursors, including two channels for gas source doping and one for liquid 
source doping. The group V sources are AsH3 (two channels), PH3 (two channels), 
TBAs (two channels), TBP, and DMHy, the group III sources are TMIn (two 
channels), TMGa (two channels), TEGa, and TMAl, and the doping sources are SiH4 
(two channels) and DEZn. Getter purifiers from Aeronex [50], Millipore [51] and 
SAES [52] are installed for H2, AsH3 and DMHy, respectively, mainly to reduce 
moisture and oxygen.  

 
Figure 6. Schematic top-view drawing of the MOVPE reactor used here. Solid arrows indicate rotations 
and broken arrows indicate gas flows. Light gray and dark gray areas represent graphite susceptor and 
semiconductor substrates, respectively. 
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3.1 Strained layers 
A grown crystal does not have to be perfectly lattice-matched to the substrate 

but can have a certain lattice mismatch without forming misfit dislocations. The 
native lattice constant, a, of InxGa1-xAs or Ga1-xInxNyAs1-y, can be calculated by linear 
interpolation between the lattice constants of the binary compounds.  
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The interpolation formula is known as Vegard’s law and is often used for many 
parameters of alloyed semiconductors. The relaxed misfit (i.e. using the natural lattice 
constants of the grown layer and the substrate) is  
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For ideal growth the mismatched layer adjusts to the substrate lattice in the horizontal 
directions, , giving GaAsaa =|| 0|| =ε . The vertical lattice constant increase (decrease) 
for compressive (tensile) strain as GaAs)1( a⊥a⊥ += ε , where )1/()1( ννεε −+=⊥  and 
the Poison’s ratio 3.0≈ν  for most semiconductor materials.  

These relations are used for composition calculation from HRXRD 
measurements, where a  is obtained via Bragg’s law. One may then calculate ⊥ ⊥ε , ε  
and finally the native layer lattice constant  via (2). This value can then be 
used in (1) to obtain the InGaAs composition, or a relation between In and N molar 
fractions in GaInNAs. See also Section 4.2. 

GaInNAsa

For growth in the (100) direction, assuming no shear stresses (the shear strain is 
however not equal to zero), the deformation can be described as 

 

































−−
−−
−−

=















⇔=

3

2

1

3

2

1

1
1

1
1

σ
σ
σ

νν
νν
νν

ε
ε
ε

E
Sσε  

 
where E is Young’s modulus, the strain and stress in the parallel directions 

are εεε −== 21  and 21 σσ =  due to symmetry, and the orthogonal strain is 
εεε −= ⊥3 . The third stress component equals zero, 03 =σ , because the grown layer 

is able to expand freely in the growth direction. Note that ε1, ε2 and ε3 are taken 
relative to the native size of the grown layer, whereas ε, ε|| and ε⊥ are relative to the 
substrate. Alternatively, the deformation can be described by the stiffness matrix, C, 
which is the inverse of the compliance matrix above, .  1−= SC
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The deformation can thus be described either by E and ν or by c11 and c12. See 
Table 1 for values of c11 and c12. These parameters are used to calculate the bandgap 
shift for biaxial strain. Both hydrostatic and shear components contributes to the 
bandgap shift as shown in Section 5.2.  

Strained layers are frequently used in opto-electronic semiconductor devices 
where strained quantum wells have a number of advantages. Strain gives an extra 
degree of freedom when designing epitaxial structures in order to reach other 
emission wavelengths (on a specific substrate), improving the carrier confinement etc. 
Especially thin layers can be grown with high strain without misfit-dislocation or 
island formation. Other advantages include better match between electron and hole 
masses that improves the laser transparency current as well as the differential gain 
[53]. 

3.2 Strain relaxation and critical thickness 
The specific material, the mismatch to the substrate and the growth parameters 

determine a critical thickness below which the crystal can accommodate the strain. 
Early theoretical investigations of misfit dislocations were performed by Frank and 
van der Merwe [54,55,56,57]. Matthews and Blakeslee gave a widely accepted 
theoretical model for critical thickness calculations in 1974 [58]. In this model, 
threading dislocations already present in the crystal elongate when the force exerted 
by the misfit strain exceeds the dislocation line tensions. The critical thickness is 
therefore defined as the thickness where these forces balance each other. People and 
Bean calculated significantly larger critical thickness than Matthews and Blakeslee by 
balancing the areal strain energy density of the layer with the areal energy density of 
an array of misfit dislocations [59]. It could be noted that questions regarding the 
correctness of this model have been raised in literature [60,61].  

At high strains, relaxation can occur by a growth mode change from layer-by-
layer to 3D islands, where the island edges may relax slightly without forming misfit 
dislocations [62,63]. The transition from 2-dimensinal to 3-dimensional growth may 
occur directly (Volmer-Weber growth), or after a few layers of strained 2-dimentional 
growth (Stranski-Krastanow growth). These phenomena are the basis for self-
organized growth of QD structures that recently emerged as an interesting alternative 
for photon emission and detection in opto-electronic devices [64]. 
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4 Characterization methods 
4.1 PL 

One of the most important characterization methods for QW efficiency 
optimization is PL. Light form a pump source excites electrons from the valence band 
to the conduction band. The incident light is typically monochromatic and generated 
in a laser. Most of the carriers usually decay to the band edges before recombining via 
the emission of photons and the bandgap energy can therefore be estimated from the 
wavelength of these photons. The band-to-band emission is used as photon source in 
semiconductor lasers and the intensity and line width of the PL often give a good 
estimate of the active region performance. If the material contains non-radiative 
defects, a part of the carriers recombine without emitting photons at the bandgap 
energy, which is seen as a reduced intensity of the band-to-band PL peak. Radiative 
defects emit photons and the type and concentration of these defects can then be 
probed by the wavelength and intensity of the defect emission. 

The PL can be monitored over a broad range of wavelengths and intensities over 
many orders of magnitude can be detected. The excitation wavelength may be varied 
in order to change the penetration depth or to measure materials with different band 
gap. Mapping the PL properties over the wafer area is a common way to monitor 
uniformity. This can be done through a microscope objective to achieve maps with 
down to about 1-µm resolution. 

A schematic drawing of a PL measurement system is shown in Figure 7. The 
luminescence is collected through the same path as the reflected laser beam and it is 
therefore necessary to remove the laser light that is reflected in the sample. Inserting a 
high-pass filter in front of the monochromator does this. A computer controls the 
monochromator wavelength and read the signal from the lock-in amplifier. A lock-in 
amplifier measures the amplitude of weak signals buried in noise by using a narrow 
band-pass filter. The frequency of the signal to be measured and hence the pass-band 
region of the filter is set by a reference signal from the chopper. The chopper can be 
as simple as a rotating metallic disk with holes that periodically block the laser beam. 
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Figure 7. Schematic drawing of a PL measurement system.  
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4.2 HRXRD 
A powerful standard tool in characterization of single-crystal specimens is 

HRXRD. A monochromatic incident beam of x-rays is scattered by the atoms in the 
sample that are ordered in planes in a crystal. Constructive interference occurs when 
the photon path difference between two planes is an integer number of wavelengths. 
This is described by the Bragg law, λθ nd =sin2 , where d is the plane spacing, θ is 
the angle measured from the plane, λ is the photon wavelength and n is an arbitrary 
integer. Basic principles of x-ray diffraction are found in most introductory solid-state 
physics books [65,66]. 

By observing for which angle the Bragg condition is fulfilled for a specific x-ray 
wavelength one can calculate the spacing between the crystal planes. If the crystal 
consists of epitaxial layers with different plane spacing, the Bragg condition will be 
fulfilled for slightly different angles, depending on the relative strain. Usually, the 
substrate generates the strongest and sharpest peak in the HRXRD spectra. A peak of 
a grown layer is related to the substrate peak via an angle difference ∆θ that can be 
used for accurate composition analysis. Also the layer thickness can be obtained from 
HRXRD if the interfaces are sufficiently sharp. This is done by measuring the angular 
distance between fringes beside the layer peak.  

In the present work these parameters are extracted by fitting simulated HRXRD 
curves to measured ones. The parameters in the simulation are optimized manually or 
with a computer program (Philips X’Pert Smoothfit) until a good fit to the 
experimental data is obtained. This gives much better estimations than simply using 
the signal peaks, especially for thin layers like SQWs where the HRXRD peaks are 
broad and suffer from low signal to noise ratios as exemplified in Figure 8. The use of 
a so-called triple-axis detector with very small acceptance angle (0.003°) is here 
important since the diffuse scattering from the substrate otherwise completely drown 
the weak SQW signal. (The diffracted signal intensity is proportional to the square of 
the layer thickness.) The small acceptance angle in conjunction with reasonably high 
detection efficiency is obtained by a set of crystals in front of the actual detector. 

Figure 9 shows a sketch over the Philips X’Pert XRD equipment used here [67]. 
The x-rays are generated in a tube where high-energy electrons bombard a Cu target 
and a four-bounce Ge monochromator blocks all emitted x-rays except the Cu Kα1 
line. The x-rays strike the sample at an angle ω and are diffracted to a detector 
situated at an angle 2θ from the incident beam. Two detectors are present. One has a 
large acceptance angle of approximately 2° for optimizing the sample crystal to the 
incident beam, and a second triple-axis detector for the actual measurements.  
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Figure 8. Example of HRXRD rocking curve (lower curve) form an In0.40GaAs SQW and 
corresponding simulation (upper curve). 
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Figure 9. Sketch over the HRXRD measurement equipment.   

4.3 SIMS 
This method is mainly used to measure depth profiles of dopants and impurities. 

The sample is placed in a vacuum chamber where an incident primary ion beam 
knocks out secondary atoms (or small groups of atoms) from the sample that are 
analyzed by deflection in a magnetic field. The count rates of certain charge-to-mass 
ratios are obtained and the concentration of each element can be deduced. The 
absolute concentrations are estimated by comparisons with implanted calibration 
samples. The yield of the secondary ions often changes significantly with the 
composition of the major elements and comparisons with several calibration samples 
are then necessary. The sputtering rate is usually obtained from the depth of the crater, 
but unfortunately the sputtering rate also changes with composition.  

Surface SIMS is a special type of SIMS developed to measure elements at and 
near the sample surface, which is otherwise not possible due to the native oxide 
forming on many semiconductor materials. Oxygen flooding is used to achieve 
surface conditions that are independent on the original degree of oxidation. Naturally, 
oxygen levels cannot be obtained by this method.  
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5 GaIn(N)As QW emission wavelength 
5.1 Bulk bandgap 

The bulk bandgap of alloyed semiconductors can often be described by a linear 
interpolation between the components plus a so-called bowing parameter, b. For a 
ternary III-V compound like InGaAs, the bandgap can be calculated from the mole 
fractions and bandgaps of the binary compounds, InAs and GaAs:  

 
GaAsgInAsgAsxGaxIng ExxbxxEE ,,)1()(, )1()1( −+−−=− . 

 
This formula can be generalized to materials with more elements but GaInNAs 

and other dilute nitrides have a more complicated dependence between composition 
and bandgap.  

Compared to InGaAs, a more difficult task is to describe the bandgap of 
GaInNAs and the fundamental mechanisms of the bandgap reduction in dilute nitrides 
have been debated for some time. Whereas the bandgap of GaN is much larger than 
for GaAs, a small amount of N in GaAs shifts the bandgap downward [68]. The 
introduction of N in InGaAs splits the conduction band in a lower and upper branch, 
E- and E+. The lower E- subband becomes the conduction band minimum and moves 
down with increasing N content that causes the fundamental bandgap reduction. On 
the other hand, the E+ subband energy increases with N content. The behavior has 
been attributed to a band anticrossing where the resonant N level, EN, splits the 
conduction band [69,70]. Typical anticrossing behavior of photomodulated 
reflectance spectra at various hydrostatic pressures was observed and the resonant N 
level was calculated to be relatively independent on the In content. Theoretical 
calculations have indicated a more complex scenario where substitutional N atoms 
perturb the host states significantly and thereby forming the E- and E+ levels [71]. The 
EN level is here calculated to rise rapidly as the N composition increases. Later studies 
include the importance of clustered N atoms and analyze different N concentrations in 
greater detail [72].  

