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Abstract 
 
Long-wavelength (1.3-μm) vertical-cavity surface-emitting lasers (VCSELs) are of great 
interest as low-cost, high performance light sources for fiber-optic metro and access 
networks. During recent years the main development effort in this field has been directed 
towards all epitaxial GaAs-based structures by employing novel active materials. 
Different active region candidates for GaAs-based 1.3-μm VCSELs such as 
GaInNAs/GaAs QWs, GaAsSb QWs or InAs/InGaAs QDs have been investigated. 
However, the difficult growth and materials properties of these systems have so far 
hampered any real deployment of the technology. More recently, a new variety of 
VCSELs have been developed at KTH as based on highly strained InGaAs QWs and 
negative gain cavity detuning to reach the 1.3-μm wavelength window. The great benefit 
of this approach is that it is fully compatible with standard materials and processing 
methods. 
 
The aim of this thesis is to investigate long-wavelength (1.3-μm) VCSELs using ~1.2-μm 
In0.4GaAs/GaAs Multiple Quantum Wells (MQWs). A series of QW structures, DBR 
structures and laser structures, including VCSELs and Broad Area lasers (BALs) were 
grown by metal-organic vapor phase epitaxy (MOVPE) and characterized by various 
techniques: Photoluminescence (PL), high-resolution x-ray diffraction (XRD), atomic 
force microscopy (AFM), high accuracy reflectance measurements as well as static and 
dynamic device characterization. The work can be divided into three parts. The first part 
is dedicated to the optimization and characterization of InGaAs/GaAs QWs growth for 
long wavelength and strong luminescence. A strong sensitivity to the detailed growth 
conditions, such as V/III ratio and substrate misorientation is noted. Dislocations in 
highly strained InGaAs QW structure and Sb as surfactant assisted in InGaAs QW growth 
are also discussed here. The second part is related to the AlGaAs/GaAs DBR structures. It 
is shown that the InGaAs VCSELs with doped bottom DBRs have significantly lower 
slope efficiency, output power and higher threshold current. By a direct study of buried 
AlGaAs/GaAs interfaces, this is suggested to be due to doping-enhanced Al-Ga hetero-
interdiffusion. In the third part, singlemode, high-performance 1.3-μm VCSELs based on 
highly strained InGaAs QWs are demonstrated. Temperature stable singlemode 
performance, including mW-range output power and 10 Gbps data transmission, is 
obtained by an inverted surface relief technique. 
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1   Introduction 
 
 

 1.1   Optical Communication - Background  
 
During the past decades, we have been seeing dramatic changes related to information 
and communication technology that have far-reaching implications for our lifestyles. The 
tremendous growth of the Internet puts increasingly higher demand on high-capacity 
signal processing and transmission. The signals in the network are transmitted both 
electrically in copper wires and by light pulses in transparent optical fibers. 1 Optical 
fiber transmission can offer much higher bandwidth than the copper cables and is less 
susceptible to electromagnetic interferences and other undesirable effects, and can 
therefore be used for higher data rates and/or longer distances such as in the links 
between cities, countries and even continents.  
 
Modern fiber-optic communication systems generally consist of optical transmitters, 
fiber-optic cables, amplifiers, and optical receivers. The most commonly-used optical 
transmitters are semiconductor devices such as light-emitting diodes (LEDs) and 
semiconductor lasers.  
 
Semiconductor lasers use semiconductor as active medium and based on the same 
principle as any other lasers: an active material is pumped to create population inversion 
and light can be amplified through stimulated emission between two reflection mirrors. 2 
The invention of the semiconductor lasers in the early 1960s was a great breakthrough in 
photonic technology, as they are compact, can be easily integrated, efficient and with the 
potential of mass production. The majority of semiconductor materials for optoelectronic 
applications are based on a combination of elements in the third group of the Periodic 
Table (such as Al, Ga, In) and the fifth group (such as N, P, As, Sb) hence referred to as 
the III-V compounds. Examples include GaAs, AlGaAs, InGaAs and InP alloys. 3

 
For long-distance transmission over singlemode fiber, long-wavelength laser diodes 
emitting in the wavelength rang 1.3-1.6 μm are required. To date traditional edge-
emitting lasers such as InP-based distributed feedback (DFB) lasers and Fabry-Pérot (FP) 
lasers emitting in the 1.3- or 1.55-μm wavelength regimes are used. While for short-haul 
(up to a few hundred meters) applications such as multi-gigabit interconnects require a 
large number of transmitters and low-cost devices are becoming important. The 
technology of choice for these applications is GaAs-based vertical-cavity surface-
emitting laser (VCSEL).   
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Nowadays, the market for high bit-rate short-distance data communications are 
completely dominated by 850 nm VCSEL devices. The new standards such as 10 Gigabit 
Ethernet provides a market for low-cost optical transceivers with capacity of high-speed 
transmission over distances of more than 10 km. 4  Potentially low-cost light sources for 
long reach singlemode fiber application, such as 1.3 and 1.55-μm VCSELs, are highly 
requested to replace more expensive DFB and FP lasers.   
 
 
 
 

 1.2   VCSELs – Review  
 
The vertical-cavity surface-emitting laser (VCSEL) is a type of semiconductor laser with 
laser beam emission perpendicular to the chip surface, contrary to conventional edge-
emitting semiconductor lasers (EELs) where laser light is emitted from a cleaved edge 
perpendicular to the wafer surface. As any other laser, a VCSEL (Figure 1.1) should have 
a resonant cavity with a region of optical gain and two mirrors that delimitate the cavity 
and assure the optical feedback. VCSELs are the product of sophisticated process 
technology, especially the epitaxial growth, to achieve the laser cavity properties. 
Compared to edge-emitting lasers, VCSELs have a number of advantages such as low 
power consumption, efficient fiber coupling and wafer scale manufacturing and testing. 
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 
EELs, VCSELs produce circular beams, which enables easy and efficient coupling to 
optical fiber. A VCSEL is generally smaller than an EEL, both in wafer area and in active 
region volume, and one can fit tenths of thousands of VCSELs on a two-inch wafer. 
 

 
 
Firgure1.1: A laser needs a cavity with optical gain, delimited by two mirrors that assure the optical 
feedback; EELs vs. VCSELs. 
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5 6The possibility to realize such a device was suggested in 1979 by Iga.  Soda et al.  
pioneered this revolutionary approach at the same year. Initial devices had metallic 
mirrors and operated at very high currents (900 mA threshold current) at liquid nitrogen 
temperatures (77 K) under pulsed conditions. Slow improvements have been made in the 
next decade with the same group pursuing the possibility of VCSELs in the GaInAsP/InP 
and AlGaAs/GaAs materials systems. The real boom took place when VCSELs took 
advantage of advances in epitaxial growth techniques of Molecular-Beam Epitaxy (MBE) 
and metal-organic Vapor Phase Epitaxy (MOVPE). These techniques drastically 
improved the characteristics of the mirrors and it is due to the introduction of the 
distributed Bragg reflectors (DBRs) 7 providing high reflectivity and low absorption, that 
continuous-wave (CW), room-temperature (RT) operation has been achieved at low 
threshold currents. The first RT pulse operated VCSEL with GaAs active region was 
demonstrated in 1984. 8  The threshold current density of the initial surface-emitting 
lasers was rather high in comparison with conventional stripe lasers due to the short gain 
path because of the poor reflectivity of the mirrors. This prevented RT CW operation 
until 1988. 9 10  Since then rapid progress has been made resulting in a decrease in RT 
CW threshold current from 32 to ∝10-1 11 mA.  Further improvements in VCSELs’ 
technology such as the introduction of Al oxide confinement 12 have lead to even lower 
threshold values 13 14 and high-frequency modulation .  
 