5.2 Strain-induced bandgap shift 
For strained InGa(N)As the light-hole and split-of bands are situated at a 

significantly lower energy than the heavy-hole band and can be neglected. The 
conduction to heavy-hole transition shift due to strain is SHEHH −=∆ , where 

( )321 εεε ++= haH  and ( )( 321 2/ )εεε −+= bS  is the hydrostatic- and shear-strain 
components, respectively. Values of the material specific deformation potentials ah 
and b for InAs and GaAs are found in Table 1. Incorporation of N changes the strain 
but is not assumed to affect the deformation potentials. In terms of ε⊥ the hydrostatic 
and shear strain components become  
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5.3 Quantum confinement 
Quantum confinement energies are obtained by solving the wave equation for 

the envelope function in a finite square potential using the effective electron and hole 
masses. The energy eigenvalues are calculated considering the nonparabolicity [73]. 
The effective mass is used when matching the envelope wave functions and their 
derivatives at the heterojunctions. However, the velocity effective mass (h ) 
should be used for the wave function derivative and not the energy effective mass 
( ) [74]. These masses are equal in parabolic bands but differ in 
nonparabolic. The nonparabolic InGaAs conduction band is given by 
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where mC is the band edge effective mass and γ the nonparabolicity parameter that are 
both nearly independent on In fraction in InGaAs on GaAs [75], see Table 1.  

5.4 Annealing-induced blueshift of GaInNAs 
Rapid thermal annealing or reactor annealing in AsH3 ambient is important 

methods to improve the optical luminescence of GaInNAs. Unfortunately, annealing 
also shifts the luminescence peak to higher energies, as shown in Figure 10 (left). The 
HRXRD rocking curves in Figure 10 (right) show that the strain in the sample 
remains the same after annealing and it is therefore unlikely that the blueshift is 
caused by an outdiffusion of N. The relatively thick layer rules out a higher quantum 
confinement form interface interdiffusion as the cause. 

The mechanisms behind these behaviors have been debated for several years. 
The model that presently receives most attention is based on a reconfiguration of the 
N nearest neighbors [76]. In zink blende crystals like GaAs and GaInNAs four atoms 
from group III surrounds each atom from group V, and vice versa. While N is more 
easily bound to Ga during growth, In-N bounds are more favorable in the bulk 
material. Post-growth thermal annealing can allow the atoms to rearrange to a more 
stable configuration with more In-N bounds. Fourier transform infrared absorption 
has shown that four Ga atoms surround the N atoms in GaInNAs in as-grown 
samples. After thermal annealing a part of the N atoms are situated in an In1Ga3N 
configuration, i.e. a N atom surrounded by one In and three Ga atoms as illustrated in 
Figure 11 [77].  

Moreover, Lordi et al. observed that the GaInNAs soft x-ray absorption (SXA) 
spectra shift towards lower energies when a GaInNAs sample was annealed and 
calculations showed that this shift could be related to more In-rich N nearest neighbor 
configurations after annealing [78]. Similar SXA as well as soft x-ray emission (SXE) 
measurements on the same samples as in Figure 10 plus a reference GaNAs sample 
were carried out in this work and the obtained spectra are shown in Figure 12. The 
SXE spectra qualitatively agree with literature [79], although no significant 
differences could be seen between GaInNAs and GaNAs samples in this work. The 
sharp SXA peak has been attributed to N interstitials [80], but this explanation is 
unlikely since the concentration of interstitial N have been shown to decreased by a 
factor of five after thermal annealing [81] whereas the SXA signal is not significantly 
changed. Contrary to the measurements by Lordi et al., no annealing induced energy 
shift could be observed in the SXA spectra in this work, even for a PL blueshift of 
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100 nm. It is however difficult to draw firm conclusions from the measurements in 
this work due to low signal to noise ratio and somewhat different undulator settings. 
The samples in this work also have lower In and higher N fractions than the samples 
studied in ref. [78]. 

Another phenomenon that influences the bandgap of GaInNAs is the quenching 
of the N-induced bandgap reduction when a sample is irradiated with H [82]. 
Hydrogenization is shown to blueshift the emission wavelength towards the value of 
reference N-free samples by electronic passivation of N. Thermal annealing under 
vacuum however recovered the original wavelengths when the N-H bounds dissociate 
[83, 84]. A similar effect has been observed for GaNAs samples with very low N 
levels where H fully quenches the N-related luminescence lines. Thermal annealing 
restored the luminescence also for this GaNAs sample [85]. The effect of annealing in 
an MOVPE reactor is however less clear since the pyrolysis of precursor molecules 
such as AsH3 provides a source of atomic H. Reactor annealing might therefore 
increase the H concentration in contrast to the above discussion [86].  
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Figure 10. PL spectra (left) and HRXRD rocking curves (right) of a 35-nm GaIn0.165N0.041As sample. 
After growth the sample was cleaved and one part of it was thermally annealed in the MOVPE reactor 
for 10 minutes at 690°C in H2 + AsH3 ambient. 

                            
Figure 11. Illustration of a N nearest-neighbor configuration with one In and three Ga atoms, In1Ga3N. 
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Figure 12. Soft x-ray emission (left) and absorption (right) spectra of the same samples as in Figure 10 
plus a GaN0.05As sample. The differences above 400 eV in the absorption spectra are presumably 
measurement artifacts. The spectra were measured at MAX-lab in Lund, Sweden [87]. The 
measurement set-ups were situated at the undulator beamline I511-3 at the electron storage ring MAX-
II. The absorption spectra were taken in total fluorescence yield and with a 500-µm exit slit at the 
Zeiss SX-700 monochromator, giving an energy resolution of ~0.8 eV. The emission spectra were 
recorded by a multichannel grazing-incident spectrometer with energy resolution of ~0.75 eV. Elastic 
peaks from the incident photons were used to relate the spectrometer and monochromator energy 
scales. 

5.5 Calculation of GaIn(N)As composition 
The composition of InGaAs QWs has in this work been calculated from strain 

measured by HRXRD as described earlier, assuming that no relaxation has occurred. 
This is a fast and accurate method but is unfortunately not applicable to GaInNAs 
since different combinations of x and y gives the same lattice mismatch. The PL 
wavelength can provide the extra information for at least an approximate estimation. 
The QW thickness obtained from the HRXRD measurement is necessary for the 
quantum confinement calculation. The procedure to obtain the composition of 
GaInNAs QWs can be summarized as follows: 

 
1. Measure the PL peak wavelength. 

2. Measure the QW lattice mismatch and thickness by HRXRD. 

3. For the measured QW thickness, calculate the expected emission 
wavelength for different combinations of In and N mole fractions that give 
the correct lattice mismatch. This is exemplified in Figure 13 for 7-nm 
GaInNAs QWs with 1%, 2% and 3% strain. 

4. Interpolate between the two most accurate wavelengths obtained in 3 to 
get the In and N concentrations. 
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Figure 13. Calculated PL wavelength as function of N fraction for 7-nm GaInNAs QWs and 1%, 2% 
and 3% strain. As exemplified with the arrows: If the HRXRD measurement give 2% strain and 7-nm 
thickness, the middle curve in the figure is calculated by the program. Assuming that a PL wavelength 
of 1200 nm is measured, the N fraction is around 0.0074 and an In fraction of 0.30 is calculated using 
the measured strain. For the special case of N-free QWs, 1, 2 and 3% strain corresponds to In fractions 
of 0.139, 0.279 and 0.418, and emission wavelengths of 954, 1071 and 1216 nm if the QW width is 7 
nm.  

The actual calculations are performed with MATLAB script files [88]. One 
problem is the PL blueshift that usually occurs during thermal annealing of GaInNAs. 
The shift is presumably not related to a compositional change in the QW as discussed 
in the previous section, but the present method will calculate somewhat different 
compositions for as-grown and annealed samples. To be able to at least compare in-
house compositions, the samples are almost always reactor annealed at 690°C for 10 
minutes. Other methods to measure the composition of GaInNAs may not however be 
more accurate because of the low N concentration as well as the small QW thickness 
that are mostly used for 1.3-µm emission. For MBE-grown material the N 
incorporation is usually assumed to be the same in GaInNAs as in GaNAs, which is 
certainly not true for MOVPE where a DMHy flow change the group III incorporation 
and the N incorporation is a strong function of the In composition [89,90]. 
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Table 1. Material parameters for InxGa1-xNyAs1-y, and binaries and ternaries thereof. 

Parameter Value Unit Comment Ref. 

Eg,In(x)GaAs 1.424-1.62x+0.56x2 eV 300 K, unstrained 91 

gC EE ∆∆ /  0.65 -  - “ - 

mC(InxGaAs) 0.069m0 -  - “ - 

mHH(InxGaAs) (0.47-0.06x)m0 -  - “ - 

ah(GaAs) -8.68 eV  92 

ah(InAs) -5.79 eV  - “ - 

b(GaAs) -1.7 eV  - “ - 

b(InAs) -1.8 eV  - “ - 

a(GaAs) 5.6535 Å  93 

a(InAs) 6.0584 Å  - “ - 

a(GaN) 4.52 Å zink blende 94 

a(InN) 4.98 Å zink blende - “ - 

a(GaInxNyAs) 5.6535+0.4049x-
1.1335y+0.0551xy Å Vegard’s law applied on the binary 

values in [93, 94]. 
- 

γ 0.3 nm2 Nonparabolicity parameter 75 

c11(GaAs) 118 GPa  61 

c12(GaAs) 53.5 GPa  - “ - 

c11(InAs) 83 GPa  - “ - 

c12(InAs) 45 GPa  - “ - 
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6 GaInNAs QWs 
6.1 Growth parameters and BAL performance 

Despite the vast amount of research on the GaInNAs compound the 
development of corresponding lasers has been slow, partly due to the complex growth 
of GaInNAs, especially concerning MOVPE. Several reviews of GaInNAs have been 
published [95,96]. To begin with, it is difficult to incorporate N in the crystal, 
presumably due to a high desorption rate of N from the surface. The growth 
temperature must be low and the supplied DMHy flow must be much higher than the 
TBAs or AsH3 flow in order to introduce a measurable amount of N in GaInNAs 
layers. Figure 14 exemplifies this where a DMHy/V precursor-flow ratio of nearly 0.9 
is insufficient to incorporate N into an InGaAs QW. Figure 15 show that the N 
incorporation decreases rapidly with increasing In fraction as also reported in 
literature [97,98]. Since the N and In concentrations cannot be calibrated separately, 
MOVPE of GaInNAs is more intricate than MBE, where the In and N incorporations 
often are assumed to be independent. A low growth rate has been found to be 
beneficial for PL intensity [99] and a low growth rate of 0.3-0.4 nm/s is used in this 
work. 

Paper A shows that the relationship between PL properties and laser 
performance is complex and that a narrow PL peak can be more important for laser 
performance than high PL peak intensity. Stronger and broader PL peaks are observed 
for GaInNAs QW calibration samples grown at lowered temperatures (Paper A, 
Figure 3), but the corresponding BALs show worse performance for the lower growth 
temperature (3.3 and 1.7 kA/cm2 for 475 and 495°C, respectively). GaInNAs BALs at 
lower wavelengths were not better in any respect, despite both stronger and narrower 
PL. This shows that GaInNAs laser performance is difficult to predict from standard 
measurements on simple GaInNAs QW test structures, making QW optimizations for 
laser applications very laborious.  

Paper B reports that very high V/III ratios in excess of 2400 can reduce the PL 
linewidth. Although the V/III ratios are very high, the As/III = 20 is fairly moderate 
and the problem at lower V/III ratios may be insufficient As stabilization. Gouardes et 
al. later reported a similar decrease in PL linewidth and also an increased PL intensity 
[101]. Applying the optimized growth conditions in BALs resulted in Jth as low as 
660 A/cm2 at 1.26 µm, see Paper B. 

High V/III ratios also have a positive effect on the GaInNAs QW sensitivity to 
fluctuations in growth-temperature. Increasing the V/III from 200-700 to around 2300 
reduce the PL wavelength change with temperature from approximately –5 nm/K to 
about –1.4 nm/K. From a production point-of-view, the stability with respect to 
growth parameters is important. Especially since the growth parameter window for 
high-quality GaInNAs is narrow and fluctuations in growth conditions influence 
GaInNAs to a larger extent than for most more established materials. 
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Figure 14. PL intensity and wavelength as 
function of DMHy/V ratio for constant SQW 
thickness (5.8 nm) and strain (0.38 equivalent In 
fraction). Despite no N is incorporated the PL 
intensity clearly degrades. DMHy 1 and 
DMHy 2 denote sources from different 
manufacturers.  
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Figure 15. Incorporation of N as function of 
DMHy/V ratio in GaInNAs QWs with different In 
fractions. The lines should only be considered as 
guides to the eye.  

6.2 N-induced luminescence degradation 
It is well known that high N concentrations can deteriorate the luminescence 

efficiency of GaInNAs QWs seriously [99,100,101]. Figure 16 compares the 
maximum PL intensities for InGaAs and GaInNAs QWs from this work in the 1150-
nm to1350-nm wavelength range. Evidently, the PL amplitude drops over three orders 
of magnitude between an InGaAs QW and a GaInNAs QW, emitting at 1200 nm and 
1350 nm, respectively. Figure 14 shows that the GaInNAs QW PL intensity degrades 
when introducing a DMHy flow, even in a DMHy/V regime where no N is 
incorporated. Two manufactures of DMHy were compared, but no significant 
luminescence difference could be detected. Notably, today’s high-performance 
GaInNAs lasers have high In and low N contents in contrast to early devices with 
rather poor performance and nearly unstrained GaInNAs layers [102]. However, the 
degradation with N content is not always observed in MBE [103]. 

At present, a detailed understanding of recombination mechanisms and 
degradation with N content in this material system is still lacking [104]. GaInNAs 
have been intensely studied in order to find the defect(s) limiting the optical 
performance, but no consensus has so far been reached. It is however clear that 
thermal annealing in most cases greatly improves the luminescence [76,105,106,107]. 
The annealing can be done either in situ (in the growth chamber under As 
stabilization) or ex situ (rapid thermal annealing). Even after annealing, the 
luminescence of GaInNAs is usually still much lower than corresponding N-free 
samples (Figure 16) and one might speculate that annealing remove some types of 
defects, whereas other types are still active.  
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Figure 16. Maximum PL peak intensities obtained between 1150 and 1350 nm for samples with 
InxGaAs SQWs (triangles) and GaInxNyAs SQWs (squares). 

6.3 Parasitic reactions 
It is evident in Figure 15 that the N incorporation is very dependent on In 

concentration and that GaInNAs composition is difficult to predict form the precursor 
flow rates. However, prereactions between DMHy and group-III precursors further 
increase the complexity of GaInNAs growth [101], especially since the DMHy flow 
are very high. These prereactions are of course specific for growth techniques using 
such precursors and are not a problem in for example MBE. Also the MOVPE reactor 
design influences the magnitude of prereactions. 

Figure 17 shows how GaInNAs strain and growth rate change with TBAs and 
DMHy precursor flows. For the case of decreasing TBAs, the strain decreases as 
expected for an increasing N incorporation while the QW thickness remains constant. 
However, for an increasing DMHy flow the strain instead remains constant while the 
growth rate decreases. This can be interpreted as a parasitic reaction between DMHy 
and TEGa. An increasing In fraction with increasing DMHy at low growth pressures 
has also been observed elsewhere [101]. The same study also shows that an increasing 
DMHy reduces the In fraction as well as the overall growth rate at atmospheric 
pressure, indicating that the prereactions are more complex and may include a 
parasitic reaction between DMHy and TMIn as well. 
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Figure 17. Thickness and strain for SQWs grown at 495°C as function of DMHy (left) and TBAs flows 
(right). The resulting PL wavelengths are indicated. 
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6.4 GaInNAs on AlGaAs 
One of the strongest arguments for the research on GaInNAs is that it can be 

lattice matched to AlGaAs/GaAs DBRs and used in single-epitaxial 1.3-µm VCSELs. 
However, the morphology and luminescence efficiency of GaInNAs QWs are found 
to strongly depend on an underlying AlGaAs/GaAs DBR, even though the layers 
closest to the QW consist of GaAs [Paper C, 108]. The integrated thicknesses and 
growth temperature of the AlGaAs layers influence the degree of degradation of the 
GaInNAs QWs. Surface segregation of Al, probably in AlxOy molecules, can explain 
the degradation of GaInNAs. The work show how sensitive the GaInNAs compound 
is to the starting surface. The experiments and results are more closely described in 
Paper C. A recent publication [108] also point out the difficulties by combining 
AlGaAs and GaInNAs but suggest that the behavior origins in a reactor memory 
effect. 

  38



7 InGaAs QWs 
The aim for the development of InGaAs QWs has in this thesis been to increase 

the emission wavelength as much as possible while maintaining a high luminescence 
efficiency and gain. The growth parameters used here include low growth 
temperature, high V/III ratio and low growth rate. 

A general remark is that the PL intensity drops non-uniformly over the wafer of 
partly relaxed InGaAs structures. The maximum PL intensity can be unchanged 
compared to a non-relaxed structure, whereas dark areas appear in PL maps of the 
wafer, as also reported elsewhere [119]. This effect may very well be connected to a 
generally strong dependence on substrate quality. Growth on wafers from different 
ingots, even from the same supplier and with the same specifications regarding etch 
pit density, etc, consistently resulted in different QW properties and yields. One might 
compare with a relaxation mechanism proposed by Matthews and Blakeslee [109], 
where the strain relaxes via the elongation of threading dislocations from the 
substrate. The non-uniform degradation and the important role of substrate quality are 
necessary to keep in mind when evaluating highly strained InGaAs QWs. 

7.1 Growth parameters 
It is well clarified that the temperature should be low for growth of very high 

strained InGaAs QWs [110,121,120]. The objective of the temperature studies in this 
work has been to optimize the PL properties for the specific growth conditions used 
here. Figure 3 in Paper D shows that the PL intensity rapidly decreases above 530ºC 
and a growth temperature of 520ºC was therefore chosen.  

The relaxation of InGaAs QWs at high strain and low growth temperature is 
proposed to be related to a 2D to 3D growth-mode transition and it is suggested that 
high V/III ratio and high growth rate could suppress such growth mode transition by 
reduced migration length of the group-III species [111]. The effect of migration 
length is however not experimentally confirmed and highly strained InGaAs have 
been successfully grown both at low growth rate [Paper E] and low V/III ratio [112].  

In this work, somewhat longer InGaAs-QW emission wavelengths have been 
obtained with a growth rate of ~0.1 nm/s [Paper H] than with ~0.5 nm/s [Paper F]. A 
recent publication supports the use of low growth rates [113]. It is however difficult to 
decouple growth rate from other growth parameters. 

To investigate the QW-quality dependence on V/III ratio, a number of samples 
were grown with different V/III and TMIn/III ratios as displayed in Figure 18. As 
seen, a higher In content and thereby higher strain demands a higher V/III ratio to 
maintain a PL intensity comparable to the 1100-nm sample. Measurements by 
HRXRD and atomic-force microscopy verify the PL results. Two HRXRD curves are 
shown in Figure 19. The study confirms that a high V/III ratio has a stabilizing effect 
on highly strained InGaAs. See also Paper E. 
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Figure 18. The luminescence efficiency is indicated for samples grown with different V/III (here 
TBAs/III) and TMIn/III. Three orders of magnitude in PL intensity differs the samples with sufficient 
and insufficient V/III ratio, corresponding to solid and open symbols, respectively. Precursor-flow 
ratio is used on the x-axis because the more natural choice of QW In content was not measurable for 
all samples.  
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Figure 19. HRXRD rocking curves of with equal TMIn/III ratio (0.373) but V/III = 93 and 280. 

7.2 Multiple-QW structures 
The best gain-cavity detuned VCSELs presented here use InGaAs DQW, but it 

could be advantageous to use additional QWs in order to increase the optical gain. 
This must be done without degrading the quality of the QWs or at the expense of 
shortened emission wavelength. Somewhat unexpectedly, growth of five In0.42GaAs 
QWs spaced with 16 nm GaAs could be done without significant degradation of PL or 
BAL performance or crystal quality as measured by HRXRD compared to SQW 
structures with the same composition. The PL and BAL wavelengths were ~1.22 and 
~1.24 µm, respectively, as seen in Figure 2 and 5 in Paper E. No such lasers with 
emission wavelength longer than 1200 nm and more than two QWs have previously 
been reported. Figure 20 shows room-temperature spectra and output power versus 
current density for DQW and 5QW 1238-nm lasers. Figure 21 shows Jth per QW as 
function of emission wavelength for these lasers together with the best results above 
1210 nm reported in literature. Paper E, Figure 5 shows the same data but without 
compensation for the number of QWs. The successful growth of structures with up to 
five QWs is promising for further improvement of 1.3-µm InGaAs VCSELs, but also 
point out the limited knowledge regarding relaxation in highly strained MQW 
structures. 
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Figure 20. Light-output power as function of drive-current density for two 1238-nm BALs. The 
insets show emission spectra slightly above threshold. 
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Figure 21. Lowest reported Jth per QW for InGaAs SQW and MQW BALs with emission 
wavelengths >1210 nm. The lasers are taken from this work (open symbols) and from reports by 
Takeuchi et al. [112], Tansu et al. [114] and Sung et al. [115] (full symbols). 

7.3 Partially relaxed InGaAs 
The general means for relaxation of lattice-mismatched semiconductors in the 

zincblende structure is assumed to be 60° misfit dislocations [116]. Dislocation lines 
along the <110> directions would be indicative of 60° dislocations that can reach the 
interface through glide on {111}-type planes [116]. Contrary to this, dislocation lines 
along the <110> directions are not observed on InGaAs QW samples in this work. 
Figure 22 (left) displays a PL micrograph of a partially relaxed highly strained 
InGaAs/GaAs DQW where dark lines instead appear in the approximate <100> 
directions. It can be noted that the weaker PL from the dark lines sometimes has a 
somewhat shorter wavelength than the stronger PL from the other regions. Lines in 
the same crystal directions can be observed in AFM images as well as in optical 
microscope. An example of this is shown in Figure 22 (right).  

The nature of the <100> lines is not established but the absence of <110> dark 
line defects indicates that the main relaxation mechanism is suppressed under the 
growth conditions used here. One may speculate that this is related to a frictional 
force, dependent on temperature [117] and/or In composition [118]. The lines are not 
uniformly distributed over the wafer and a strong dependence on wafer quality is 
therefore likely. Large differences in density of lines are also observed for wafers 
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from different suppliers and different ingots from the same supplier. This 
phenomenon is discussed further in Paper E. 
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Figure 22. 75x75-µm2 PL micrograph (left) and 20x20-µm2 AFM image (right) of a high-strained 
InGaAs/GaAs DQW showing lines along the <100> crystal directions.  

7.4 PL dependence on QW width and In fraction 
There are two fundamental ways to increase the emission wavelength of an 

InGaAs/GaAs QW. One may either increase the In concentration to reduce the 
bandgap, or increase the well width to decrease the quantum confinement effect. In 
the strive for longer emission wavelengths with highest possible QW quality, PL 
intensity dependency on In composition and QW width were investigated.  

Three series of InGaAs SQWs were grown with increasing well width but with 
constant In fraction within each series. Figure 23 shows the PL intensities of the 
samples. The PL intensity at a specific wavelength is higher for thinner QWs with 
higher In concentration. This is more pronounced between 38% and 40% In than 
between 40% and 43%. According to this, an In composition of at least 40% should 
be chosen. 

Figure 24 shows PL intensities versus emission wavelength of SQWs with 6.3 
and 7.7 nm well width and different In composition. Above 1200 nm, the 6.3-nm 
QWs loose PL intensity much more rapidly than the 7.7-nm QWs. A 6.3-nm QW with 
emission at 1200 nm have an In concentration of about 42-43% and it seems like the 
QW quality quickly deteriorates above that In fraction. This limit is valid also for 
much thinner QWs. In Paper D, Figure 2, the measured strain of a number of 4-nm-
thick QWs is plotted for different In/III precursor-flow ratio and even here it is not 
possible to reach beyond a strain corresponding to 43% In. Therefore, thinner QWs do 
not necessarily imply that the strain can be increased even though the integrated strain 
is lower. In fact, not a single sample in this work exhibits a strain corresponding to 
more than 43% In.  