The need for short distance and high bit rate local area networks accelerated the 
development of 850 nm VCSELs15, and the operating wavelength of VCSELs to the 
1.3/1.55-µm high-bandwidth transmission window of standard silica fibers would also 
make them very attractive for longer-distance applications. InP-based QW is one possible 
solution for 1.3/1.55-µm wavelength range, but the InP material system is unfortunately 
not well-suited for VCSEL applications, InP DBRs generally suffers from a limited 
refractive index contrast and poor thermal conductivity, which together with the shallow 
conduct band offset in InGaAsP QWs leads to a poor high-temperature performance.16 
High performance long wavelength VCSELs have been fabricated by embedding InP-
based QW between AlGaAs/GaAs mirrors using wafer bonding17 or the application of 
buried tunnel junction and flip-chip bonding for efficient heat dissipation 18 . The 
drawback of these methods is that the fabrication procedure becomes rather complex and 
less suitable for large volume production.19  
 
Long-wavelength VCSELs based on monolithic GaAs have been mainly developed due 
to the low-cost chip and well-established processing technology for GaAs substrates. 1.3-
μm GaInNAs GaAs-based VCSEL was first proposed,20, 21  but the growth of GaInNAs 
has proven to be difficult with poor reproducibility. Other long-wavelength VCSELs such 
like 1.3-μm InAs/InGaAs quantum dot (QD) VCSELs based on GaAs 22 and GaAsSb 
QW VCSELs 23 , 24  have been presented even behind the performance of GaInNAs 
VCSELs. InGaAs/GaAs QWs grown on a GaAs substrate has recently also been used to 
fabricate 1.3-µm VCSELs. In the past, such QWs were not considered for laser 
applications beyond 1.1 μm because of the limited critical layer thickness of such highly 
strained layers. However, KTH and another group successfully presented the 1.2-μm 
InGaAs VCSELs in 2001, 25, 26  and further steps were taken to reach the 1.3-µm window 
using a negative gain-cavity detuning with the active layer photoluminescence (PL) 
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maximum just slightly in excess of 1200 nm. High-performance 1.26-1.3-μm InGaAs 
VCSELs were demonstrated using this approach at KTH.27, 28 
 
Optical communication system in the 1.3/1.55-µm wavelength regions is extensively 
based on single mode fibers. While VCSELs are inherently longitudinal signglemode 
emitters, large-are devices, as required for high power emission, may support several 
transversal modes. An appropriate VCSEL design for high power singlemode emission is 
therefore a challenging technical problem. Several techniques have thereby been 
proposed29, and two of the most popular methods are the application of small-area oxide 
aperture 30 31or a surface relief structure . However, the application of a small oxide 
aperture has some problems related to high differential resistance, diffraction losses and 
device reliability, while those problems are better resolved using the surface relief 
technique for mode selection.  
 
 

1.3   VCSELs - At KTH 
During the past several years KTH have taken active part in development of VCSELs 
with several significant contributions, regarding both InP-based 1.55-μm VCSELs as well 
as GaAs-based VCSELs for 1.3-μm using InGaAs and GaInNAs quantum wells (QWs).  
Recently, most of our attention has been focused on all-epitaxial monolithic GaAs-based 
approach for 1.3-μm VCSELs. The application of highly strained InGaAs QWs in 
combination with a negative gain-cavity detuning has been demonstrated to realize high-
performance VCSELs with emission wavelength close to 1300 nm.26, 27 Despite the large 
PL-cavity detuning very promising performance figures have been obtained, including 
mA-range threshold current, mW-range singlemode power, continuous-wave (CW) 
operation up to at least 140°C and 12.5 Gb/s data transmission. The standard 
InGaAs/GaAs VCSEL is a monolithic structure with a 35.5 pair n-doped 
Al0.88GaAs/GaAs bottom DBR, a 26 pair p-doped Al0.88GaAs/GaAs top DBR and a one-
lambda cavity comprising an In0.4GaAs/GaAs triple quantum well (TQW) active layer. 
We consider this approach as very promising since it provides a possible route towards 
1.3-μm VCSEL technology based on a standard and mature materials system. We are now 
continuously performing extensive work on epitaxial growth optimization and new 
improvement of the VCSEL structure based on novel designed electrical and optical 
confinement schemes, aiming for higher output power, lower threshold current, stable 
performance at different temperature and single-mode, single-polarization properties. 
 
The contribution of this thesis has been to optimize the growth of 1.3-μm InGaAs 
VCSELs, especially the distributed Bragg reflectors (DBRs) and quantum wells (QWs). 
The structures have been grown by MOVPE and characterized by a number of methods 
including high-resolution X-ray diffraction (HRXRD), photoluminescence (PL), Atomic-
force microscopy (AFM) as well as fabrication and evaluation of broad-area lasers (BALs) 
The strain relaxation mechanism of InGaAs multiple quantum wells (MQWs) has been 
investigated. A strong sensitivity to detailed growth conditions, such as As-precursor type 
and substrate misorientation is noted. The application of Sb as a surfactant in the InGaAs 
QW is also discussed. By selective etching and AFM studies of buried AlGaAs/GaAs 
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interfaces in doped and undoped DBR structures, the improved performance of VCSELs 
based on intracavity contacts and undoped bottom DBR is explained. In the last part of 
this thesis, high-performance 1.3-μm InGaAs VCSEL using surface relief technique is 
discussed. 
 
 
 
 

2   Strain relaxation in InGaAs/GaAs QWs 
 

 

2. 1 Strain relaxation and Critical Layer Thickness 
Mismatched heteroepitaxy is the deposition and growth of films on dissimilar, lattice-
mismatched films or substrates. 32 The film and substrate are ‘lattice mismatched’ when 
the unit cells of the crystal structures in equilibrium are not the same size.  
 
Consider a semiconductor substrate material which is epitaxially coated with another 
semiconductor material possessing a different lattice parameter, as shown in fig. 2.1. The 
film can remain coherent (i.e. totally elastically strained, Fig. 2.1 middle), or some of the 
strain can be accommodated by misfit dislocations with all or part of their Burgers vector 
in the interface plane (Fig. 2.1 right). If the material of a layer in its natural state has a 
unit cell or lattice parameter a different from the substrate lattice parameters a ,l s  then the 
total misfit or misfit strain is defined as equation 2.1:  
 
f = (a - as l ) / al                                     (2.1)  
 

dislocations 

 
Figure 2.1: Schematic diagram of the epitaxial layer on a substrate: When the epi-layer is relaxed there 
appear misfit dislocations. 
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Initially the epitaxial deposit will be totally elastically strained because the energy is 
required to form dislocations. However, along with the increase this thickness of epitaxial 
layer, the strain energy comes to equate the energy which is required to form the misfit 
dislocations, and beyond this thickness – Critical Layer Thickness, the misfit is 
accommodated by elastic strain and misfit dislocations (plastic relaxation). 
The first theoretical treatment of Critical Layer Thickness (CLT) was introduced by Frank 
and van der Merwe, 33  and later it was improved by numerous authors, including 
Matthews and Blakeslee. 34  Matthews and Blakeslee applied the CLT theory into 
semiconductor layers and mulitilayers. Matthews has given an in-depth review of the 
critical layer thickness, as obtained via mechanical equilibrium theory.  
 
In brief, the analysis for determining the critical layer thickness is that the net tension in 
the dislocation line equal zero. Figure 2.2 shows that a grown-in threading dislocation in 
(a) coherent interface, (b) critical interface (c) incoherent interface. The nature of the 
interface is determined by the epilayer thickness h. The tension in the threading 
dislocation line is denoted by FD, and the force exerted on threading dislocation line by 
misfit stress is denoted by FH . Initially, the interface is assumed coherent for film 
thickness h for film thickness h the interface is critical (Fa, b D=FH); whereas for film 
thickness h , Fc D<FH , allowing the dislocation to elongate in the plane of the interface, 
thereby producing a length LL’ of misfit dislocation line.  
 

 
Figure 2.2:Elongation of a grow-in, threading dislocation to form a length LL’ of misfit dislocation line. (a) 
coherent interface, (b) critical interface (c) incoherent interface.  
 