Bugge et al. observed an upper In limit of ~30% at 650-750°C and explain the 
phenomenon in terms of coexisting strained InGaAs layers and relaxed InAs-rich 
clusters [119]. When the TMIn/TMGa vapor pressure ratio was raised further, an 
increasing density of dark spots was observed. The maximum In content is shown to 
increase for lowered growth temperatures [120,121]. Samples from MBE have shown 
higher In content of 47.5%, which might be due to the different growth technique 
where this phenomenon does not occur and/or due to the very low growth temperature 
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of 425°C [122]. An even lower growth temperature in MOVPE than used in this work 
may be harmful for the crystal quality, but could maybe increase the maximum In 
content somewhat. This could be an issue for further studies. 
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Figure 23. PL intensities plotted against wavelength. Connected points correspond to samples with 
equal In concentration: 38% (squares), 40% (circles), and 43% In (triangles). The PL intensities are 
taken as the average of 400 uniformly spaced points over each 2-inch wafer. The wavelengths are 
obtained at 20 mm radius because the normally longer-wavelength PL in the wafer center was 
sometimes completely degraded. 
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Figure 24. PL intensities plotted against wavelength. Connected points correspond to samples with 
equal QW thickness: 63 Å (squares), and 77 Å (circles). The PL intensities are calculated in the same 
way as in Figure 23. 
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8 InGaAs VCSELs 
8.1 Design and fabrication 

Rather standard VCSEL designs except for the large negative gain-cavity 
detuning are used in this work. All DBRs use Al0.88Ga0.12As and GaAs as low- and 
high-index layers and have about 20-nm linear compositional grades. The DBRs were 
grown at 690°C with TMGa, TMAl, AsH3, DEZn and SiH4 as precursors. In the first 
batch of InGaAs VCSELs, Si-doped bottom DBRs with 25.5 periods were used 
[Paper F, Paper G], but was later increased to 35.5 periods [Paper H] to increase the 
reflectance and avoid the ripples in the light-current diagrams in Paper F. Usually, a 
Zn-doped top DBR with 26 periods were used. The five periods closest to the cavity 
were doped less in order to decrease the optical losses. During the course of the work, 
the oxidation layer, placed in the lowermost p-doped Al0.88Ga0.12As layer, was 
changed from AlAs to Al0.98Ga0.02As in order to decrease the enlargement during the 
oxidation process and thereby reduce the built-in tensions and improve the device 
stability.  

Different spectral offsets between gain and cavity resonance could be studied 
due to a radially non-uniform growth rate across the wafer as showed in Paper G, 
Figure 1. The upper part of Figure 25 shows a typical alignment of PL and cavity 
resonance in the detuned InGaAs VCSELs in this work. The lower part of Figure 25 
shows BAL and VCSEL spectra. As seen, there is a significant difference between 
BAL and VCSEL emission wavelength. 

Mesas of different sizes are etched through the top DBR and apertures in the 
Al(Ga)As layer were formed by steam oxidation. The first batch of InGaAs VCSELs 
[Paper F] had bottom n-contacts and top p-contacts, but for the later InGaAs VCSELs, 
both n- and p-contacts are placed on the top of the chip to facilitate probing. The 
structure was planarized with benzocyclobutene (BCB). Figure 26 is a schematic 
drawing of a VCSEL from this work. 

The transversal single-mode operation was improved for some devices by 
adding a λ/4-thick Si layer with an aperture on top of the mesa, concentric with the 
nonoxidized region [Paper J]. A similar approach, but with Ge coating, is reported in 
literature [123]. 

8.1.1 Interface doping 
As discussed above, interface doping can be used to reduce electrical resistance 

in DBRs without adding too much optical loss. Using CBr4 or CCl4 as C precursor 
however complicates the calibration process since these have a strong influence on 
growth rate. Autodoping of C in AlGaAs is an alternative method to achieve interface 
doping in DBRs that we have examined to some degree. The autodoping is a well-
known phenomenon and is decreasing with higher V/III ratio [124,125]. Higher C 
level are obtained by lowering the V/III ratio to ~10 in the GaAs/AlGaAs grades, 
whereas a V/III ratio around 50 is maintained in the layers with constant composition. 
The modulated C doping is overlaid on a constant Zn doping. A small growth-rate 
change was observed when changing the V/III ratio, but much less pronounced than 
the effect of CBr4 or CCl4. The doping profile characterized by SIMS is shown in 
Figure 27 and a positive influence on electrical resistance was confirmed in test 
structures. 
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Figure 25. Typical spectral alignment of DBR, cavity resonance and QW for the detuned 
InGaAs VCSELs in this work. Both QW PL and BAL lasing spectrum are shown. The noise 
in the reflectance data origins from the measurement equipment. 

 
Figure 26. Schematic drawing of a typical VCSEL from this work.  
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Figure 27. SIMS depth profile of a p-doped AlGaAs/GaAs DBR with C spike doping. 
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8.2 Static performance and temperature dependence 
The temperature characteristics of VCSELs are more complicated than that of 

edge-emitting lasers because the cavity resonance determines the laser wavelength, 
which in general does not coincide with the gain maximum. The threshold current is 
highly dependent on the gain-cavity spectral overlap, which changes with 
temperature. The cavity mode shifts ~0.08 nm/K whereas the QW gain sifts around 
six times faster. As illustrated in Figure 28, a conventional alignment of gain and 
cavity at room temperature therefore gives a significant offset at higher temperatures. 
On the other hand, the approach used here with large negative gain-cavity detuning at 
room temperature intrinsically gives good high-temperature performance since the 
gain maximum moves closer to the cavity resonance.  
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Figure 28. The left column shows the gain-cavity line-up at different temperatures for a negatively 
detuned VCSEL. The right column shows a conventionally designed VCSEL for comparison.  

Figure 29 shows the light-current characteristics at temperatures between 10 and 
140°C for a 1270-nm single-mode InGaAs VCSEL with a 4-µm oxide aperture and 
single-mode filter. As predicted from the negative gain-cavity detuning, Ith decreases 
with increasing temperature because the higher gain close to the gain peak counteracts 
the gain degradation at high temperatures. If the gain-peak passes the cavity 
resonance at some temperature, the Ith versus temperature graph exhibit a minimum, 
as for example seen in Paper K, Figure 3. This minimum actually occurs at a lower 
temperature than the temperature of spectral gain-cavity alignment because 
temperature does not only shift the gain-peak wavelength but also the magnitude of 
the optical gain for constant drive current. The Ith minimum simply occurs at the 
temperature where the cavity mode receives the maximum optical gain. 

Comparing similar devices with different detuning, the minimum Ith and the 
temperature where this minimum occurs increase with larger negative detuning. 
Figure 30 shows light-current dependence of two multimode VCSELs with emission 
wavelengths at 1260 and 1285 nm. The PL wavelengths for these VCSELs are 
approximately equal, resulting in a 25-nm detuning difference that influences the 
VCSEL performance rather strongly. This shows that even a relatively modest 
increase in InGaAs QW emission wavelength can improve the VCSEL performance 
significantly.  
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Paper K discusses the relation between Ith–temperature characteristic and room-
temperature gain-cavity detuning in more detail. 
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Figure 29. Light output power dependence on drive current for a 1270-nm single-mode InGaAs 
VCSEL. The stage temperature was varied between 10 and 140°C in steps of 10°C. The inset shows 
the temperature dependence of Ith. 
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Figure 30. Light dependence on drive current between 10°C to 90°C for two VCSELs with different 
gain-cavity detuning. The emission wavelengths were 1285 nm (a) and 1260 nm (b) and the aperture 
diameter was 9 µm for both devices. 

8.3 Dynamic performance 
The first batch of detuned InGaAs VCSELs [Paper G] could be operated at 10 

Gb/s in a back-to-back configuration with clearly open eye-diagrams, see Figure 31. 
Measurements presented in Paper I of later single-mode 1.27-µm VCSELs [Paper H] 
showed 10 Gb/s and even 12.5 Gb/s transmission over a 5 km fiber, although the eye-
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diagrams were noisy both for the back-to-back and the transmitted signal. According 
to 3-pole transfer function fittings to small-signal modulation data, the limiting factor 
was high electrical parasitics. Thermally limited bandwidths above 10 Gb/s can 
presumably be achieved with reduced parasitics. The dynamic response of the 
measured VCSELs was rather insensitive to stage temperature and the modulation 
experiment suggests that 10 Gb/s can be obtained in the whole examined range from 
20 to 90°C. Accordingly, a large gain-cavity detuning does not necessarily imply a 
low bandwidth due to low differential gain.  
 

 
Figure 31. Eye diagram (20.1 ps/div) of 10 Gb/s back-to-back transmission by a 1260-nm InGaAs QW 
VCSEL. This device was first presented in Paper G. 

8.4 Reliability 
A high reliability is absolutely necessary for commercial application of telecom 

lasers. A preliminary reliability test of highly strained InGaAs VCSELs shows that 
almost all devices surviving the first time are without significant degradation at 1000 
hours as seen in Figure 32. This indicates that fatal defects seldom reach the active 
region, if not present there from the beginning. One may note that the strain in 
InGaAs layers, or In atoms themselves, is known to improve reliability in GaAs based 
laser diodes due to suppression of dark-line defect propagation [126]. InGaAs lasers, 
even with more than 40% In, are favored in comparison to other GaAs lasers [127]. 
Edge-emitting lasers exhibit good lifetimes with InGaAs QWs near a critical 
thickness but rapidly degrading above [128] in accordance to TEM studies where the 
dislocation concentration increased rapidly above a certain thickness [129]. 

Another cause of failures in VCSELs is the Al(Ga)As oxidation layer. The 
larger layer volume after oxidation as well as the oxide-semiconductor interface is 
potential sources of defects that can propagate to the active region. Early VCSELs 
with AlAs apertures had lifetimes in the order of minutes [130] but the situation is 
very much improved when using Al0.98Ga0.02As instead of AlAs as oxidation layer, 
apparently due to lower strain [131]. A refined device design in this work uses an 
Al0.98Ga0.02As oxidation layer even though it complicates the calibration process and 
the sensitivity to fluctuations increase since small changes in Ga composition have a 
rather strong influence on the oxidation rate. 
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Figure 32. Light output power against time for InGaAs VCSELs with 3.0% QW strain, stressed at a 
few mA above threshold at 50°C. Of the components that did not suffer from infant failures, only one 
out of 22 had degraded significantly after 1000 hours. 
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9 Conclusions and outlook 
The overall goal of this work has been to evaluate new schemes for the 

realization of GaAs-based 1.3-µm VCSELs. Two approaches have been investigated: 
GaInNAs and InGaAs QWs. 

Even after one decade of active research, the performance level of GaInNAs 
lasers still does not match similar N-free devices due to a degradation of 
luminescence properties at N introduction. Furthermore, GaInNAs is a difficult 
material system to grow and evaluate, with a small growth-parameter window, poor 
reproducibility, strong annealing effects and complex relations between PL and laser 
performance. Another example closely examined in this work, is the negative effect of 
buried AlGaAs layers on subsequently grown GaInNAs. Whereas several groups have 
reported high-performance GaInNAs VCSELs in the 1.3-µm wavelength region 
[26,27,28], a breakthrough of this technology is still to be achieved. 

Regarding InGaAs QWs, the maximum PL-peak wavelength is lower than 1300 
nm, even though optimization of growth conditions has made edge-emitting lasers 
above 1200 nm possible. However, applying 1.2-µm InGaAs QWs in VCSEL 
structures with cavities tuned to 1.3-µm resulted in high performance levels, including 
mW output powers, low threshold currents and excellent high-temperature 
characteristics. InGaAs offers a simpler material system with more easily controlled 
growth as compared to GaInNAs. It is here shown that InGaAs MQW structures can 
be grown with similar misfit as SQWs, which might be important for VCSEL 
applications where the round-trip gain is low. Record BALs with two to five 
InGaAs/GaAs QWs have low threshold current densities below 70 A/cm2 per QW at 
1.24 µm. 

The general development of long-wavelength VCSELs has gone through several 
stages. From long-cavity InP-based devices only lasing far below room temperature, 
via wafer-fused InP/GaAs devices and other complex processing designs to today’s 
monolithic GaAs-based 1.3-µm VCSELs with novel active materials. The VCSEL 
concept itself is proven in short-range links where 850-nm GaAs-based VCSELs 
dominate the market since several years. Several companies have projected near-
future volume production of 1.3-µm VCSELs [132,133] but the plans have not been 
realized so far. The serious remaining technological obstacles for the breakthrough of 
long-wavelength VCSEL are related to yield, growth control and device reliability, all 
having their origin in the nonstandard active materials. Often highlighted as the most 
promising active material, GaInNAs nevertheless cannot be considered as an 
established material system. On the other hand, using highly strained InGaAs QWs, 
high-performance VCSELs can be fabricated with a relatively well-known active 
material system. From a manufacturers viewpoint, leveraging currently available 
technologies to as large extent as possible is a huge advantage. Hence, the ability to 
produce 1300-µm VCSELs based on currently available GaAs technology is a 
possible breakthrough for future low-cost optical communication systems.  
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Guide to the papers 
Paper A. Low-temperature growth of GaInNAs/GaAs quantum wells for 1.3-µm 

lasers using metal-organic vapor-phase epitaxy 
At this time, MBE produced GaInNAs QW with higher quality than MOVPE, 

but the latter growth method is better suited for production purposes. However, the 
MOVPE parameter space, including growth temperature, where GaInNAs with 
reasonable quality can be grown is rather narrow. This paper demonstrates 1.28-1.29 
µm GaInNAs SQW lasers grown at very low temperatures between 475 and 495°C 
and the performance dependence on growth temperature is studied. It turns out that 
both PL peak intensity and line width decreased with increasing growth temperature. 
Corresponding broad-area lasers showed threshold current densities that were found 
to decrease with increasing temperature, suggesting that the PL line width is a more 
important optimization parameter than the PL intensity. The GaInNAs lasers were 
also compared with InGaAs and GaInNAs lasers emitting at 1200 nm, showing that 
other factors such as composition and wavelength seem to play an equally important, 
but complex role. 