 
Figure 2.3: M.B. Module, dashed line for double-kink, solid line for single-kink and points show the real 
layer thickness when dislocation observed in our experiments.  
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The equation definition of the exerted threading dislocation force FH and the tension in 
dislocation line FD can be found in Matthews and Blakeslee’s literatures. In 
InGaAs/GaAs QWs system we consider the condition for CLT mechanism is single kink 
Matthews & Blakeslee (M.B.) condition: FD – FH = 0. Because the critical thickness for 
double kinks is always greater than single kink, thus during InGaAs QW growth, 35 the 
dislocation will begin to glide just after the critical layer thickness for single layer is 
exceeded. However, in the InGaAs/GaAs QW, it actually produces misfit dislocation 
structures at much greater thicknesses than expected.  Diagram of CLT curve for M.B. 
model is illustrated by fig. 2.3. 
 
 
 
 
 

2.2 Dislocations in high-strain InGaAs/GaAs QW 
The general means for relaxation of lattice-mismatched semiconductors in the zincblende 
structure is assumed to be 60° misfit dislocations. The dislocations reach the interface 
through glide on {111} type plans, seen as lines in the <110> directions on a (001) 
surface. 36 37  Contrary to this, when we grow high In content InGaAs QWs, which means 
with highly strained system, it was observed that no dislocation lines along the <110> 
dislocations by PL or AFM. However, dark lines instead appear in approximate <100> 
directions. Further more, such networks was sometimes also observed by the atomic force 
microscopy (AFM), as cross-hatched lines on the surface of the structures. A direct 
spatial correlation between the PL and topographic image is found in the following 
images in Figure 2.4, for both <110> and < 100> type dislocations. 
 
It is evident that high-strained system has quite different interface-dislocation 
morphology than the low-strained system. A number of new dislocation mechanisms in 
the high-strained layers could exist. The exact process of the formation of these interface 
dislocations in high-strained InGaAs/GaAs system is not clearly understood. As 
discussed in several literatures, three possible mechanisms are suggested: (1) 
Dislocations glide along the {110} planes38: it is here assumed that for high strain QW, 
the critical thickness for glide in the {110} planes should be smaller than that for glide in 
the {111} planes for the overcoming of the Peierls barrier to the dislocation propagation 
on {110} type planes is become possible at high strain. In this case the propagation of 
threading dislocations on {110} planes and the formation of <100> misfit dislocations 
instead of the <110> ones at a reduced critical thickness are thus possible. (2) 3D 
islanding and nucleation during the growth39: because of the high misfit, the layer will 
grow in a three-dimensional manner after a few monolayers. The epitaxial deposit will 
form islands because some of the immense strain energy can be relieved by the three-
dimensional island. As the three-dimensional growth occurs when the epitaxial deposit is 
very thin, edge dislocations can climb to the interface at the edge of the island, which is 
90° dislocation and can only be formed along <100> direction therefore. (3) Reaction 
between 60° dislocations 40 : it suggests that dislocations with same sign 60° Burgers 
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vectors may interface and react with each other and possible result in the formation of 
<100> direction dislocation. 

               

0 50 100  
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   In18GaAs SQW                          In40GaAs SQW    
 120x120-μm PL mapping           150x150-μm PL mapping 

   In18GaAs SQW                           In40GaAs SQW    
 50x50-μm <110> AFM                50x50-μm <110> AFM   

 
Figure 2.4:  <110> and <100> direction dislocations observed from both PL and AFM images 
 
In our experiment, the InGaAs/GaAs single quantum well heterostructures were grown 
by MOVPE. We tried different layer thickness for the InGaAs/GaAs QW to find the CLT 
and by trying different Indium content from 15% to 40% to observe different dislocation 
morphology types. A high-misfit (high-strain) system is defined such as that the strain is 
above 1.5-2% in the InGaAs/GaAs system. For In content beyond 22% (1.5% strain), it 
has been observed the dislocations of different morphology from the low In content (low 
misfit) system are formed. According to our experiment result, we find that the 
distinguishable boundary for the two dislocation morphology types corresponds to an 
Indium content of about 25% (24.1% < x < 26.5%); see Figure 2.5. 
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Figure 2.5: Dislocation types: squares are <110> types, circles are <100> types; red ones are relaxed 
samples and black ones are highly-strained sample without dislocations. 

 

 

3   Characterization of InGaAs QWs 
 
 

 

3.1 Photoluminescence Spectroscopy  
 
One of the most important characterization methods for QW characterization is 
photoluminescence (PL) spectroscopy. When light of sufficient energy is incident on a 
material, photons are absorbed and electronic excitations are created. Eventually, these 
excitations relax and the electrons return to the ground state. If radiative relaxation 
occurs, the emitted light is called PL. This emitted light can be collected and analyzed to 
yield a wealth of information about the photo-excited material. The PL spectrum provides 
the transition energies, which can be used to determine electronic energy levels. The PL 
intensity gives a measure of the relative rates of radiative and nonradiative 
recombination. The PL line width is usually attributed to the alloy disorder in QW or 
barrier layers, and interface roughness. Thus, PL wavelength, intensity and line width can 
provide the information about the electronic structure, crystalline quality and interface 
morphology of semiconductors. 41

 
PL intensity of a certain wavelength can be recorded as a function of the laser beam 
position on the sample, resulting in a spatially-resolved map. For example, a dislocation 
will appear dark in a spatially-resolved PL image since the number of non-radiative 
recombination centers increases in the vicinity of the dislocation places, 42  as illustrated 
in figure 3.1.  Mapping the PL properties can be done through a microscope objective to 
achieve maps with down to 1-μm resolution.  
 
PL spatial imaging has been used to determine the critical layer thickness in 
InGaAs/GaAs QWs system in this work. A decrease in PL intensity and broadening of 
the PL emission peak is due to the presence of the non-radiative recombination centers 
associated with misfit dislocations in InGaAs/GaAs QW layers. So spatially-resolved PL 
images are useful for determining the critical layer thickness since a larger area compared 
to X-ray topography can be examined for the onset of misfit-dislocation formation.  
 
The PL emission wavelength itself can also be used to estimate strain relaxation in QWs. 
If a III-V epitaxial layer is in biaxial compression relative to its relaxed state, the band 
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gap increases, thereby decreasing the emission wavelength; when the epilayer is in 
tension, the band gap decreases, increasing the emission wavelength.  
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Figure 3.1: 100  100μm Micro-PL mapping for one InGaAs/GaAs QW sample, the dark lines are 
dislocations.    
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3.2 X-ray Diffraction 
 
A powerful standard tool in structure characterization, especially in periodic multilayer 
structures characterization, is High Resolution X-ray Diffraction (HRXRD). It is fast and 
non-destructive. X-ray radiation from a Cu-target passes through a four-crystal Bartels 
monochromator where all wavelengths other than Cu Kα1 are blocked. The 
monochromatic incident beam 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 equation 2d sin θ = n λ, 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.43, 44   
 
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. The normal 
direction lattice mismatch between a substrate and epitaxial layer can also be obtained 
from the relationship:  

1
sin
sin

−=⊥
l
sf

θ
θ

              (3.1) 
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where θs and θl are the diffraction angles from the substrate and epitaxial layer. 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. 
 
 
 
 

3.3 Broad Area Lasers                                          
 
The Broad-Area Laser (BAL) is a special type of edge emitting laser. Figure 3.2 shows a 
schematic drawing of such a device with a metal stripe on top for current injection. 
Characterization of BALs can provide important feedback to the QW optimization, 
giving access to properties such as material gain, internal efficiency and temperature 
performance. It therefore can be used to predict the performance of more advanced laser, 
such as VCSEL.  
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F  3.2(a): Broad-area laser with metal stripe for improved current injection. Figure 3.2 (b): Schematic 

he basic structure consists of an active region comprising one or several QWs 

 this study InGaAs QWs were embedded between p-doped and n-doped (3 1016 cm-3) 

igure
of a typical BAL from this work. 
 