 
Paper B. Optimization of MOVPE-grown GaInNAs/GaAs quantum wells for 

1.3-µm laser applications 
Not only the laser performance but also the sensitivity to growth conditions is 

important for the potential use of GaInNAs in commercial lasers. By employing V/III 
ratios in excess of 2000 an improvement of the PL line width was achieved. This 
resulted in lower laser threshold currents, but also in a reduced QW emission 
wavelength sensitivity to the growth temperature. Prereactions between DMHy and 
the group-III precursors are also briefly reported. Most important is that both 
performance and stability with respect to growth conditions can be improved with 
high V/III ratios.  

  
Paper C. Morphological instability of GaInNAs quantum wells on Al-

containing layers grown by metalorganic vapor-phase Epitaxy 
A technologically important MOVPE problem encountered also by other 

research groups is the quality degradation of GaInNAs when grown on AlGaAs 
layers. Both surface morphology and optical properties are found to deteriorate even 
if the AlGaAs layers are separated from the GaInNAs layers with around 100 nm 
GaAs. By contrast, no such effects occur with N-free InGaAs QWs. Surface SIMS 
profiling revealed surface segregation of an Al-containing species that probably is 
related to the degraded morphology. The implications for GaInNAs VCSEL 
fabrication are evident and this paper contains a systematic study of the problem as 
applied to GaInNAs SQW growth on AlGaAs/GaAs DBRs. Decreasing the DBR-
growth temperature reduced the Al surface concentration and improved the GaInNAs 
QW morphology. Important to learn from this work is that GaInNAs QWs cannot be 
expected to behave in a laser structure as it does in a simpler test structure and that 
great care must be taken when growing devices with GaInNAs QWs. 

 
Paper D. Optimization of highly strained InGaAs quantum wells for 1.3-µm 

vertical-cavity lasers  
The results presented in this paper form the basis for the high-performance 

InGaAs VCSELs in Paper H. The influence of growth temperature and thermal 
annealing on highly strained InGaAs QWs are investigated. The In fraction was found 
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to be limited to around 42.5% even for 4-nm QWs, i.e. significantly thinner than the 
normal thickness. No method to exceed this limit in our growth system has been 
found so far. This is related to the study in Section 7.4 where the In fraction is varied 
for different QW thickness. 

 
Paper E. Highly strained InGaAs/GaAs multiple quantum-wells for laser 

applications in the 1200-1300-nm wavelength regime 
The paper is focused on the properties of very high-strained InGaAs MQW 

structures, with up to five QWs above 1200 nm. We show that it is possible to grow 
very high-strained InGaAs MQWs of high quality without strain compensation. 
Successful growth of such MQWs is not previously reported. Corresponding broad-
area lasers show good performances, including low threshold currents and record 
wavelengths. The results are encouraging for further improvement of detuned 
InGaAs-QW VCSEL. We also grew InGaAs QW samples with different TMIn/III and 
V/III ratios. The lower limit of the V/III ratio is found to increase strongly with In 
fraction and strain. 

 
Paper F. Low-threshold, high-temperature operation of 1.2-µm InGaAs 

vertical-cavity lasers 
The fabrication and characterization of single-quantum well InGaAs VCSELs 

with room-temperature emission wavelengths up to 1215 nm is reported. These 
devices show continuous wave operation above 100°C and sub-mA thresholds up to 
80°C. Due to the wavelength offset between gain and cavity resonance the minimum 
threshold current is obtained somewhat above room temperature. Possibilities to 
further extension of the emission wavelength are discussed in terms of extensive 
cavity detuning at the price of low-temperature performance. However, the maximum 
wavelength estimation of 1250 nm for detuned InGaAs VCSELs turned out to be too 
modest, as evident in this thesis. 

 
Paper G. 1260 nm InGaAs vertical-cavity lasers 
Record long emission wavelength InGaAs VCSELs were fabricated using 

improved growth conditions and extensive gain-cavity detuning. The gain peak 
wavelength of the DQW active region is only around 1200 nm, which means that the 
cavity resonance condition occurs at the far long-wavelength side of the gain curve. 
Still, the gain is high enough to yield threshold currents in the low mA-regime and a 
maximum output power exceeding 1 mW, depending on device diameter. A result of 
the very large gain-cavity detuning is that the longest-wavelength devices have a 
threshold current minimum at 80-90°C. By contrast, devices from the periphery of the 
wafer where the detuning is much smaller exhibit a more conventional threshold 
current dependence on temperature. 

 
Paper H. High-performance 1.3-µm InGaAs vertical-cavity surface-emitting 

lasers 
Performance improvement and extension of record emission wavelength to 

1300 nm is here demonstrated. Reduced growth temperature and growth rate was used 
to optimize the DQW active region for improved luminescence efficiency and slightly 
longer wavelength. It is demonstrated that high-performance single-mode operation is 
possible also for heavily detuned devices by the use of integrated mode filters. At 
least 0.6-mW single-mode power and 1 to 2 mA threshold current are demonstrated in 
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the entire temperature range from 10-90°C. The performance level is here comparable 
to the best GaInNAs VCSEL results around 1.3 µm. 

 
Paper I. Singlemode 1.27 µm InGaAs VCSELs with temperature tolerant 

modulation characteristics 
As potentially low-cost devices intended to reduce cost of high-capacity 

modules, 1.3-µm VCSELs must be directly modulated and have a good dynamic 
performance. This is however not obvious for devices with large negative detuning 
and the dynamic characteristics of the InGaAs VCSELs in Paper H are therefore 
investigated. The bandwidth was about 2.5 GHz, limited by electrical parasitics, while 
an intrinsic bandwidth of 10 GHz was estimated over the whole temperature range 
between 10 and 90°C. Detuned 1.3-µm InGaAs VCSELs should therefore be suitable 
for 10 Gb/s applications.  

 
Paper J. 1.3 µm InGaAs vertical-cavity surface-emitting lasers with mode filter 

for single mode operation 
1.3-µm VCSELs mainly targets metropolitan-area networks with link lengths up 

to about 10 km, which typically requires singlemode fibers and lasers [133]. Negative 
gain-cavity detuning implies that the VCSEL operates at the long-wavelength tail of 
the gain spectrum and that the fundamental mode has a relatively low gain compared 
to the higher-order modes. Care must therefore be taken in order to achieve single-
mode operation. Integrated mode filters were applied in the VCSELs presented in 
Paper H and the behavior with and without mode filter is analyzed in this publication. 
The mode filters consist of an λ/4 amorphous Si layer with an etched 3-µm aperture 
on top of the outcoupling mirror. An increased external-loss at the peripheral regions 
compared to the device center is calculated with an effective-index circular-symmetric 
model and an improved single-mode operation is accordingly measured on the 
devices with mode filter. 

 Errata: Reference 6 in this paper appears in Jpn. J. Appl. Phys., not in J. Appl. 
Phys.. 

 
Paper K. Temperature sensitivity of the threshold current of long-wavelength 

InGaAs/GaAs VCSELs with large gain-cavity detuning 
This study is based on the VCSELs first presented in Paper G and closely 

investigates the threshold current dependence on temperature and gain-cavity 
detuning. At fixed temperature, the minimum threshold current is achieved for zero 
gain-cavity offset. On the other hand, if the room-temperature gain-cavity offset is 
fixed (as it is in one single device) the minimum threshold current occurs when the 
lasing mode receives the maximum gain. This does not coincide with the temperature 
of zero gain-cavity offset. Specifically, for large negative gain-cavity offset, the 
temperature for minimum threshold current is significantly lower than the temperature 
for zero gain-cavity offset. A qualitative model predicts that the threshold current 
temperature dependence is strongly dependent on the gain-cavity detuning at room 
temperature, the gain spectrum as well as the gain temperature dependence. Further 
optimization and wavelength elongation of high-strained InGaAs MQW is therefore 
highly desirable. 
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Comments on the contribution of the 
author 

The author has been deeply involved in the growth and characterization of all 
epitaxial structures presented here as well as samples for calibration and optimization. 
This includes MOVPE, PL, HRXRD, AFM, Hall measurements, SXA- and SXE-
spectroscopy. The author was partly involved in the processing and evaluation of 
BALs, while others performed the processing and characterization of VCSELs. 
However, the development of the presented lasers has been a teamwork, where the 
group members discuss and contributes to all parts of the project.  
 

  56



Acknowledgments 
To begin with, Gunnar Landgren, thank you for giving me the opportunity to be 

a graduate student at HMA. Although spending much time with more administrative 
matters, he has always encouraged and supported my work. I am always feeling that 
he is on my side and it is a pity that he cannot make it to the defense (party). 

During the first three years, Agilent Technologies financially supported the 
work. I am especially grateful to Rodney Moss (Ipswich, England), who together with 
Gunnar Landgren initiated the project, and Daniele Bertone (Torino, Italy), who later 
on replaced Rodney as the contact person at Agilent. 

My supervisor Mattias Hammar has been the most important person for the 
work in the VCSEL group as well as for my own progress within the field. He is very 
engaged in the research, has spent a lot of time in the lab and is an excellent writer. 
He is also a great goalkeeper and rarely turns down an offer to take a beer at Svejk. I 
can hardly think of a better supervisor. 

I would like to thank Gunnar Andersson for always answering the telephone 
when some machine (typically the MOVPE reactor) stops working in the lab. He has 
most probably saved us months of troubleshooting with his great knowledge in 
various fields of technology. Carl Asplund has been a very nice companion in the lab, 
at the lunch table and elsewhere. He taught me most of the practical aspects of 
MOVPE, among many other things. I learned a lot from him. Jesper Berggren has 
been a great friend and colleague, talking about everything from carbon autodoping to 
stupid TV comics, and has also been involved in the MOVPE growth as well as 
football and table tennis.  

Many people have been involved in the processing and evaluation of lasers, for 
which I am very grateful. Glenn-Yves Plain, Fredrik Olsson, Peter Goldman, Kristina 
Bondesson have been involved in the processing of broad-area lasers. Fredrik 
Salomonsson, Rickard Marcks von Würtemberg, Sebastian Mogg, Marek Chacinski 
and, not least, the people at Zarlink Semiconductor including Nicolae Chitica and 
Marco Ghisoni carried out the VCSEL processing and/or characterization. 

There are many more persons that have been helpful from technological and 
scientific points of view. Equally important is the guys at HMA and elsewhere that 
have made the work at KTH very enjoyable, with their great humor and a rather large 
portion of irony. I would like to mention a few in addition to the ones above: Thomas 
Aggerstam, Srinivasan Anand, Carlos Angulo Barrios, Krishnan Baskar, Audrey 
Berrier, Jan Borglind, Carl-Fredrik Carlström, Olivier Douheret, Julius Hållstedt, 
Sebastian Lourdudoss, Rose-Marie Lövenstig, Kestius Maknys, Hedda Malm, Mikael 
Mulot, Nils Nordell, Amit Patel, Christofer Silfvenius, Mikael Sjödin, Martin 
Strassner, Yan-Ting Sun, Mikael Svelander, David Söderström, and Andy Zhang.  

For support and putting up with me during difficult times, I would also like to 
thank the people not related to my work at KTH, especially Geertrui, my family and 
the volleyball players. 
 

  57



References 
                                                 
1  C. J. Chang-Hasnain, Progress and prospects of long-wavelength VCSELs, IEEE 

Communications Magazine, vol. 41, no. 2, pp. 30-34, 2003. 

2  H. Soda, K. Iga, and Y. Suematsu “GaInAs/InP surface emitting injection laser” Jpn. J. Appl. 
Phys., vol 18 pp. 2329-2330, 1979. 

3  K. Iga, S. Ishikawa, S. Ohkouchi and T. Nishimura, Room-temperature pulsed oscillation of 
GaAlAs/GaAs surface-emitting injection lasers, Appl. Phys. Lett., vol. 45, pp. 348-350, 1984. 

4  K. Iga, S. Kinoshita and F. Koyama, Microcavity GaAlAs/GaAs surface-emitting laser with Ith 
= 6 mA, Electron. Lett., vol. 23, no. 3, pp. 134-136, 1987. 

5  F. Koyama, S. Kinoshita, and K. Iga, Room-temperature continuous wave lasing characteristics 
of a GaAs vertical cavity surface-emitting laser, Appl. Phys. Lett., vol. 55, no. 3, pp. 221-222, 
1989. 

6  J. L. Jewell, A. Scherer, S. L. McCall, Y. H. Lee, S. Walker, J. P. Harbison, and L. T. Florez,, 
Low-threshold electrically pumped vertical-cavity surface-emitting microlasers, Electron. Lett., 
vol. 25, no. 17, pp. 1123-1124, 1989. 

7  Y. H. Lee, J. L. Jewell, A. Scherer, S. L. McCall, J. P. Harbison, and L. T. Florez, Room-
temperature continuous-wave vertical-cavity single-quantum-well microlaser diodes, Electron. 
Lett., vol. 25, no. 20, pp. 1377-1378, 1989. 

8  K. Tai, R. J. Fischer, C. W. Seabury, N. A. Olsson, T-C. D. Huo, Y. Ota, and A. Y. Cho, Room-
temperature continuous-wave vertical-cavity surface-emitting GaAs injection lasers, Appl. Phys. 
Lett., vol. 55, no. 24, pp. 2473-2475, 1989. 

9  See http://www.finisar.com (Finisar acquired Honeywell's VCSEL business in 2004.) 

10  D. I. Babic, K. Streubel, R. P. Mirin, N. M. Margalit, J.E. Bowers, E. L. Hu, D. E. Mars, L. 
Yang, and K. Carey, Room-temperature continuous-wave operation of 1.54-µm vertical-cavity 
lasers, IEEE Photon. Technol. Lett., vol. 7, no. 11, pp. 1225-1227, 1995. 

11  V. Jayaraman, T. J. Goodnough, T. L. Beam, F. M. Ahedo, R. A. Maurice, Continuous-wave 
operation of single-transverse-mode 1310-nm VCSELs up to 115°C, IEEE Photon. Technol. 
Lett., vol. 12, no. 12, pp. 1595-1597, 2000. 

12  A. Hsu, D. Leonard, N. Cao, F. M. Ahedo, C. LaBounty, and M. H. MacDougal, Low-
divergence singlemode 1.55 µm VCSEL with 1 mW output power, Electron. Lett., vol. 39, no. 
1, pp. 59-61, 2003. 

13  L. Sagalowicz, A. Rudra, E. Kapon, M. Hammar, F. Salomonsson, A. Black, P.-H. Jouneau, and 
T. Wipijewski, Defects, structure, and chemistry of InP–GaAs interfaces obtained by wafer 
bonding, J. Appl. Phys., vol. 87, no. 9, pp. 4135-4146, 2000. 

14  J. Boucart, C. Starck, F. Gaborit, A. Plais, N. Bouche, E. Derouin, J. C. Remy, J. Bonnet-
Gamard, L. Goldstein, C. Fortin, D. Carpentier, P. Salet, F. Brillouet, and J. Jacquet, 
Metamorphic DBR and tunnel-junction injection. A CW RT monolithic long-wavelength 
VCSEL, IEEE J. Select. Topics Quantum Electron., vol. 5, no. 3, pp. 520-529, 1999. 

15  W. Yuen, G. S. Li, R. F. Nabiev, J. Boucart, P. Kner, R. J. Stone, D. Zhang, M. Beaudoin, T. 
Zheng, C. He, K. Yu, M. Jansen, D. P. Worland, and C. J. Chang-Hasnain, High-performance 
1.6 µm single-epitaxy top-emitting VCSEL, Electron. Lett., vol. 36, no. 13, pp. 1121-1123, 
2000. 

16 R. Shau, M. Ortsiefer, J. Rosskopf, G. Bohm, F. Kohler, and M.-C. Amann, Vertical-cavity 
surface-emitting laser diodes at 1.55 µm with large output power and high operation 
temperature, Electron. Lett., vol. 37, no. 21, pp. 1295-1296, 2001. 

17  M. Kondow, K. Uomi, A. Niwa, T. Kitatani, S. Watahiki, Y. Yazawa, Jpn. J. Appl. Phys., vol. 
35, p. 1273, 1996. 

  58



                                                                                                                                            
18  M. Kondow, T. Kitatani, S. Nakatsuka, M. Larson, K. Nakahara, Y. Yazawa, M. Okai, and K. 

Uomi, GaInNAs: A Novel Material for Long-Wavelength Semiconductor Lasers, IEEE J. Select. 
Topics Quantum Electron., vol. 3, no. 3, pp. 719-730, 1997. 

19  D. A. Livshits, A. Yu. Egorov and H. Riechert, 8W continuous wave operation of InGaAsN 
lasers at 1.3pm, Electron. Lett., vol. 36, no. 16, pp. 1381-1382, 2000. 

20  X. D. Wang, S. M. Wang, Y. Q. Wei, M. Sadeghi, and A. Larsson, High-quality 1.3 µm 
GaInNAs single quantum well lasers grown by MBE, Electron. Lett., vol. 40, no. 21, pp. 1338-
1339, 2004. 

21  F. Höhnsdorf, J. Koch, S. Leu, W. Stolz, B. Borchert, and M. Druminski, Reduced threshold 
current densities of (GaIn)(NAs)/GaAs single quantum well lasers for emission wavelengths in 
the range 1.28-1.38 µm, Electron. Lett., vol. 35, no. 7, pp. 571-572, 1999. 

22  M. Kawaguchi, E. Gouardes, D. Schlenker, T. Kondo, T. Miyamoto, F. Koyama, and K. Iga, 
Low threshold current density operation of GaInNAs quantum well lasers grown by 
metalorganic chemical vapour deposition, Electron. Lett., vol. 36, no. 21, pp. 1776-1777, 2000. 

23  N. Tansu and L. J. Mawst, Low-threshold strain-compensated InGaAs(N) (l = 1.19-1.31 µm) 
quantum well lasers, IEEE Photon. Technol. Lett., vol. 14, no. 4, pp. 444-446, 2002. 

24  N. Tansu, J.-Y. Yeh and L. J. Mawst, Low-threshold 1317-nm InGaAsN quantum-well lasers 
with GaAsN barriers, Appl. Phys. Lett., vol. 83, no. 13, pp. 2512-2514, 2003. 

25  N. Tansu, N. J. Kirsch, and L. J. Mawst, Low-threshold-current-density 1300-nm dilute-nitride 
quantum well lasers, Appl. Phys. Lett., vol. 81, no. 14, pp. 2523-2525, 2002. 

26  A. W. Jackson, R. L. Naone, M. J. Dalberth, J. M. Smith, K. J. Malone, D. W. Kisker, J. F. 
Klem, K. D. Choquette, D. K. Serkland, and K. M. Geib, “OC-48 capable InGaAsN vertical 
cavity laser,” Electron. Lett., vol. 37 no. 6, pp. 355-356, 2001. 

27  A. Ramakrishnan, G. Steinle, D. Supper, C. Degen, and G. Ebbinghaus, “Electrically pumped 10 
Gbit/s MOVPE-grown monolithic 1.3 µm VCSEL with GaInNAs active region,” Electron. Lett., 
vol. 38 no. 7, pp. 322-324, 2002. 

28  T. Takeuchi, Y.-L. Chang, M. Leary, A. Tandon, H.-C. Luan, D. Bour, S. Corzine, R. Twist, and 
M. Tan, “1.3 µm InGaAsN vertical cavity surface emitting lasers grown by MOCVD,” Electron. 
Lett., vol. 38, no. 23, pp. 1438-1440, 2002. 

29  S.-W. Ryu and P. D. Dapkus, Highly strained InGaAs QW VCSEL with lasing wavelength at 
1.22 µm, Electron. Lett., vol. 37, no. 3, pp. 177-178, 2001. 

30  J. Joos, F. Mederer, M. Kicherer, I. Ecker, R. Jager, W. Schmid, M. Grabherr, and K. J. Ebeling, 
2.5-Gb/s data transmission over 10-km standard single-mode fiber using InGaAs VCSELs at 
1.13-µm emission wavelength, IEEE Photon. Technol. Lett., vol. 12, no. 3, pp. 344-346, 2000. 

31  H. C. Kuo, H. H. Yao, Y. H. Chang, Y. A. Chang, M. Y. Tsai, J. Hsieh, E. Y. Chang and S. C. 
Wang, MOCVD growth of highly strained InGaAs:Sb-GaAs-GaAsP quantum well vertical 
cavity surface-emitting lasers with 1.27 µm emission, J. Cryst. Growth, vol. 272, no. 1-4, pp. 
538-542, 2004. 

32  H. C. Kuo, Y. H. Chang, H. H. Yao, Y. A. Chang, F.-I. Lai, M. Y. Tsai, and S. C. Wang, High-
Speed Modulation of InGaAs : Sb–GaAs–GaAsP Quantum-Well Vertical-Cavity Surface-
Emitting Lasers With 1.27-µm Emission Wavelength, IEEE Photon. Technol. Lett., vol. 17, no. 
3, pp. 528-530, 2005. 

33  J. A. Lott, N. N. Ledentsov, A. R. Kovsh, V. M. Ustinov, and D. Bimberg, Multiple stacks of 
InAs/InGaAs quantum dots for GaAs-based 1.3 µm vertical cavity surface emitting lasers, 
Lasers and Electro-Optics Society (LEOS) 2003, the 16th Annual Meeting of the IEEE, vol. 2, 
pp. 499-500, 27-28 Oct. 2003. 

34  T. Anan, M. Yamada, K. Nishi, K. Kurihara, K. Tokutome, A. Kamei, and S. Sugou, 
Continuous-wave operation of 1.3µm GaAsSb/GaAs VCSELs, Electron. Lett., vol. 37, no. 9, pp. 
566-567, 2001. 

  59



                                                                                                                                            
35  P. Dowd, S. R. Johnson, S. A. Feld, M. Adamcyk, S. A. Chaparro, J. Joseph, K. Hilgers, M. P. 

Horning, K. Shiralagi, and Y.-H. Zhang, Long wavelength GaAsP/GaAs/GaAsSb VCSELs on 
GaAs substrates for communications applications, Electron. Lett., vol. 39, no. 13, pp. 987-988, 
2003. 

36  IEEE P802.3ae 10Gb/s Ethernet, IEEE Standards Department, 2002 

37  “Serial OC-192 1310nm Very Short Reach (VSR) Interfaces” Implementation Agreement: OIF-
VSR4-02.0, Optical Internetworking Forum (OIF), 2001. 

38  G. M. Yang, M. H. MacDougal and P. D. Dapkus, Ultralow threshold current vertical-cavity 
surface-emitting lasers obtained with selective oxidation, Electron. Lett., vol. 31, no. 11, pp. 
886-888, 1995. 

39  R. Jager, M. Grabherr, C. Jung, R. Michalzik, G. Reiner, B. Weigl, and K. J. Ebeling, 57% 
wallplug efficiency oxide-confined 850 nm wavelength GaAs VCSELs, Electron. Lett., vol. 33, 
no. 4, pp. 330-331, 1997. 

40  A. Haglund, J. S. Gustavsson, J. Vukusic, P. Modh, and A. Larsson, Single fundamental-mode 
output power exceeding 6 mW from VCSELs with a shallow surface relief, IEEE Photon. 
Technol. Lett., vol. 16, no. 2, pp. 368-370, 2004. 

41  S.-W. Chiou, G. Lin, C.-P. Lee, H.-P. Yang, and C.-P. Sung, Mode control of vertical-cavity 
surface-emitting lasers by germanium coating, Jpn. J. Appl. Phys., vol. 40, no. 2A, pp. 614-616, 
2001. 

42  P. Debernardi, H. J. Unold, J. Maehnss, R. Michalzik, G. P. Bava, and K. J. Ebeling, Single-
mode, single-polarization VCSELs via elliptical surface etching: experiments and theory, IEEE 
J. Select. Topics Quantum Electron., vol. 9, no. 5, pp. 1394-1405, 2003. 

43  See for example L. A. Coldren and S. W. Corzine, Diode Lasers and Photonic Integrated 
Circuits, chapter 3, John Wiley & Sons, Inc., 1995. 