T
embedded between two cladding layers. The bottom cladding is generally n-doped 
whereas the top cladding is p-doped in order to form a PIN diode to bring the carriers in 
the intrinsic QW. Then by cleaving the device, semiconductor/air interfaces are created to 
realize mirrors with approximately 30% reflectivity. Electrical confinement is provided 
by openings in the dielectric cover layer. The effective size of the device is given by the 
length of the cleaved material multiplied by the width of the openings.  
 

×In
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140 nm thick confinement heterostructure layers, and 1.6 μm Al0.3GaAs p- and n-
cladding layers, with a lower refractive index than the cavity. See figure 3.9, the structure 
was capped with a 200 nm p-doped contact layer, and 50/100 μm wide stripes with 
various lengths typically between 250 μm to 1500 μm were defined by Au/Zn/Au p-
contacts. The wafer was finally thinned down to about 100 μm and Ti/Au n-contacts were 
deposited on the backsides. The main steps in the fabrication of the contacts include 
deposition of an isolating layer, etching through the isolating layer to form openings for 
the p-contact, and finally deposition of the p-contact, pad-metal and backside n-contact. A 
quarts mask that consists of the specified metal- or etch-pattern determines the design of 
the contact. It is patterned from the mask to the wafer by optical lithography.  
 
The performances of BALs such as slope efficiency, threshold current and output power 
are directly depended on the structure of the QWs. The spectrum wavelength of BAL is 
also corresponding to the PL emission wavelength of the QW structure. Longer PL 
emission wavelength relates to longer BAL spectrum wavelength. A redshift of 
wavelength appears from PL to PL of BAL which is due to a strong band bending effect 
by the electric field.   
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4   MOVPE of InGaAs QWs 
 
 
 
The aim for the development of the highly strained InGaAs QWs in this thesis is to 

he present work regards the optimization and characterization of InGaAs/GaAs QW 

4.1 MOVPE growth 

etal-organic vapor phase epitaxy (MOVPE) is a chemical vapor deposition method of 

increase the emission peak wavelength, while maintaining a high luminescence intensity. 
In order to increase the emission wavelength of InGaAs/GaAs QWs, there are two 
fundamental ways, either to increase the Indium content to reduce the bandgap, or 
lengthen the quantum well width to decrease the quantum confinement effect. To 
accommodate a sufficient amount of strain to reach the desired emission wavelength of 
beyond 1200 nm, it is important to optimize the growth condition. Here, we use a 
combination of low growth rate, low growth temperature, and high V/III-ratio, in order to 
suppress a two- to three-dimensional growth mode transition.  
 
T
structures grown by metal organic vapor phase epitaxy (MOVPE). The purpose is to 
investigate the strain relaxation mechanism as well as to relate the QWs emission 
property to the choice of precursors, substrates, surfactant, etc.    
 
 
 
 
 

 
M
epitaxial growth of materials, especially III-V compound semiconductors. It has become 
the dominant process for the manufacturing of laser diodes, solar cells, and LEDs. 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 have been hydrides. For 
example, indium phosphide could be grown in a reactor on a substrate by introducing 
Trimethylindium ((CH )3 3In) and phosphine (PH3). Alternative names for this process 
include organometallic vapor phase epitaxy (OMVPE), metal-organic chemical vapor 
deposition (MOCVD) and organometallic chemical vapor deposition (OMCVD).  
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The first descriptions about MOVPE growth of III-V compound semiconductors have 

A  + DH  → AD + n RH 

 is an organic radical of some unspecified form but generally of lower order, such as 

H ) Ga + AsH  → GaAs + 3CH   

ith this technique, the source gases are fed under laminar flow into the reactor cell with 

45been found in patent files as early as in 1954 (InSb) , and the first published report in 
the standard literature was from the pioneering epitaxial work of Miederer et al in 1962.46 
Compared to other conventional compound semiconductor epitaxy techniques, such as 
liquid phase epitaxy (LPE) and hydride vapor phase epitaxy (HVPE), MOVPE has 
advantages in the growth of complex optoelectronic structures like VCSELs. Very high 
degree of control over thickness, composition and doping can be achieved by MOVPE, 
the epitaxy of elemental materials can be layer-by-layer controlled and extremely sharp 
interfaces can be built up by MOVPE. In contrast to molecular beam epitaxy (MBE) the 
growth of crystals is by chemical reaction and not physical deposition. The basic 
chemical reaction equations listed below helps us to understand the essence of MOVPE 
process for deposition of compound semiconductors and alloys. The simplest case 
involves a pyrolysis reaction of the vapors of a volatile metal organic compound and a 
gaseous hydride as following, 47, 48 
 
R n n
 
R
methyl- or ethyl-radical, A and D are the constituent species for the deposited solid. 
In our experiment, the simplest case can be applied as 
 
(C 3  3 3 4
 
W
a heated susceptor carrying the substrate. As the source gases are cracked, the 
semiconductor grows atomically layer by layer. When the vapor enters the hot zone 
above the heated susceptor, the precursors are consumed by chemical reaction at or 
nearby the susceptor, where they react to form e.g. GaAs or InGaAs; see fig.4.1. The 
carrier gas (H2) has the largest flow through the reactor and serves is to transport away 
the remnants of used precursors and introduce the new precursors when switching 
between two material compositions. The growth generally occurs in heavy excess of 
group V species compared to the group III species. This is to compensate for the larger 
evaporation of group-V atoms from the surface, and the smaller group-III flow is 
determining the epitaxy growth rate. 49
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Figure 4.1: Schematic diagram of sequential steps relevant to MOVPE growth processes 
 
In this work, an Aixtron 200/4 MOVPE reactor with a planetary 3×2-inch wafer 
configuration and gas foil rotation was used. A schematic drawing of the growth chamber 
is shown in Figure 3.1. The quartz walls are transparent for the radiation from the heating 
lamps. 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. The gas 
mainly consists of H2 with small amounts of precursor molecules. To transport the metal 
organics from solid or liquid phases into vapor phase, a so-called bubbler (B) is used, as 
seen at the left in the figure 4.2. The source mass-flow controller (MFC) regulates the H2 
flow through the bubbler. The water bath and pressure controller (P) regular metal-
organic material’s temperature and pressure, respectively, which decide the metal-organic 
source vapor pressure and vapor mole fraction in the bubbler.50     
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Figure 4.2: Schematic configuration of the typical gas piping of source channels and reactor cell. 
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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 present group V configuration 
consists of AsH (two channels), PH3 3 (two channels), TBAs (one channel), TBP, and 
DMHy, the group III configuration consists of TMIn (two channels), TMGa (two 
channels), TEGa, TMSb and TMAl, and the doping sources are SiH4 (two channels) and 
DEZn. 
 
 
 
 
 
 
 

4.2 Surface and interface morphology of QW structures  
 
Morphology studies of MOVPE surfaces are usually carried out ex-situ at room 
temperature by e.g. atomic force microscopy (AFM). As Bernatz et al. pointed out,51, 52  
the so obtained surface structure is not representative of the interface morphology as it 
develops during epitaxial growth. On the other hand, it may be used to assess the 
crystallographic orientation of the substrate with high accuracy. This is done simply by 
counting the number of monatomic steps over a specific distance. While the substrate 
manufacturers specifies the deviation from exact (001) surface orientation to <0.01° (or a 
larger number related to the pricing), this is based on x-ray diffraction and will ultimately 
rely on the precision in mounting and translating the crystal ingots in and between the 
polishing and x-ray machines. We note that significant deviations from these 
specifications may occur, and we also note that they may have consequences for the 
properties of the epitaxial layers. This is discussed in some detail in paper A. Table 3.1 
summarizes some results from these experiments. A dramatic difference in PL emission 
wavelength is obtained between the samples. Notably, these QW structures are grown in 
parallel during the same epitaxial run, and the QW thickness and composition is virtually 
identical between the samples.  
 

Average PL λ (nm)   In% QW Thickness (nm) FWHM (nm) Misorientation
A 41% 7.0 1205     33 0.05° 
B 41% 7.0 1220 40 0.02°- 0.03° 
C 41% 7.0 1195 27 <0.01° 

Table 3.1: The structure compositions and optical properties calibrated by HRXRD and PL 
 
The reason for this anomalous behavior is not well understood, but the effect may be used 
to trim the growth parameters for long-wavelength emission. For instance, assuming that 
it is the terrace width as such that is responsible for the wavelength dependency, one may 
speculate that altered growth conditions that reduce the adatom surface diffusion length, 
such as reduced surface temperature, increased growth rate or increased V/III ratio, 
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would have a similar effect. As discussed in paper A, we do note an improving effect 
from an increasing V/III ratio, but we have so far not been able to find similar effects 
from variations in the growth rate or temperature. One should, however, in this context 
bear in mind that the processing window for such changes is quite small and other effects 
may easily set in.    
 
To further investigate this behavior it is of interest to image the actual buried interfaces. 
In order to do so we used the method developed by Bernatz et al. to selectively etch and 
image buried interfaces by AFM. For this to work, the interface of interest is buried with 
AlAs which easily can be removed with high selectivity against GaAs or InGaAs. The 
procedure is described in more detail in paper B where the method has been used to study 
the interface morphology in AlGaAs/GaAs DBR structures. In this way we are able to 
“freeze” the growth front at any point, e.g. during growth of the QW.  This is shown in 
Fig. 3.5 at three different positions in an InGaAs/GaAs QW structure: (left) at the GaAs 
starting surface; (middle) after growth of 1 nm of InGaAs; and (right) at the very top of 
the QW structure. This particular QW structure were grown on a substrate with an off-
axis orientation around 0.02-0.03°, thus somehow corresponding to the anomalous PL red 
shift and broadening noted in Table 3.1. It is observed that two-dimensional nucleation 
takes place on the terraces and that the surface morphology gradually roughens during the 
formation of the QW, but we do not have similar images from the other surface 
orientations to conclude whether this corresponds to a significant difference between 
these cases.     
 

600nm 600nm600nm
   

 
Figure 3.5: AFM tapping mode micrographs of selectively etched interfaces in a growing InGaAs QW 
structures: (left) GaAs starting surface, (middle) after 1 nm InGaAs, (right) after 7 nm InGaAs. 
 

4.3 Surfactants in MOVPE 
 
The word surfactant is short for “surface active agent” and is a species that is introduced 
in the reactor during growth to somehow alter the growth conditions without being 
incorporated in the growing film itself. It has been extensively discussed in the literature 
as a means for increasing the critical thickness for lattice-mismatched growth such as the 
cases of SiGe/Ge or InGaAs/GaAs53,54. The application of antimony (Sb) as a surfactant 
during the growth of highly strained InGaAs/GaAs QWs by MOVPE has been discussed 
in several papers 55, 56 . It has thereby been reported to shown an improvement in both PL 
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emission wavelength and intensity. In paper A we have investigated a possible antimony 
surfactant effect from introducing TMSb in the reactor during growth of highly strained 
InGaAs QW. No overall improvement of the critical thickness, indium incorporation or 
luminescence efficiency was noted, but a slight redshift of the PL emission wavelength 
indicates a small incorporation of Sb in the lattice. 
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5 Distributed Bragg reflectors 
 
A distributed Bragg reflector (DBR) is a Bragg mirror, i.e., a light reflecting device (a 
mirror) based on Bragg reflections in a periodic structure. In most cases, the Bragg mirror 
consists of a quarter-wave length thick layer mirror. DBRs are critical components in 
vertical cavity surface emitting lasers (VCSELs) structures. They are also used in other 
types of narrow-linewidth laser diodes such as distributed feedback lasers (DFBs), or in 
fiber lasers to form the cavity resonator.57 A DBR must be highly optically reflective and 
electrically conductive, and beneficially should be thermally conductive as well. When 
used in VCSELs, and particularly in long-wavelength VCSELs, a DBR must be very 
highly reflective to reduce optical losses to enable laser operation. 
 

5.1 Principles 
 
 A typical VCSEL structure consists of two DBR mirrors parallel to the wafer surface 
with an active region consisting of one or more quantum wells in between. The planar 
DBR-mirrors consist of layers with alternating high and low refractive indices, e.g. 
lattice-matched AlAs and GaAs. Each layer has a thickness of a quarter of the laser 
wavelength in the material system, and a fraction of the light wave is reflected with 
π  phase shift when light transits from low to high index material. The corresponding 
phase shift when going from high to low index material for an appropriate number of 
mirror pairs, the intensity reflectivity can reach beyond 99%; 58  see fig.5.1. High 
reflectivity mirrors are required in VCSELs where the gain per round-trip is low. For one 
interface the reflectance coefficient is 
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where nh and n  are the refractive indices of the two alternating materials. l
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Figure 5.1: The multilayer Bragg structure with a periodic refractive index profile.  
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In common VCSELs the upper and lower mirrors are doped as p-type and n-type 
materials, forming a diode junction. In more complex structures, the p-type and n-type 
regions may be buried between the mirrors, requiring a more complex semiconductor 
process to make electrical contact to the active region, but eliminating electrical power 
loss in the DBR structure. The reflectivity (R) of the DBR is given by 59
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, n , n  and nwhere n0 h l s are the respective refractive indices of the surrounding medium, 

the two alternating materials, and the substrate; and N is the number of repeated pairs of 
low/high refractive index material. The reflectivity is the reflected power of the DBR. 
 
At resonant (Bragg) wavelength λB the maximum reflectance occurs. The resonant 
wavelength λB complies with this condition 
 

lllh
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,        (5.3) 

 
where d , dh l  denote the physical thickness of the high and low refractive index layer, 

respectively. The period of the DBR is dh+dl. The wavelength band of high reflectivity 
around λB is called photonic stopband or bandwidth Δλ of the DBR. The bandwidth Δλ of 
the photonic stopband with high reflectivity can be calculated by 
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at other wavelengths the reflectivity drops off as seen in the experimental 20-period 
AlGaAs/GaAs DBR reflectivity spectrum in figure 5.2. 
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Figure 5.2: Example of reflectivity spectrum from a 20-period AlGaAs/GaAs DBR, the noise origins from 
the measurement equipment. 
 
 
 
 

 

5.2 DBR for 1.3-μm VCSELs  
 
Semiconductor DBRs can simplify the VCSELs fabrication greatly in contrast to 
dielectric DBRs. The whole VCSEL structure including top DBR, active region and 
bottom DBR can be grown layer by layer by MOVPE or MBE. 60 However, the selected 
layer materials in DBR must be lattice-matched and simultaneously transparent to the 
emitted light. Traditional long-wavelength semiconductor lasers (1.3-μm, 1.55-μm) are 
based on InP material system61 nΔ. However,  in InGaAsP/InP DBRs for 1.55-μm is only 
0.3, and the situation is even worse for 1.3-μm operation, where nΔ  is further reduced to 
maintain transparency and avoid the optical absorption in layers. There is another critical 
problem of all quarternary semiconductor DBRs is their low thermal conductivity.  
 
In our present work, the application of highly strained In0.4GaAs QWs in combination 
with a negative gain-cavity detuning has been demonstrated to realize 1.3-μm VCSELs 
grown on GaAs substrates. High-performance AlGaAs/GaAs DBRs then can be built up 
as a standard choice of all-epitaxial designs for VCSELs. AlGaAs/GaAs DBR mirrors 
combine a fairly high refractive index contrast with a sufficiently large thermal 
conductivity. The epitaxy and processing technology for GaAs-based system is well 
established for short-wavelength (850 nm) VCSELs, and it is equally suitable for the 1.3-
μm VCSELs. 
 