44  K. Tai, L. Yang, Y. H. Wang, J. D. Wynn, and A. Y. Cho, Drastic reduction of series resistance 
in doped semiconductor distributed Bragg reflectors for surface-emitting lasers, Appl. Phys. 
Lett., vol. 56, no. 25, pp. 2496-2498, 1990. 

45  D. I. Babic, J. Piprek, K. Streubel, R. P. Mirin, N. M. Margalit, D. E. Mars, J. E. Bowers, and E. 
L. Hu, Design and analysis of double-fused 1.55-µm vertical-cavity lasers, IEEE J. Quantum 
Electron., vol. 33, no. 8, pp. 1369-1383, 1997. 

46  C. Asplund, S. Mogg, G. Plaine, F. Salomonsson, N. Chitica, and M. Hammar, Doping-induced 
losses in AlAs/GaAs distributed Bragg reflectors, J. Appl. Phys., vol. 90, no. 2, pp. 794-800, 
2001. 

47  M. G. Peters, B. J. Thibeault, D. B. Young, A. C. Gossard, and L. A. Coldren, Growth of 
beryllium doped AlxGa1-xAs/GaAs mirrors for vertical-cavity surface-emitting lasers, J. Vac. 
Sci. Technol., vol. 12, no. 6, pp. 3075-3083, 1994. 

48  See W. Nakwaski, Thermal conductivity of binary, ternary, and quaternary III-V compounds, J. 
Appl. Phys., vol. 64, no. 1, pp. 159-166, 1988, and references therein. 

49  See p. 237 (TEGa) and p. 245 (TBAs) in Gerald B. Stringfellow, Organometallic Vapor-Phase 
Epitaxy, 2nd ed., Academic Press, 1999. 

50  http://www.aeronex.com/ 

51  http://www.millipore.com/ 

52  http://www.saesgetters.com/ 

53  E. Yablonovitch and E. Kane, Reduction of lasing threshold current density by the lowering of 
valence band effective mass, J. Lightwave Technol., vol. 4, no. 5, pp. 504-506, 1986. 

54  F. C. Frank and J. H. van der Merwe, One-dimensional dislocation. I. Static theory, Proc. Roy. 
Soc., vol. A198, pp. 205-216, 1949.  

55  F. C. Frank and J. H. van der Merwe, One-dimensional dislocation. II. Misfitting monolayers 
and oriented overgrowth., Proc. Roy. Soc., vol. A198, pp. 216-225, 1949. 

  60



                                                                                                                                            
56  J. H. Van Der Merwe, Crystal Interfaces. Part I. Semi-Infinite Crystals, J. Appl. Phys., vol. 34, 

no. 1, pp. 117-122, 1963. 

57  J. H. Van Der Merwe, Crystal Interfaces. Part II. Finite Overgrowths, J. Appl. Phys., vol. 34, no. 
1, pp. 123-127, 1963. 

58  J. W. Matthews and A. E. Blakeslee, Defects in epitaxial multilayers: I. Misfit dislocations, J. 
Cryst. Growth, vol. 27, pp. 118-125, 1974. 

59  R. People and J. C. Bean, Calculation of critical layer thickness versus lattice mismatch for 
GexSi1–x/Si strained-layer heterostructures, Appl. Phys. Lett., vol. 47, no. 3, pp. 322-324, 1985. 

60  S. M. Hu, Misfit dislocations and critical thickness of heteroepitaxy, J. Appl. Phys., vol. 69, no. 
11, pp. 7901-7903, 1991. 

61  D. J. Dunstan, Strain and strain relaxation in semiconductors, J. Materials Science: Materials in 
Electronics, vol. 8, no. 6, pp. 337-375, 1997. 

62  D. J. Eaglesham and M. Cerullo, Dislocation-free Stranski-Krastanow growth of Ge on Si(100), 
Phys. Rev. Lett., vol. 64, no. 16, pp. 1943-1946, 1990. 

63 S. Guha, A. Madhukar, and K. C. Rajkumar, Onset of incoherency and defect introduction in the 
initial stages of molecular beam epitaxical growth of highly strained InxGa1-xAs on GaAs(100), 
Appl. Phys. Lett., vol. 57, no. 20, pp. 2110-2112, 1990. 

64  For a review, see M. Telford, Self-organized quantum dots for optoelectronics, III-Vs Review, 
vol. 14, no. 7, pp. 48-52, 2001. 

65  C. Kittel, Introduction to Solid State Physics, 7th ed., John Wiley & Sons, Inc..  

66  H. P. Myers, Introductory Solid State Physics, 2nd ed., Taylor & Francis Inc. 

67  http://www.panalytical.com/ 

68  First reported by M. Weyers, M. Sato, and H. Ando, Red Shift of Photoluminescence and 
Absorption in Dilute GaAsN Alloy Layers, Jpn. J. Appl. Phys., vol. 31, no. 7A, pp. L853-L855, 
1992. 

69  W. Shan, W. Walukiewicz, J. W. Ager III, E. E. Haller, J. F. Geisz, D. J. Friedman, J. M. Olson, 
and S. R. Kurtz, Band Anticrossing in GaInNAs Alloys, Phys. Rev. Lett., vol. 82, no. 6, pp. 
1221-1224, 1999. 

70  W. Shan, W. Walukiewicz, K. M. Yu, J. W. Ager III, E. E. Haller, J. F. Geisz, D. J. Friedman, J. 
M. Olson, S. R. Kurtz, H. P. Xin, and C. W. Tu, Band Anticrossing in III-N-V Alloys, Phys. 
Stat. Sol. (b), vol. 223, pp. 75-85, 2001. 

71  T. Mattila, S.-H. Wei, and A. Zunger, Localization and anticrossing of electron levels in GaAs1-

xNx alloys, Phys. Rev. B, vol. 60, no. 16, pp. R11245-R11248, 1999. 

72  P. R. C. Kent and A. Zunger, Theory of electronic structure evolution in GaAsN and GaPN 
alloys, Phys. Rev. B, vol. 64, p. 115208, 2001. 

73  B. R. Nag, and S. Mukhopadhyay, Energy Levels in Quantum Wells of Nonparabolic 
Semiconductors, Phys. Stat. Sol. (b), vol. 175, pp. 103-112, 1993. 

74  B. R. Nag, Boundary conditions for the heterojunction interfaces of nonparabolic 
semiconductors, J. Appl. Phys., vol. 70, no. 8, pp. 4623-4625, 1991. 

75  R. People, and S. K. Sputz, Band nonparabolicities in lattice-mismatch-strained bulk 
semiconductor layers, Phys. Rev. B, vol. 41, no. 12, pp. 8431-8439, 1990. 

76  P. J. Klar, H. Grüning, J. Koch, S. Schäfer, K. Volz, W. Stolz,  W. Heimbrodt, A. M. Kamal 
Saadi, A. Lindsay, and E. P. O'Reilly, (Ga, In)(N, As)-fine structure of the band gap due to 
nearest-neighbor configurations of the isovalent nitrogen, Phys. Rev. B, vol. 64, 121203(R), 
2001. 

77  S. Kurtz, J. Webb, L. Gedvilas, D. Friedman, J. Geisz, J. Olson, R. King, D. Joslin, and N. 
Karam, Structural changes during annealing of GaInAsN, Appl. Phys. Lett., vol. 78, no. 6, pp. 
748-750, 2001. 

  61



                                                                                                                                            
78 V. Lordi, V. Gambin, S. Friedrich, T. Funk, T. Takizawa, K. Uno, and J. S. Harris, Nearest-

Neighbor Configuration in (GaIn)(NAs) Probed by X-Ray Absorption Spectroscopy, Phys. Rev. 
Lett., vol. 90, 145505, 2003. 

79  V. N. Strocov, P. O. Nilsson, T. Schmitt, A. Augustsson, L. Gridneva, D. Debowska-Nilsson, R. 
Claessen, A. Yu. Egorov, V. M. Ustinov, and Zh. I. Alferov, Nitrogen local electronic structure 
in Ga(In)AsN alloys by soft-x-ray absorption and emission: Implications for optical properties, 
Phys. Rev. B, vol. 69, 035206, 2004. 

80  C. Persson and A. Zunger, Deep nitrogen-induced valence- and conduction-band states in 
GaAs1–xNx, Phys. Rev. B, vol. 68, 035212, 2003. 

81  T. Ahlgren, E. Vainonen-Ahlgren, J. Likonen, W. Li, and M. Pessa, Concentration of interstitial 
and substitutional nitrogen in GaNxAs1 - x, Appl. Phys. Lett., vol. 80, no. 13, pp. 2314-2316, 
2002. 

82  A. Polimeni, G. Baldassarri H. v. H., M. Bissiri, M. Capizzi, M. Fischer, M. Reinhardt, and A. 
Forchel, Effect of hydrogen on the electronic properties of InxGa1-xAs1-yNy/GaAs quantum wells, 
Phys. Rev. B, vol. 63, 201304, 2001. 

83  A. Polimeni, G. Baldassarri H. v. H., M. Bissiri, V. Gaspari, F. Ranalli, M. Capizzi, A. Frova, A. 
Miriametro, M. Geddo, M. Fischer, M. Reinhardt, and A. Forchel, Interplay of nitrogen and 
hydrogen in InxGa1-xAs1-yNy/GaAs heterostructures, Physica B, vol. 308-310, pp. 850-853, 2001. 

84  G. Baldassarri H. v. H., M. Bissiri, A. Polimeni, M. Capizzi, M. Fischer, M. Reinhardt, and A. 
Forchel, Hydrogen-induced band gap tuning of (InGa)(AsN)/GaAs single quantum wells, Appl. 
Phys. Lett., vol. 78, no. 22, pp. 3472-3474, 2001. 

85  M. Bissiri, G. Baldassarri H. v. H., A. Polimeni, V. Gaspari, F. Ranalli, M. Capizzi, A. A. 
Bonapasta, F. Jiang, M. Stavola, D. Gollub, M. Fischer, M. Reinhardt, and A. Forchel, 
Hydrogen-induced passivation of nitrogen in GaAs1-yNy, Phys. Rev. B, vol. 65, 235210, 2002. 

86  See pp. 37-38 in C. Asplund, “Epitaxy of GaAs-based long-wavelength vertical cavity lasers,” 
doctoral thesis, ISSN 1404-0379, Royal Institute of Technology (KTH), Stockholm, 2003. 

87  www.maxlab.lu.se 

88  The MATLAB script files are written by C. Asplund and can be found in Appendix 2 in his 
doctoral thesis, “Epitaxy of GaAs-based long-wavelength vertical cavity lasers,” ISSN 1404-
0379, Royal Institute of Technology (KTH), Stockholm, 2003. 

89 D. J. Friedman, J. F. Geisz, S. R. Kurtz, J. M. Olson, and R. Reedy, Nonlinear dependence of N 
incorporation on In content in GaInNAs, J. Cryst Growth, vol. 195, pp. 438-443, 1998. 

90 F. Höhnsdorf, J. Koch, C. Agert, and W. Stolz, Investigations of (GaIn)(NAs) bulk layers and 
(GaIn)(NAs)/GaAs nultiple quantum well structures grown using tertiarybutylarsine (TBAs) and 
1,1-dimethylhydrazine (UDMHy), J. Cryst Growth, vol. 195, pp. 391-396, 1998. 

91  J. J. Coleman, ”Strained layer quantum well lasers”, in Peter S. Zory, Jr. (Ed.): Quantum Well 
Lasers, Academic Press, ISBN 0-12-781890-1, 1993. 

92  L. A. Coldren and  S. W. Corzine, Diode Lasers and Photonic integrated circuits, p. 535, John 
Wiley & Sons, Inc., 1995. 

93  J. Hornstra and W. J. Bartels, Determination of the lattice constant of epitaxial layers of III-V 
compounds, J. Cryst Growth, vol. 44, no. 5, pp. 513-517, 1978.  

94  M. E. Sherwin and T. J. Drummond, Predicted elastic constants and critical layer thicknesses for 
cubic phase AlN, GaN, and InN on β-SiC, J. Appl. Phys., vol. 69, no. 12, pp. 8423-8425, 1991. 

95  N. Tansu, J.-Y. Yeh, and L. J. Mawst, Physics and characteristics of high performance 1200 nm 
InGaAs and 1300-1400 nm InGaAsN quantum well lasers obtained by metal-organic chemical 
vapour deposition, J. Phys.: Condens. Matter, vol. 16, no. 31, pp. 3277-3318, 2004. 

96  J. S. Harris, Tunable Long-Wavelength Vertical-Cavity Lasers: The Engine of Next Generation 
Optical Networks?, IEEE J. Select. Topics Quantum Electron., vol. 6, no. 6, pp. 1145-1169, 
2000. 