However, large refractive index contrasts of AlGaAs/GaAs DBR also imply large band 
offsets in the conduction and valence band. These discontinuities form potential barriers 
that impede the current flow, and resulting in high series resistance. One idea to solve this 
problem is increasing the doping concentration to improve the electrical conductivity.62, 
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63 However, it was already well recognized that the doping level can not be high in p-type 
DBRs because of excessive free-carrier and inter-valence band absorption, and in our 
previous study on AlAs/GaAs DBR we showed that high n-type doping levels can also 
induce significant optical degradation. It was considered to be due to n-type doping-
enhanced Al-Ga interdiffusion effects resulting in increased interface scattering. The 
optical loss of n-type AlGaAs/GaAs DBRs was also investigated further in [paper B], the 
detailed results of that study is presented in Section 5.3. 
 
Another way to reduce the potential barriers at the heterointerfaces is employing specific 
compositional grading profiles. 64 We include 20-nm linearly graded interfaces in our 
AlGaAs/GaAs DBRs. It has been shown theoretically that the type and the shape of 
grading profiles do not significantly degrade the peak reflectance of the DBR since the 
reflectivity is mainly determined by the refractive index contrast and by the lowest order 
Fourier components of the index propile. In practice, the results of reflectance 
measurements on undoped AlGaAs/GaAs DBRs with and without interfacial 
compositional grading also showed a very small difference in the mirror reflectance. 
While a clear reduction of mirror reflectance is found for the n-doped AlGaAs/GaAs 
DBRs; see figure 5.3. 
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Figure 5.3: High-accuracy reflectance measurements using the multiple reflection technique on undoped 
DBRs with abrupt (squares) and graded (triangles) interfaces, and an n-type DBR with abrupt interfaces 
(circles). The extracted reflectance is indicated in each case. 
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5.3 Optical loss in AlGaAs/GaAs DBRs 
 
According to equation (5.2) and (5.4) in previous section 5.1, it can be figured out that by 
increasing  (the refractive index contrast between the materials in the Bragg 
pairs), both the reflectivity and the stopband width increases; by increasing N (the 
number of pairs in a DBR), the mirror reflectance R increases and approaches one. 
However in real material system, it is generally limited by the optical loss that is not 
considered in the expression above. It prevents the maximum reflectance from reaching 
unity even for a very large number of periods N or a high refractive index contrast .  

lh nnn −=Δ

nΔ
 
The optical loss for an ideal DBR structure depends on two factors: the optical absorption 
α in the alternating layers, and the penetration depth Lp of the optical wave into the mirror 
stack. The percentage of optical loss is proportional to α ∗ Lp. The penetration depth can 
be approximated by equation 5.5: 
 

nΔ
=

4
Lp

λ  ,         (5.5)     

 
where λ is the propagating light wavelength. Consequently, smaller refractive index 
contrast and longer wavelength will increase the penetration depth and therefore the 
optical loss.  
 
When a high doping concentration is applied in DBR to reduce the series resistance, it 
also introduces higher optical absorption and therefore increased optical loss. Such losses 
are known to be more pronounced for the p-type material, the optical absorption data for 
p-type bulk GaAs can be 10 times more than the optical absorption data for undoped bulk 
GaAs, according to the literature. By a theoretically calculation, if optical absorption α = 
5 cm-1, the peak reflectance value for a 1.3-μm AlGaAs/GaAs mirror is 99.95% while if 
optical absorption α = 50 cm-1 65, the peak reflectance value is then only 99.5%. 
 
Our previous study of 1.3-μm AlGaAs/GaAs DBRs shows that additional optical loss 
mechanisms must be considered in the case of n-type DBRs. 66 It points out that the 
reflectance of the AlGaAs/GaAs DBRs are even more sensitive to n-type doping 
concentration than p-type doping incorporation, and triple-axis X-ray studies reveal that 
the interface become less abrupt with n-type DBRs. However, as discussed in section 5.2, 
homogeniously graded interfaces will not account for decrease in reflectance of the DBRs. 
Instead it was suggested that this is due to a doping-enhanced Al-Ga interdiffusion. 
 
In [paper B], we further investigated the optical loss of n-doped AlGaAs/GaAs DBRs. A 
35.5 period Al0.88Ga0.12As/GaAs bottom DBR and a GaAs cavity region with three 
InGaAs QWs were grown by MOVPE. The bottom DBR is either n-doped with Si to a 
concentration of 2•1018 cm-3 or left undoped. In both cases the heterojunction interfaces 
has a 20 nm linear compositional grading. The top dielectric mirror consists of three layer 
pairs of amorphous Si/SiO . The emission wavelength of the VCSELs is around 1.26 µm. 2
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To further study the properties of the bottom DBR structures, n-doped and undoped 
mirrors with the stop band centered at 1310 nm were grown separately. The n-doped 
DBRs were grown with and without 20-nm interfacial gradings, while the undoped DBR 
had abrupt interfaces. A multiple reflection method was applied to measure the mirror 
reflectance in high accuracy at 1.3-μm wavelength, depicted in figure 5.3. To study the 
interface morphology of the AlGaAs/GaAs bottom mirror, a high-selectively etching 
method was carried out to remove the AlGaAs layer to the underlying GaAs layer. The 
top GaAs layer was first removed by wet chemical etching in NH :H O3 2 2 solution with 
PH=7.0, after which the AlGaAs layer was removed by a short dip (about 8 s) in 1.5%-
hydrofluoric acid (HF). In contrast to earlier studies based on this technique that have 
used AlAs as a sacrificial capping layer, we here can rely on the selective removal of an 
Al0.88Ga0.12As layer from the underlying GaAs layer to study the actual mirror structures 
by atomic force microscopy (AFM); method depicted in figure 5.4 and results discussed 

 [paper B].    
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Figure 5.3: Two samples of the mirror were placed parallel to each other, and with a slight overlap. By 
moving one of the mirrors it is available to select the number of reflections N. the mirror reflectance at the 

cidence wavelength could then be determined from the reduction of the detected power P 67
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Figure 5.4: To reveal the interface morphology of the AlGaAs/GaAs, a selective etching method were 
carried out. The top GaAs covering layer was removed by wet etching in NH3:H2O2 solution with a 

H=7.0,68 then successively followed a short dip in1.5% hydrofluoric acid (HF) for etching AlGaAs.69P
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In conclusion we suggest that the reduced reflectance is due to an inhomogeneous 
interdiffusion process resulting in interface roughening and increased scattering loss. To 
confirm the reliability of interface differences between undoped and n-doped DBR mirror 
structures, we also grew a series of AlAs/GaAs heterostructure test samples. After a 
200nm n-doped GaAs epilayer, we grew an AlAs/GaAs cap layers (AlAs ~ 111 nm, 
GaAs ~ 97 nm). We chose AlAs/GaAs hetero structure as interior interface test study 
because group III atoms have a much slower diffusion rate in the bulk than on the surface, 
a sufficiently quick coverage by AlAs contributes to a ‘frozen-in’ morphology of buried 
GaAs surface. Figure 5.5 shows representative AFM images of the etched interface 
structures of the undoped and n-doped DBR structures. It can be distinguished that after 
doping the interfaces become fluctuated and roughness increased, result corresponds to 

lGaAs/GaAs DBR experiment in paper B. 

 

A
 

 

1000nm

 

1 2 3 4

0

1

2

3

 

 

P o s i t i o n  ( u m )

H
ei

gh
t(n

m
)

A

          A: undoped,  RMS=0.192 nm 
              no lateral fluctuation peaks 

 

1000nm

 

1 2 3 4

0

1

2

3

 

 

P o s i t i o n  ( u m )

H
ei

gh
t(n

m
)

B

      B: doped,  RMS= 0.439nm 
              2 lateral fluctuation peaks/5μm  

    
igure 5.5: Interface image of undoped (A), n-doped (B) AlAs/GaAs  heterostructure by AFM. 

 

F
 
 
 
 
 
 
 
 
 
 
 
 

 35



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 36



 
 
 
 

6    1.3-μm InGaAs VCSELs 
 
As stated, singlemode VCSELs emitting at 1.3-μm have potential major application in 
short-to-medium distance optical networks. Various techniques for realizing VCSELs 
emitting at 1.3-μm based on GaAs substrates have been developed, including significant 
efforts related to the use of GaInNAs quantum wells. However, highly strained InGaAs 
quantum wells in combination with a large detuning of the cavity mode has emerged as 
an attractive alternative since problems related to the use of N can be avoided. In addition, 
the large detuning enables fabrication of VCSELs with temperature tolerant 
characteristics. In this work we have studied singlemode 1.3-μm InGaAs/GaAs-VCSELs 
based on an inverted surface relief to promote the fundamental mode and to suppress the 
higher order transverse mode. 70

 
 
 
 
 

6.1   Structure of InGaAs VCSELs 
 
The VCSEL designed and fabricated in [Paper C], is a full monolithic structure based on 
GaAs and grown by metal-organic vapor phase epitaxy (MOVPE). The active region 
contains three highly strained 7-nm-thick In0.41GaAs/GaAs quantum wells with the PL 
emission peak wavelength around 1220 nm at room temperature, separated by 16-nm-
thick GaAs barrier layers. 71, 72  All DBRs comprise Al0.88GaAs and GaAs as the low- and 
high-index layers, respectively. The quarter-wave Al0.88GaAs/GaAs DBRs employ 20-nm 
linearly graded interfaces. The top DBR is composed of 24 Al0.88GaAs/GaAs pairs and is 
p-doped combination of uniform background doping with Zn and spike doping with C. 
The bottom DBR is composed of 36 periods Al0.88GaAs/GaAs and is Si-doped. The 
doping concentration is kept low in both DBRs, and the five periods closest to the cavity 
are doped less, to minimize the effects of optical loss. The top DBR includes a 40-nm 
Al 73

0.98GaAs oxidation layer for current confinement,  which enables the formation of an 
oxide aperture through wet oxidation. An extra λ/4-thick GaAs is added to the top DBR 
during growth to provide an anti-phase reflection from the semiconductor/air interface 
and enable the use of an inverted surface relief. 31,74 Mesas of different sizes were etched 
through the top DBR and n- (AuBe) and p- (AuGe) contacts were formed by metal 
deposition. The structure was eventually planarised using BCB (Benzocyclobutene), as 
illustrated in figure 6.1.  
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Figure 6.1: Schematic cross section view of a typical VCSEL with an inverted surface relief in this work. 
 
The traditional current and optical confinement method (oxidation-confinement) has 
several restrictions in VCSELs fabrication. It could introduce strain and defect during 
process and the size of oxidation aperture is difficult to control. A new-designed VCSEL 
structure using a novel confinement scheme without oxidation layer, has been mentioned 
in [Paper B] and is being further developed and evaluated at KTH recently. In this new 
structure, a current blocking layer is built by epitaxial re-growth. At first, we grow 
bottom DBR and part of cavity region (including active region); Next, the mesa is 
defined on top of the wafer by lithography and etching; A n-doped layer is then grown as 
the current blocking layer. Finally the other part of the cavity with 3 current spreading 
layers and top DBR are grown at the second re-growth step. The schematic structure view 
is shown in Figure 6.2.     
     

                                    

  p-contact

 current spreading layers 

InGaAs TQW 

p-dielectric DBR

   un-doped AlGaAs/GaAs DBR

 n-GaAs substrate 

 n-contact

 regrowth layer 

 
Figure 6.2: Schematic cross section view of VCSEL with a novel confinement schemes. 
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6.2 Temperature Dependence of InGaAs VCSELs 
 
The temperature characteristics of InGaAs VCSELs become more complicated than that 
of edge emitting lasers (EELs), considering the temperature dependent gain-offset in the 
cavity. For an EEL, the optical cavity length is of the order of hundreds of micrometers. 
Many longitudinal cavity modes overlap with the active region gain profile. If the gain 
spectrum changes due to heating, the lasing mode can hop to another cavity mode that 
matches most closely to the maximum of the gain. However, for a VCSEL, the optical 
cavity length is only of the order of one wavelength. If temperature changes, the laser can 
not mode hop, and the device characteristics profoundly depend on the spectral alignment 
between the single cavity mode and the gain spectrum.75

 
The spectral position of the cavity mode, λcavity, which determines the laser wavelength, is 
defined by the geometrical design of the laser resonator. However, the gain maximum 
peak wavelength λgain is defined by the chosen of active material. When temperature 
increases, both the gain spectrum and cavity mode shift towards longer wavelength, 
because of bandgap reduction of InGaAs QW 76 77 and decrease in the refractive index , 
respectively. The gain peak of highly strained InGaAs QWs has a shift rate 0.4-0.5 nm/K 
while the cavity mode has a shift rate much smaller, normally the order of 0.08 nm/K.78 
Assuming that the gain maximum peak does not alter by varying the temperature, the 
minimum threshold current and best output power performance should be ideally found at 
which the cavity mode exactly coincides with the gain peak wavelength, as illustrated at 
the left in figure 6.3. However, in reality, a large negative gain-cavity detuning at room 
temperature (RT) has to be applied in order to get an improved performance at high 
temperature, for the gain maximum moves closer to the cavity resonance, as seen at the 
right in figure 6.3.  

 

   λcavity    λcavity 

   λ    λ 

Gain Gain  detuning

 
Figure 6.3: Standard approach: λgain ≈ λcavity, InGaAs 1.3-μm VCSELs: λ << λgain cavity
 
 
In this work, we have fabricated VCSELs with a very large spectral misalignment 
between the cavity mode and the gain peak at RT. Although the RT gain peak wavelength 
was located close to ~1220 nm, laser oscillation was obtained at wavelengths 1.27 -1.3 
μm. The threshold current is highly dependent on the gain-cavity spectral overlap, 
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therefore changes with the temperature. Figure 6.4 shows the light-current (L-I) 
characteristics at temperatures between 25 and 85°C for a 1.28-μm InGaAs VCSEL. As 
predicted from the negative gain-cavity detuning, Ith decreases with increasing 
temperature because higher gain obtained at higher temperature.  

 
Figure 6.4: Light output power dependence on drive current for a 1.28-μm single-mode InGaAs VCSEL. 
The stage temperature was varied between 25 and 85°C in steps of 20°C. [Paper C]

 
 
 
 
 
 
 

6.3 Single-mode InGaAs VCSELs  
 
The surface relief method31,78 is a technique to increase the optical loss of higher order 
modes while keeping low optical loss (high reflectivity) for the fundamental mode with 
intensity maximum in the center of the cavity. The cavity loss of VCSEL is controlled by 
a phase shift between the reflection at topmost layer-air interface and the reflections 
further down at the DBR mirror stack. The phase is controlled by the thickness of the 
topmost layer. There are two ways to realize this. One is to grow the VCSEL structure to 
anti-resonance thickness (which causes anti-phase reflection) and then to etch away a 
thickness of λ/4 in the center of the top DBR with a small diameter figure to get 
resonance thickness. Therefore a high reflectivity within the small diameter in the center 
of mesa is obtained where the fundamental mode is located whereas the higher-order 
modes see a lower reflectivity (higher optical loss). The other way is to grow the structure 
to resonance thickness (which causes in-phase refection) and then etch away a ring-
shape-like layer with a thickness of λ/4 while keeping the center of mesa at resonance 
thickness with high reflectivity for fundamental mode. 
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The approach used here is based on the first method (inverted surface relief), and was 
developed at Chalmers University. In comparison this is somewhat easier because the 
restriction on exact etch depth is more relaxed than for the opposite case. This is 
illustrated at the left side of Fig. 6.5.74 The maximum of cavity loss is very sharp and the 
minimum is rather broad. Therefore the tolerance of the etch depth of low cavity loss is 
much larger than that of high cavity loss.  