  62



                                                                                                                                            

5 6

97 D. J. Friedman, J. F. Geisz, S. R. Kurtz, J. M. Olson, and R. Reedy, Nonlinear dependence of N 
incorporation on In content in GaInNAs, J. Cryst. Growth, vol. 195, pp. 438-443, 1998. 

98 F. Höhnsdorf, J. Koch, C. Agert, and W. Stolz, Investigations of (GaIn)(NAs) bulk layers and 
(GaIn)(NAs)/GaAs multiple quantum well structures grown using tertiarybutylarsine (TBAs) 
and 1,1-dimethylhydrazine (UDMHy), J. Cryst Growth, vol. 195, pp. 391-396, 1998. 

99 M. Kawaguchi, T. Miyamoto, E. Gouardes, D. Schlenker, T. Kondo, F. Koyama, and K. Iga, 
Optical Quality Dependence on Growth Rate for Metalorganic Chemical Vapor Deposition 
Grown GaInNAs/GaAs, Jpn. J. Appl. Phys., vol. 39, part 2, no. 12A, pp. L1219-L1220, 2000. 

100 J. Koch, F. Höhnsdorf, and W. Stolz, Optical Characterization of (GaIn)(NAs)/GaAs MQW 
Structures, J. Electron. Mat., vol. 29, no. 1, pp. 165-168, 2000. 

101 E. Gouardes, F. Alexandre, O. Gauthier-Lafaye, A. Vuong-Becaert, V. Colson and B. Thédrez, 
Studies of MOVPE growth conditions for the improvement of GaInAsN on GaAs substrates for 
1.3 m laser emission, J. Cryst Growth, vol. 248, pp. 446-450, 2003. 

102  S. Sato, Y. Osawa, and T. Saitoh, Room-Temperature Operation of GaInNAs/GaInP Double-
Heterostructure Laser Diodes Grown by Metalorganic Chemical Vapour Deposition, Jpn. J. 
Appl. Phys., vol. 36, no. 5A, pp. 2671-2675, 1997. 

103 A. Polimeni, M. Capizzi, M. Geddo, M. Fisher, M. Reinhardt, and A. Forchel, Effect of 
temperature on the optical properties of (InGa)(AsN)/GaAs single quantum wells, Appl. Phys. 
Lett., vol. 77, no. 18, pp. 2870-2872, 2000. 

104  See e.g. refs [9 ,9 ] and references therein.  

105  E. V. K. Rao, A. Ougazzaden, Y. Le Bellego, and M. Juhel, Optical properties of low band gap 
GaAs(1 – x)Nx layers: Influence of post-growth treatments, Appl. Phys. Lett., vol. 72, no. 12, pp. 
1409-1411, 1998. 

106  S. Francoeur, G. Sivaraman, Y. Qiu, S. Nikishin, and H. Temkin, Luminescence of as-grown 
and thermally annealed GaAsN/GaAs, Appl. Phys. Lett., vol. 72, no. 15, pp. 1857-1859, 1998. 

107  S. Shirakata, M. Kondow, and T. Kitatani, Temperature-dependent photoluminescence of high-
quality GaInNAs single quantum wells, Appl. Phys. Lett., vol. 80, no. 12, pp. 2087-2089, 2002. 

108 T. Takeuchi, Y.-L. Chang, M. Leary, D. Mars, Y. K. Song, S. D. Roh, H.-C. Luan, L.-M. 
Mantese, A. Tandon, R. Twist, S. Belov, D. Bour and M. Tan, Al Contamination in InGaAsN 
Quantum Wells Grown by Metalorganic Chemical Vapor Deposition and 1.3 µm InGaAsN 
Vertical Cavity Surface Emitting Lasers, Jpn. J. Appl. Phys., vol. 43, no. 4A, pp. 1260-1263, 
2004. 

109  J. W. Matthews and A. E. Blakeslee, Defects in epitaxial multilayers: I. Misfit dislocations, J. 
Cryst. Growth, vol. 27, pp. 118-125, 1974. 

110  L. W. Sung and H. H. Lin, Highly strained 1.24-µm InGaAs/GaAs quantum-well lasers, Appl. 
Phys. Lett., vol. 83, no. 6, pp. 1107-1109, 2003. 

111 D. Schlenker, T. Miyamoto, Z. B. Chen, M. Kawaguchi, T. Kondo, E. Gouardes, F. Koyama, 
and K. Iga, “Critical layer thickness of 1.2-µm Highly strained GaInAs/GaAs quantum wells”, J. 
Cryst Growth, vol. 221, pp. 503-508, 2000. 

112  T. Takeuchi, Y.-L. Chang, A. Tandon, D. Bour, S. Corzine, R. Twist, M. Tan, and H.-C. Luan, 
Low threshold 1.2 µm InGaAs quantum well lasers grown under low As/III ratio, Appl. Phys. 
Lett., vol. 80, no. 14, pp. 2445-2447, 2002. 

113  H. H. Tan, P. Lever, and C. Jagadish, Growth of highly strained InGaAs quantum wells on GaAs 
substrates-effect of growth rate, J. Cryst Growth, vol. 274, pp. 85-89, 2005. 

114  N. Tansu, J.-Y. Yeh, and L. J. Mawst, Extremely low threshold-current-density InGaAs 
quantum-well lasers with emission wavelength of 1215-1233 nm, Appl. Phys. Lett., vol. 82, no. 
23, pp. 4038-4040, 2003. 

115  L. W. Sung and H. H. Lin, Highly strained 1.24-µm InGaAs/GaAs quantum-well lasers, Appl. 
Phys. Lett., vol. 83, no. 6, pp. 1107-1109, 2003. 

  63



                                                                                                                                            
116 E. A. Fitzgerald, Dislocations in strained-layer epitaxy: theory, experiment, and applications, 

Mater. Sci. Rep., vol. 7, no. 3, pp. 87-140, 1991. 

117  G. L. Price, Critical-thickness and growth-mode transitions in highly strained InxGa1-xAs films, 
Phys. Rev. Lett., vol. 66, no. 4, pp. 469-472, 1991. 

118  Y. Ohizumi, T. Tsuruoka, and S. Ushioda, Formation of misfit dislocations in GaAs/InGaAs 
multiquantum wells observed by photoluminescence microscopy, J. Appl. Phys., vol. 92, no. 5, 
pp. 2385-2390, 2002. 

119  F. Bugge, U. Zeimer, M. Sato, M. Weyers, and G. Tränkle, MOVPE growth of highly strained 
InGaAs/GaAs quantum wells, J. Cryst. Growth, vol. 183, no. 4, pp. 511-518, 1998. 

120  Z. Pan, T. Miyamoto, D. Schlenker, S. Sato, F. Koyama, and K. Iga, Low temperature growth of 
GaInNAs/GaAs quantum wells by metalorganic chemical vapor deposition using 
tertiarybutylarsine, J. Appl. Phys., vol. 84, no. 11, pp. 6409-6411, 1998. 

121  D. Schlenker, T. Miyamoto, Z. Chen, F. Koyama, and K. Iga, Growth of highly strained 
GaInAs/GaAs quantum wells for 1.2 µm wavelength lasers, J. Cryst. Growth, vol. 209, no. 1, pp. 
27-36, 2000. 

122 H. Q. Ni, Z. C. Niu, X. H. Xu, Y. Q. Xu, W. Zhang, X. Wei, L. F. Bian, Z. H. He, Q. Han, and 
R. H. Wu, High-indium-content InxGa1-xAs/GaAs quantum wells with emission wavelengths 
above 1.25 µm at room temperature, Appl. Phys. Lett., vol. 84, no. 25, pp. 5100-5102, 2004. 

123  S.-W. Chiou, G. Lin, C.-P. Lee, H.-P. Yang, and C.-P. Sung, Mode control of vertical-cavity 
surface-emitting lasers by germanium coating, Jpn. J. Appl. Phys., vol. 40, no. 2A, pp. 614-616, 
2001. 

124  M. Pristovsek, B. Han, J.-T. Zettler, and W. Richter, In situ investigation of GaAs (001) intrinsic 
carbon p-doping in metal-organic vapour phase epitaxy, J. Cryst. Growth, vol. 221, no. 1-4, pp. 
149-155, 2002. 

125  A. Bhattacharya, M. Zorn, A. Oster, M. Nasarek, H. Wenzel, J. Sebastian, M. Weyers, and G. 
Tränkle, Optimization of MOVPE growth for 650 nm-emitting VCSELs, J. Cryst. Growth, vol. 
221, no. 1-4, pp. 663-667, 2000. 

126 R. G. Waters, D. P. Bour, S. L. Yellen, and N. F. Ruggieri, Inhibited dark-line defect formation 
in strained InGaAs/AlGaAs quantum well lasers, IEEE Photon. Technol. Lett., vol. 2, no. 8, pp. 
531-533, 1990. 

127 S. L. Yellen, A. H. Shepard, R. J. Dalby, J. A. Baumann, H. B. Serreze, T. S. Guido, R. Soltz, K. 
J. Bystrom, C. M. Harding, and R. G. Waters, Reliability of GaAs-based semiconductor diode 
lasers: 0.6-1.1 µm, IEEE J. Quantum Electron., vol. 29, no. 6, pp. 2058-2067, 1993. 

128 K. J. Beernink, P. K. York, J. J. Coleman, R. G. Waters, J. Kim, and C. M. Wayman, 
Characterization of InGaAs-GaAs strained-layer lasers with quantum wells near the critical 
thickness, Appl. Phys. Lett., vol. 55, no. 21, pp. 2167-2169, 1989. 

129 X. W. Liu, A. A. Hopgood, B. F. Usher, H. Wang, and N. St. J. Braithwaite, Formation of misfit 
dislocations during growth of InxGa1-xAs/GaAs strained-layer heterostructures, Semicond. Sci. 
Technol., vol. 14, pp. 1154-1160, 1999. 

130 D. L Huffaker, J. Shin, and D. G. Deppe, “Low threshold half-wave vertical cavity lasers,” 
Electron. Lett., vol. 30, pp. 1946–1947, 1994. 

131 K. D. Choquette, K. M. Geib, C. I. H. Ashby, R. D. Twesten, O. Blum, H. Q. Hou, D. M. 
Follstaedt, B. E. Hammons, D. Mathes, and R. Hull, Advances in Selective Wet Oxidation of 
AlGaAs Alloys, IEEE J. Select. Topics Quantum Electron., vol. 3, pp. 916-926, 1997. 

132  See for example “Lytek Takes On Laser Challenge” Light Reading, December 23, 2002 
(http://www.lightreading.com); “VCSELs Revisit OFC” Light Reading, March 31, 2003; 
“Infineon Expands Optical Portfolio” Light Reading, February 19, 2004 
(http://www.lightreading.com). 

  64



                                                                                                                                            
133  Recently (2005-02-04), Optical Communication Products, Inc. announce a 1.3-µm VCESL-

based Gigabit Ethernet Transceiver capable of 2 km transmission over multimode fiber. The 
production is expected to start in April 2005. See http://www.ocp-inc.com.  

  65


	Abstract
	List of papers
	Publications included in this thesis
	GaInNAs QWs: MOVPE and laser implementation
	MOVPE of InGaAs QWs
	1.3-µm InGaAs-VCSEL realization
	1.3-µm InGaAs-VCSEL optimization and analysis

	Publications resulting from this work but not included in the thesis
	Journal articles
	Conference contributions


	Contents
	Introduction
	Optical communication
	VCSELs – from idea to high-performance 1.3-µm de�
	About this work

	Semiconductor lasers
	BALs
	VCSELs
	DBRs


	Epitaxy
	Strained layers
	Strain relaxation and critical thickness

	Characterization methods
	PL
	HRXRD
	SIMS

	GaIn(N)As QW emission wavelength
	Bulk bandgap
	Strain-induced bandgap shift
	Quantum confinement
	Annealing-induced blueshift of GaInNAs
	Calculation of GaIn(N)As composition

	GaInNAs QWs
	Growth parameters and BAL performance
	N-induced luminescence degradation
	Parasitic reactions
	GaInNAs on AlGaAs

	InGaAs QWs
	Growth parameters
	Multiple-QW structures
	Partially relaxed InGaAs
	PL dependence on QW width and In fraction

	InGaAs VCSELs
	Design and fabrication
	Interface doping

	Static performance and temperature dependence
	Dynamic performance
	Reliability

	Conclusions and outlook
	Guide to the papers
	Comments on the contribution of the author
	Acknowledgments
	References