 
Figure 6.5: Schematic showing of inverted surface relief and the relationship between the cavity loss and 
etch depth. 
 
In [Paper C], singlemode emission was obtained for a wide range of oxide aperture and 
surface relief diameters, proving that the surface relief is very effective for suppressing 
higher order transverse modes. In figure 6.6, the basic characteristics of the InGaAs 
VCSEL with 7 μm oxide aperture and 3.5 μm surface reliefs are illustrated. It can be seen 
that the threshold current is 3.5 mA, while maximum out put power is 1.2 mW. The laser 
is emitting at 1276 nm, and it is single-mode from threshold to rollover with a higher 
order transverse mode suppression of >30 dB. [Paper C]

 
Figure 6.6: Output power and voltage as a function of current for two VCSELs with 7-μm oxide aperture 
and 3.5-(solid) and 12.5-μm (dashed) surface reliefs. The inset shows the emission spectrum at maximum 
output power from the VCSEL with a 3.5-μm surface relief. 
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The dynamic performance of the Single-mode 1.3-μm InGaAs VCSELs proves the 
possibility of application for real access networks. A small signal modulation response 
against frequency at 25 and 85 °C is shown in paper C. Widely open eyes are obtained at 
2.5 and 10 Gbit/s at 25 and 85°C, as figure 6.7 shown, proving that such VCSELs are 
promising for uncooled operations. 

 
Figure 6.7: Eye diagrams at 2.5 and 10 Gbit/s, measured at 25 and 85ºC, device presented in paper C. It 
provides an error-free transmission over 9kmSMF at 25 and 85ºC. 
a: Eye diagram at 2.5 Gbit/s; measured at 25ºC 
b: Eye diagram at 10 Gbit/s; measured at 25ºC 
c: Eye diagram at 2.5 Gbit/s; measured at 85ºC 
d: Eye diagram at 10 Gbit/s; measured at 85ºC 
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7    Conclusion and outlook 
 
 

7.1 Conclusion  
 
The overall goal of this work has been to study the crystal growth and overall 
optimization of InGaAs/GaAs QW 1.3-μm VCSELs. Quantum well structures, broad-
area lasers, AlGaAs/GaAs DBR structures, as well as complete VCSEL structures have 
thereby been grown and characterized by a variety of methods. The major conclusion 
may be summarized as follows: 
 
• The luminescence properties of highly strained InGaAs/GaAs QWs critically depend 

on the detailed growth conditions, including the morphology of the starting surface. 
While the wavelength limit of these QWs until now has been just about sufficient for 
1.3-μm VCSEL application, additional margin may be gained through a proper 
control of the starting surface conditions. However, the application of Sb as surfactant 
during growth has not led to the expected improvement in critical layer thickness and 
wavelength extensions. 

 
• It is shown that n-type doing in the bottom DBR structure leads to reduced VCSEL 

slope efficiency and output power while the threshold current increases. Using AFM, 
XRD and high-resolution reflectance measurements this is linked to a doping-induced 
Al-Ga interdiffusion process, resulting in interface roughening and increased mirror 
loss through interface scattering. This finding should have important implications for 
the VCSEL design and fabrication also for other wavelength regimes. 

 
• Finally, high-performance singlemode 1.3-μm-range InGaAs VCSELs are 

demonstrated using an inverted surface-relief technique to promote the fundamental 
transversal mode while discriminating higher order modes. The results include 1.2 
(0.6) mW singlemode output power at 25 (85) ºC, with a threshold of 3.5 (1.8) mA as 
well as 10 Gbps data transmission at the same temperatures.         

 

7.2   Outlook  
 
High-performance 1.3-μm VCSELs may be constructed from highly-strained 
InGaAs/GaAs QWs in combination with negative gain-cavity detuning. Singlemode 
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operation with mA-level output power and capability of 10 Gbps error-free data 
transmission over kilometers of singlemode fiber clearly demonstrate the potential of this 
technology. However, optimized performance and flexibility in device design would 
definitely benefit from longer wavelength/higher gain active layers. This may also be of 
potential importance for the device reliability since higher gain QWs can allow for larger 
device apertures. As demonstrated here, subtle differences in starting surface orientation 
or choice of precursor may have significant effects on the QW luminescence properties, 
but also other variations in QW design or growth conditions may show up to be of 
importance. A systematic investigation of these possibilities may lead to an improved 
understanding of the basic growth and relaxation mechanisms, in the end leading to an 
even more viable technology. 
 
High-efficiency VCSELs will also critically depend on the distributed optical loss in the 
device structure. As demonstrated in paper B, the doping-induced loss in a standard-type 
VCSEL may have severe impact on the performance. Designs making use of undoped 
mirrors and intracavity current injection therefore have potential major advantages in 
terms of power levels and efficiency. Such developments are presently ongoing at KTH, 
where also the oxidation confinement is replaced by a regrowth technology where the 
device diameter is set by a standard lithographic means. This allows for an improved 
current injection and potential major advantages in terms of efficiency, manufacturability 
and reliability. 
 
Altogether, these developments may lead to a GaAs-based VCSEL technology which can 
compete with well-established InP-based FB and DFB lasers for optical communication 
applications in the 1300 nm wavelength band. 
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7 Summary of papers 
 
 
 
Paper A. On the long-wavelength optimization of highly strained InGaAs/GaAs quantum 
wells grown by metal-organic vapor-phase epitaxy 
 
A very critical element in the InGaAs/GaAs 1.3-µm VCSEL technology is the realization 
of QWs with gain at sufficiently long wavelengths. Even though such high-performance 
VCSELs now have been realized there is still room for improvements, e.g. to enable 
higher power singlemode emission even at very low temperatures. This paper discusses 
optimized growth conditions for extending the QW emission wavelength, in particular the 
effect of increasing V/III ratio and the application of Sb surfactant. However, a peculiar 
sensitivity of the substrate crystallographic orientation on the PL emission is also noted. 
It is concluded that a high V/III ratio is helpful for increasing the critical thickness and 
indium incorporation, whereas no improving effect from the surfactant experiments could 
be deduced.  
 
 
 
Paper B. Optical loss and interface morphology in AlGaAs/GaAs distributed Bragg 
reflectors 
 
DBRs in the AlGaAs/GaAs system are key elements in the fabrication of GaAs-based 
VCSELs. In this work, we make a comparison between VCSELs with doped and 
undoped bottom DBRs grown by MOVPE and a remarkable improvement is shown in 
efficiency and output power in the latter case. Furthermore, we observe a direct 
correlation between DBR doping, peak reflectance, and interface morphology. These 
results highlight the importance of considering the n-type DBR in the optimization of 
low-cost VCSEL structures, e.g., for high-efficiency, reduced-threshold current arrays or 
1.3 μm emitters with high demands on output power levels over a large temperature 
interval. 
 
 
 
Paper C. High speed, high temperature operation of 1.28-μm singlemode InGaAs 
VCSELs 
 
This study is based on a standard oxide-confined VCSEL structure using three highly 
strained InGaAs quantum wells in combination with a large negative detuning of the 
cavity resonance. The inverted surface relief technique is applied in the VCSELs to 
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achieve single mode operation at 1.3-μm wavelength range. A λ/4-thick GaAs layer is 
added to the top DBR for an anti-phase reflection and a circular disk is etched in the 
centre of the top DBR to restore the low loss for the fundamental mode, while other 
higher order modes suffer from a large cavity loss. VCSELs with various surface relief 
and oxide aperture diameters are compared, and the best performance is obtained for 
oxide aperture in the range 6-10 μm combined with surface relief diameters of 3-4.5 μm, 
generating a threshold current of 3.5 mA and a maximum singlemode output power of 1.2 
mW at room temperature. Widely open eyes are obtained at 10 Gbit/s at 25 and 85 °C, 
proving that such VCSELs are suitable for uncooled operation in optical transmitters for 
access networks.  
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